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With the depletion of global fossil energy and the rapid development of photovoltaic power, prestressed high-strength concrete (PHC) pipe piles are widely applied in photovoltaic projects due to their superior mechanical properties and ease of construction. However, PHC pipe piles in cold regions face severe challenges of vertical cracks, which reduce the bearing capacity of the piles and threaten the safe operation of photovoltaic equipment. Motivated by a field case study of extensive cracking at a large-scale photovoltaic site, this paper investigates the failure mechanism through a combination of laboratory experiments and finite element (FE) analysis. The results reveal that the freezing and expansion of a sufficient volume of accumulated internal water is the necessary and definitive condition for vertical cracking, while pre-existing defects act only as promoting factors. A critical water level threshold for cracking was identified, and a subsequent parametric analysis demonstrated that this threshold is highly sensitive to design parameters. Specifically, the critical water level increases significantly with greater wall thickness and higher concrete strength, but is largely unaffected by the level of axial prestress. The findings are corroborated by the field data, which shows a strong correlation between the highest rates of pile failure and water-rich environmental conditions. This study provides a quantitative framework for engineers to assess the risk of frost heave and offers a scientific basis for developing effective preventive measures to enhance the durability of photovoltaic infrastructure in cold regions.
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1 INTRODUCTION
Under the dual pressures of deteriorating global ecological environment and gradual depletion of traditional fossil energy, sustainable energy development has become an international consensus. As an important clean and renewable energy production method, photovoltaic power generation has seen a sharp growth in global installed capacity in recent years, driven by countries’ efforts to promote energy transition. In photovoltaic projects, stable foundation support is crucial. As Figure 1a shows, PHC pipe piles transmit loads of photovoltaic panel brackets, and are widely used due to advantages like high single-pile bearing capacity, wide applicability, and fast construction. Their compressive and flexural capabilities help resist wind and snow loads, shortening construction period and reducing costs in distributed projects (Liu et al., 2023; Feng et al., 2024; Yao et al., 2023).
[image: Image a shows a solar power installation with photovoltaic panels mounted on panel brackets supported by PHC pipe piles over a water pool. Image b displays a close-up of a PHC pipe pile with a visible vertical crack. Labels identify components in both images.]FIGURE 1 | PHC pipe piles and vertical crack. (a) PHC pipe piles in photovoltaic modules. (b) Vertical crack in PHC pipe pile.However, the durability of these foundations in cold regions presents a significant challenge. Frost damage is a major degradation phenomenon for construction materials in cold climates, where the expansion of freezing water in the material’s pore space can lead to internal pressures and cracking (Janssens et al., 2024; Boyd and Leone 2019). Research from northern latitudes, such as in Canada and Nordic countries, has extensively documented the detrimental effects of frost action on infrastructure. Canadian studies, for instance, focus on the unique geotechnical challenges of building on permafrost, including frost heave and the impact of climate change on foundation stability (Dourado et al., 2024; Grandmont and Fortier, 2013). In the Nordic region, research in Finland has highlighted that freeze-thaw damage is a primary degradation mechanism for concrete structures, with its severity strongly linked to the presence of water from sources like wind-driven rain (Pakkala et al., 2025). For pile foundations, this issue is particularly critical as it involves complex soil-pile interactions, such as adfreezing and frost jacking, which can compromise the foundation’s stability and bearing capacity (Ashkinadze, 2012). In this context, the piles widely used in photovoltaic projects are susceptible to severe vertical cracking, a widespread damage phenomenon that the authors investigated in a detailed case study at a project site in Northeast China (detailed in Section 4), as Figure 1b shows. This cracking impairs durability by creating pathways for aggressive media, and the subsequent thaw-weakening of the surrounding soil can further threaten the safety of the supported structures (Miller et al., 2015). The durability of concrete in freeze-thaw environments is a well-established field of study, with international standards providing guidance on materials and testing. For instance, the American Concrete Institute (ACI) offers specific guidelines for cold-weather concreting, and ASTM standards define methods for evaluating the frost resistance of concrete (ACI Committee 306 2016; ASTM C666/C666M-15 2015). Recent studies on PHC piles have specifically investigated their freeze-thaw resistance at the material level. For example, Qi (2024) examined the influence of admixtures and curing methods on the frost resistance of PHC pile concrete and explored the effectiveness of repair technologies, highlighting the importance of material composition and quality control in mitigating frost damage.
Beyond durability against environmental factors, the mechanical performance of PHC piles under various service conditions has been a major focus of academic research, with numerical analysis emerging as a vital tool. Studies have delved into a wide array of technical issues, including the bearing performance of pile-cap connections under cyclic loads (Liu et al., 2024), the seismic response and the need for seismic improvement solutions (Darmawan et al., 2022; Oktiovan et al., 2021), and the ultimate bearing capacity in complex soil layers (Li et al., 2021). Furthermore, research has addressed challenges during installation, such as pore water pressure generation in soft soils (Jia et al., 2024), and has explored detailed pile-soil interaction and load transfer mechanisms (Al-Jeznawi et al., 2025; Li and Li, 2023). These comprehensive studies highlight the importance of connection detailing, structural properties, and construction methods on the overall integrity and safety of PHC pile systems.
Despite this progress, a significant research gap remains regarding the specific failure mechanism of vertical cracking in PHC pipe piles caused by the frost heave of accumulated internal water. Existing studies on longitudinal cracking in cold regions fall into two main categories: (1) Focusing on frost heave of fillers. Using thick-walled cylinder theory, Jia et al. (2021) calculated the ultimate frost heave load on the inner wall as 1.680 MPa. Their extended finite element analysis showed that when frost heave pressure reaches this limit, concrete develops initial cracks that expand into longitudinal through-cracks. However, the study did not describe crack propagation characteristics in detail and lacked experimental validation. Zhang and Xin (2020) used a concrete damage plasticity model in numerical simulations, concluding that the transition of circumferential stress from compression to tension causes axial damage and cracking. This finding, too, lacked theoretical calculation or experimental verification. Kong et al. (2021) measured soil frost heave pressure via a steel barrel and conducted finite element simulations. They noted that cracking occurs when inner wall tensile stress reaches the concrete’s tensile strength, but failed to replicate on-site crack patterns due to the uniform application of frost heave pressure in their model. Based on investigations of photovoltaic projects, Wang (2020) attributed vertical cracks to winter freezing expansion of internal water in pipe piles, with wind-induced vibration exacerbating crack growth. However, this conclusion lacked theoretical and experimental support. (2) Focusing on initial defects of pipe piles. Through theoretical calculations and numerical simulations aligned with relevant codes, Tan et al. (2022) proposed that frost heave cracks only form if initial cracks exist from manufacturing or construction. However, their overestimation of crack resistance—due to the irrational adoption of thin-walled cylinder theory—remained unverified. Zhang and Xin (2020) observed numerous vertical cracks in photovoltaic pile foundations at a reservoir, identifying non-standard construction as the primary cause. They claimed that improving construction technology could resolve the issue, but provided no systematic experiments or reliable theoretical evidence to support this assertion.
In summary, current researchers agree that both initial defects of pipe piles and water frost heave can cause cracking in piles during service. However, theoretical and experimental studies on the sufficiency and necessity of these two conditions remain insufficient.
The preceding review reveals a critical gap between recognizing the problem and understanding its fundamental mechanism. While previous studies have also employed experiments and simulations, they have often treated internal water and initial defects as confounding variables. Critically, they have failed to systematically decouple these factors to establish whether they are necessary or merely promoting conditions for cracking. Furthermore, while the concept of a damage threshold is generally understood, no prior study has experimentally established a specific critical water level for a common PHC pile configuration (such as the PHC300-AB-70 with C80 concrete used in this study). The lack of this quantitative, type-specific data has hindered the development of targeted and cost-effective mitigation strategies, a particularly urgent issue given the widespread damage observed in our field case study.
To address this need, the primary objective of this study is to systematically investigate the cracking mechanism of PHC pipe piles, quantify the critical conditions for its initiation, and analyze the influence of key design parameters on the pile’s vulnerability to this failure mode through a combination of experiments and numerical simulation.
To achieve this objective, this paper is structured as follows, with the main contributions being:
	1. Comparative experiments reveal the dominant inducement of frost heave cracking. The results show that frost heave cracking in pipe piles essentially stems from the coupling effect between the external environment and structural weak links. For vertical cracking to occur, two conditions are critical: first, the sufficient freezing and expansion of accumulated water inside the pile under negative temperatures is a necessary condition; second, initial cracks and uneven structural stress act as promoting factors. Notably, pipe piles can still crack due to frost heave even without obvious initial structural defects.
	2. Frost heave experiments with varying water levels demonstrate that vertical cracking in pipe piles occurs only when fully frozen internal water reaches a sufficient frost-heave segment length. thereby establishing the existence of a critical water level threshold. Additionally, the mechanism of vertical cracking were preliminarily analyzed through finite element numerical simulation.
	3. A comprehensive parametric analysis is conducted using the FE model to quantify the influence of key design parameters—including frost heave pressure, concrete strength, and wall thickness–on the critical water level for cracking. This provides actionable data for optimizing pile design against frost heave.

These findings provide a theoretical basis for preventing frost heave cracking in PHC pipe piles in cold regions. For instance, measures such as draining accumulated water to reduce the frost-heave segment length and optimizing the inner wall structure to uniformize stress can lower the risk of cracking. Together, these findings also provide a quantitative basis for developing effective and targeted mitigation strategies, such as specifying maximum allowable internal water levels based on specific pile designs and environmental conditions.
2 PHC PIPE PILE LOW-TEMPERATURE FROST HEAVE EXPERIMENT
2.1 Experimental study on freeze heave and initial cracks of PHC pipe piles
2.1.1 Experimental design
In this experiment, PHC300-AB-70 pipe piles were selected. In practical applications, the underground segment provides anti-pulling and bending resistance, while the above-ground segment supports the superstructure. The specific parameters and reinforcement details of the pipe piles are shown in Figure 2. The piles have an outer diameter of 300 mm, a wall thickness of 70 mm, and are made of C80-grade concrete, whose mechanical properties comply with the GB 50010–2010 code gb5 (2011). Key mechanical properties include: an elastic modulus of 3.80×104 MPa, a standard axial tensile strength of 3.11 MPa, and a standard compressive strength of 50.2 MPa. Six HPB300 prestressed tendons (9 mm in diameter) are evenly distributed circumferentially. The spiral stirrups, made of cold-drawn low-carbon steel wire (4 mm in diameter), have a spacing of 45 mm in the encrypted sections on both sides of the pile body and 80 mm in the non-encrypted middle section. All test pile segments are 1.4-m-long non-encrypted sections cut from a photovoltaic site. They are from the same batch, and a diamond saw blade was used for cutting to avoid introducing additional micro-cracks.
[image: Technical diagram of a prefabricated pipe pile showing side and top views. It includes measurements like length, diameter, and embedding depth, and illustrates layers such as silty clay in various states. Reinforcement details include spiral stirrups and prestressed tendons, with annotations marking components like hoops and an end plate.]FIGURE 2 | Design parameters of PHC300-AB-70 pipe pile.To explore the necessity of two factors—initial structural cracks and full frost heave of fillers—for vertical cracking, we adopted an orthogonal control test design. A total of four pipe piles were used, numbered 1–1, 1–2, two to one, and two to two based on the combination of two variables: “with or without initial cracks” and “with or without water-ponding frost heave” as Figure 3a shows. The specific variable controls are as follows: Three full-length initial cracks were cut along the axial direction of the pipe piles using an angle grinder, with unified parameters: 1.5 cm in depth, 0.5 cm in width, and length equal to that of the pile segment (1.4 m). The cracks are parallel to the pipe pile axis. For piles one to one and two to one, the bottom of the pipe piles was sealed with grouting material and planks, and 1.3 m deep test water was injected. The water surface is 10 cm below the pile top to reserve space for frost heave.
[image: a. Four pipe piles with visible initial cracks and water inside, labeled 1-1, 1-2, 2-1, and 2-2. Each pile has red lines highlighting the cracks. b. Diagram illustrating a height versus angle measurement setup with a data acquisition instrument connected to a personal computer. c. Three large cylindrical pipe piles with wiring attached, positioned vertically on a platform for testing.]FIGURE 3 | Overview of the experimental setup. (a) Top-down view showing the four specimen conditions. (b) Schematic of the instrumentation and data acquisition. (c) Specimens placed inside the low-temperature environmental chamber.The test equipment used was an ultra-low-temperature environmental chamber at Tianjin University, with a minimum temperature of −110 °C and a temperature control accuracy of ± 1 °C, enabling stable simulation of low-temperature conditions in cold regions. The monitoring scheme is as follows: Eight strain gauges were installed on each pile (four evenly spaced circumferentially at 100 mm and 700 mm above the bottom of the outer surface). The strain gauges (model BFH120-50AA-R1-D150) have a sensitivity coefficient of 2.10± 1% and were connected via a 1/4-bridge configuration without temperature compensation. A PT100 temperature sensor (measurement range: −200 °C–200 °C accuracy: ± 0.1 °C) was placed at the central axis inside each pile to record real-time internal temperature changes. Data were continuously collected using a WKD3813 multi-functional static strain gauge at a sampling frequency of 1 Hz. Figure 3b shows the complete instrumentation layout.
The test process was strictly controlled as follows: Pipe piles were hoisted into the environmental chamberas Figure 3c shows. The temperature was cooled from 30 °C, with full freezing defined as the internal temperature (recorded by the sensor in the water) remaining below −10 °C for 2 h to ensure complete freezing of internal water. Piles 2–2 (no initial cracks, no water ponding) and 1–2 (with initial cracks, no water ponding) underwent the same cooling process as the experimental group but without water injection, ensuring all conditions were identical except for “water-ponding frost heave.” The total test duration was 12 h. After removal, the pipe piles were left at room temperature until internal ice completely melted. Water was drained, and cracking was then observed.
2.1.2 Analysis of test phenomena and results
After the test, distinct cracks on both the inner and outer surfaces of Pipe Piles one to one and two to one were observed, as Figure 4a,c shows. The cracks on the inner and outer surfaces corresponded one-to-one in position. Specific data on crack width and length are provided in Table 1. Additionally, the 4-mm-diameter cold-drawn low-carbon steel wire stirrups near the cracks exhibited brittle fracture, with fracture positions concentrated directly ahead of the crack propagation path. This indicates that excessive tensile stress was generated when frost heave force was transmitted to the stirrups.
[image: Four images of concrete piles labeled a, b, c, and d, showing damage after experiments. Each panel includes an overview of the pile, a top view highlighting crack locations, and an enlarged view of the cracks. Annotations detail the damage and locations for piles 1-1, 2-1, and 2-2, with specific cracks and imperfections marked.]FIGURE 4 | The cracking situation of water injection pipe piles. (a) Pile one to one after experiment. (b) Pile one to two after experiment. (c) Pile two to one after experiment. (d) Pile two to two after experiment.TABLE 1 | Summary of crack data from the orthogonal control experiment.	Pipe Pile ID	Crack ID	Crack length (cm)	Crack width (mm)	Position characteristics	Stirrup Status
	1–1	1-1-1	103.0	2.2	Extended from initial crack	Fractured
	1-1-2	85.0	0.8	Extended from initial crack	Intact
	1-1-3	97.8	2.8	Between prestressed bars	Fractured
	1-1-4	68.2	0.8	Geometric Mutation	Intact
	1-1-5	99.6	1.9	Through prestressed bar	Fractured
	Summary for Pile 1–1	90.7 ± 14.3	1.70 ± 0.9		
	2–1	2-1-1	103.2	3.7	Through prestressed bar	Fractured
	2-1-2	105.7	2.6	Geometric Mutation…	Fractured
	2-1-3	95.2	0.6	Geometric Mutation…	Intact
	Summary for Pile 2–1	101.4 ± 5.5	2.30 ± 1.6		


Pipe Pile one to one developed two through - cracks that developed from the expansion of initial cracks. This occurred because when the pipe pile was subjected to frost heave force from internal water freezing, stress concentration arose at the tips of the initial cracks, making these areas structural weak points. Pipe Pile 2-1—filled with water but without initial cracks—developed three cracks from a single frost heave event. These cracks were located at geometric discontinuities in the inner cross-section (the transition where wall thickness suddenly decreased from 80 mm to 70 mm) and traversed the 9-mm-diameter HPB300 prestressed tendons. This confirms the principle that geometric discontinuities and prestressed tendon locations are prone to cracking.
As Figure 4b,d shows, no visible cracks were observed on the inner or outer surfaces of the control group pipe piles (one to two and 2–2). This further confirms that low-temperature environments alone do not cause cracking—damage occurs only when accumulated water freezes and expands. Conversely, Pile 1–1 (with initial defects) developed more cracks (5) than Pile 2–1 (3). A quantitative comparison of the summary statistics in Table 1 shows that the average crack length and width for Pile 2–1 (101.4 ± 5.5 cm and 2.30 ± 1.6 mm) were greater than those for Pile 1–1 (90.7 ± 14.3 cm and 1.70 ± 0.9 mm). This may suggest that while initial defects provide more locations for crack initiation, their absence might lead to fewer but more severe cracks under the same frost heave pressure.
Figure 5 shows the internal temperature changes of the pipe piles during the experiment and the strain data at 700 mm height (no cracks were observed at 100 mm height, so this data is excluded from the analysis). During the test, the test chamber was opened three times for observation (at 5h53min, 6h36min, and 10h43min), causing sudden temperature rises. The strain curves of all groups fluctuated briefly due to this environmental interference, so these fluctuations are excluded from the cracking mechanism analysis.
[image: Graphs a, b, c, and d illustrate strain and temperature over time for four different piles: 1-1, 1-2, 2-1, and 2-2. Each graph pair includes a main plot with time on the x-axis and strain and temperature on the y-axes, and a zoomed-in inset showing a detailed view of a specific time range. Photographs show marked sections of pipe openings corresponding to each pile. Data trends and temperature drops are highlighted.]FIGURE 5 | The curve of strain changing with time. (a) pile 1–1. (b) pile 1–2. (c) pile 2–1. (d) pile two to two.The correlation between the overall strain trend and frost heave is as follows: In the common change stage from 0 to 9 h (30 °C to −15 °C), the strain trends of the experimental and control groups were nearly identical. Both initially exhibited fluctuations of ±200−300μϵ due to concrete shrinkage at low temperatures (some fluctuated from negative to positive, while others remained positive), reflecting the material’s general response to temperature gradients. In the differentiation stage after 9 h (when the temperature dropped to ≤-15 °C), strain data from some gauges in the experimental group (1–1, 2–1) begin to deviate from the control group. Specifically, strains in Channel one and Channel three of Pile one to one, and Channel 17 of Pile two to one, increased from 500 μϵ to over 1,000 μϵ. Eventually, these gauges were pulled off and failed due to overload, as their positions coincided with the crack propagation paths. In contrast, all channels in the control group (1–2, 2–2) maintained stable strains within ±800μϵ, with no sudden overloads.
In summary, all cracking events were accompanied by strain gauge overload failures, and this phenomenon occurred exclusively in the water-injected groups. This confirms that full frost heave of accumulated water inside the pipe piles is a necessary condition for vertical cracking, which ultimately manifests as overload of strain gauges at specific positions.
2.2 PHC pipe pile frost heave height experiment
To investigate how water level height influences frost heave cracking in piles, 4 PHC300-AB-70 pipe piles (1.0 m long, stirrup spacing 80 mm) were selected for this experiment. After plugging their bottoms, water levels of 200 mm, 300 mm, 400 mm, and 500 mm were set respectively. The temperature in the low-temperature chamber was lowered from 30 °C to −15 °C, and frost heave cracking characteristics were observed directly. The results are as follows:
The pipe pile with a 200 mm water level showed no visible cracks as Figure 6a shows. This indicates that the frost heave pressure at this water level did not reach the critical value for cracking. In contrast, the pipe piles with water levels of 300 mm, 400 mm, and 500 mm all developed three cracks (Figures 6b-d). The length and width of the cracks showed significant differences with the increase of water level, as quantitatively analyzed in Figure 7.
[image: Four cylindrical concrete columns labeled a to d are shown from top and side views. Each column has markings and visible cracks of varying lengths. Top sections are annotated with red lines and yellow dots indicating crack points and measurements.]FIGURE 6 | Cracks of pipe piles with different frost heave heights. (a) 200 mm. (b) 300 mm. (c) 400 mm. (d) 500 mm.[image: Two bar graphs labeled 'a' and 'b'. Graph 'a' shows crack length in centimeters at water levels of 300mm, 400mm, and 500mm, with means and individual data points. Graph 'b' shows crack width in millimeters for the same water levels, also with means and individual points. Error bars indicate variability.]FIGURE 7 | The lengths and widths of cracks in pipe piles at different frost heave heights. (a) Length. (b) Width.Figure 7 displays the mean, standard deviation, and individual data points for the three cracks observed at each water level. A clear trend was observed: as the water level rose, both the average crack length and width increased. The average crack length grew from 28.0 ± 16.4 cm at 300 mm to 59.0 ± 15.1 cm at 500 mm. Similarly, the average crack width increased from 1.03 ± 0.06 mm at 300mm to 1.40 ± 1.15 mm at 500 mm. It is also noteworthy that the variability of the measurements, indicated by the standard deviation (error bars) and the scatter of the individual data points, was considerable, especially for the crack width at higher water levels. This highlights the stochastic nature of the cracking process.
The absence of cracking at the 200 mm water level directly confirms the existence of a critical water level threshold (200–300 mm) for frost heave cracking. When the water level is below this threshold, even full freezing of accumulated water generates insufficient expansion force to exceed the tensile strength of C80 concrete. In contrast, at water levels of 300 mm or higher, frost heave pressure increases significantly with rising water levels, causing concurrent growth in crack length and width. Notably, cracks at the 500 mm water level (the highest tested) developed most fully, validating the rule that higher water levels correspond to greater risk and severity of frost heave cracking.
In conclusion, this test clarifies the quantitative relationship between water level height and frost heave cracking through measured data, offering direct guidance for engineering practice: controlling accumulated water inside pipe piles below the critical threshold can effectively mitigate frost heave cracking risks in cold regions.
3 NUMERICAL SIMULATION
3.1 Model overview
To further investigate how frost heave of accumulated water at different heights contributes to cracking, numerical simulations of various material combinations under identical loading magnitudes and different loading heights were conducted.
The general finite element software Abaqus is used to model the PHC300-AB-70 pipe pile, with an axial length of 1 m, and inner and outer diameters of 160 mm and 300 mm, respectively. Corresponding to the maximum water level of 500 mm in the experiment, the frost heave loading length does not exceed 0.5 m. As Figure 8a shows, the pipe pile is an axisymmetric structure, and the frost heave load is uniformly distributed along the circumferential direction, satisfying both geometric and load symmetry. Therefore, a 1/4 symmetric model is adopted, which reduces the calculation amount by 75% while ensuring the accuracy of the results. The model primarily consists of longitudinal prestressed reinforcement, concrete, and circumferential stirrups, with dimensions defined in millimeters. Concrete and longitudinal prestressed reinforcement are modeled with the solid element C3D8R, which uses fewer integration points than general full-integration elements, thus reducing the calculation time. Unlike previous studies that used line elements, we opted for solid elements because the scale discrepancy between the actual prestressed reinforcement and concrete models exceeds 10%, a non-negligible factor in engineering analysis. Circumferential stirrups were modeled using the truss element T3D2.
[image: 3D finite element model diagrams labeled a and b. Diagram a shows a semi-cylindrical structure with red lines and a central red line along the axis. Diagram b illustrates the same structure with blue and purple elements indicating support or force vectors. Coordinate axes are visible in both diagrams.]FIGURE 8 | Finite element model. (a) Concrete-longitudinal reinforcement-stirrup model. (b) Boundary conditions and load application.The Concrete Damage Plasticity (CDP) model specified in Code for Design of Concrete Structures (Concrete structures, 2011) is selected as the concrete constitutive model for the simulation of PHC pipe piles (gb5 (2011)). In this model: The stress-strain relationship in the elastic stage is defined by concrete’s Young’s modulus and Poisson’s ratio. The inelastic stage stress-strain relationship follows the concrete stress-strain curve provided in the code as Figure 9 shows. Other parameters for the CDP model are listed in Table 2. Concrete’s physical and mechanical parameters adhere to Section 4.1 of GB 50010–2010: elastic modulus = 3.80×104 MPa, Poisson’s ratio = 0.2, standard tensile strength = 3.11 MPa, and standard compressive strength = 50.2 MPa. Longitudinal prestressed reinforcement uses hot-rolled ordinary round steel bars (ϕ), and circumferential stirrups use cold-drawn low-carbon steel wires (ϕb). Both materials adopt an ideal elastoplastic model, with the following parameters: Longitudinal reinforcement: elastic modulus = 2.1×105 MPa, yield strength = 300 MPa, Poisson’s ratio = 0.3. Circumferential stirrups: elastic modulus = 2.0×105 MPa, yield strength = 320 MPa, Poisson’s ratio = 0.3.
[image: Two graphs labeled a and b depict inelastic stress. Graph a shows a blue dashed line representing inelastic compressive stress versus compressive strain, peaking at approximately 20 MPa. Graph b shows a red dashed line for inelastic tensile stress versus tensile strain, decreasing from 2 MPa. Both axes are grid-lined.]FIGURE 9 | The curve specified in the concrete damage plastic model. (a) The “inelastic stress”-strain curve under compression. (b) The “inelastic stress”-strain curve under tension.TABLE 2 | CDP model parameters.	Dilation angle	Eccentricity	Biaxial/uniaxial compressive strength ratio	Yield surface parameter	Viscosity coefficient
	30 °	0.1	1.16	0.667	10−5


To simulate the bonding effect between reinforcement and concrete, we applied a “tie” constraint between the surface of longitudinal reinforcement and the inner surface of concrete. Circumferential stirrups were embedded in the concrete and offset 10 mm toward the outer wall to prevent them from being placed inside the longitudinal reinforcement of solid elements. Frost heave load was applied as a uniformly distributed pressure on the concrete inner wall. This idealized pressure was applied to systematically identify the locations on the inner wall most vulnerable to circumferential tensile stress. Referring to Jia et al. (2021), who calculated an ultimate frost heave force of 1.680 MPa, we set the applied load to 1.5 MPa (slightly reduced). This adjustment ensures the concrete remains in the elastic range, facilitating clear analysis of stress distribution characteristics just before cracking. Notably, this elastic analysis focuses on identifying initial crack locations rather than modeling the full crack propagation and material failure process. Meanwhile, symmetric boundary conditions restricting normal displacement are applied to the symmetric planes of the 1/4 model. This ensures that the concrete remains in the elastic state during the loading stage, facilitating the analysis of stress distribution characteristics before cracking. Symmetric boundary conditions restricting normal displacement are applied to the symmetric planes of the 1/4 model. In accordance with the provisions of Prestressed Concrete Pipe Piles (10G409), the calculated effective precompressive stress of concrete for PHC300-AB-70 pipe piles is 6.37 MPa (10G (2010)). Therefore, a uniformly distributed pressure of 6.37 MPa is applied synchronously from the top and bottom of the model to simulate the axial prestress of the pipe pile. Verification showed that stress concentration near the precompression loading area was limited to a 50 mm range at the ends, which does not affect stress distribution in the frost heave loading section, confirming the model’s rationality. Loading was divided into two analysis steps: (1) Applying prestress to simulate the initial precompression state of the pipe pile during service. (2) Applying the frost heave load. This sequence aligns with real engineering scenarios, where pipe piles first bear prestress and then undergo frost heave effects.
3.2 Structural response comparative analysis
First, the problem of the freezing expansion pressure on the inner wall of pile concrete can be approximately regarded as the problem of a thick - walled cylinder under internal pressure. For a thick - walled cylinder with inner and outer radii ri and ro respectively, when it is only subjected to the internal freezing expansion pressure pf, the distribution of the circumferential stress σθ is given by the Lamé formula in Equation 1:
σθ=ri2pfro2−ri21+ro2r2(1)
In the formula, r is the radial coordinate. Then the position of the maximum circumferential tensile stress occurs at the inner wall of the pipe pile where r=ri, and there is:
σθ,max=pfri2+ro2ro2−ri2(2)
Using the material mechanics calculation method for thick-walled cylinders specified in Equation 2, the maximum tensile stress response value of the inner wall of the pipe pile with the geometric dimensions in this study is calculated to be 2.693 MPa under a uniform internal pressure of 1.5 MPa. As Figure 10 shows, we extracted the maximum circumferential tensile stress values of the concrete inner wall in the loading section across 40 working conditions, covering four models: concrete-only, concrete-stirrup, concrete-stirrup-prestressed reinforcement, and concrete-stirrup-prestressed reinforcement-prestress. These values were sampled at 50 mm intervals from 50 mm to 500 mm height. The results show that at a loading height of 50 mm, the maximum circumferential tensile stress in the concrete-stirrup-prestressed reinforcement-prestress model (0.9488 MPa) is only 35% of the theoretical value (2.693 MPa), with a 65% deviation; at 300 mm, the concrete stress (2.620 MPa) reaches 99.9% of the theoretical value (deviation = 0.1%), as shown in Figure 11. From 400 mm to 500 mm, the deviation stabilizes at 3% - 5%. The maximum tensile stress of concrete increases from 50 mm to 300 mm, gradually approaching the theoretical calculation. This is because the thick-walled cylinder theoretical formula does not account for the constraint effect on both sides of the loading section.
[image: Line graph showing maximum hoop tensile stress (MPa) versus loading height (mm). Five curves represent different concrete configurations: thick-wall theory, concrete, concrete with stirrup, concrete with stirrup and pre-bar, and concrete with stirrup, pre-bar, and preload. Stress increases with loading height, stabilizing near 2.5 MPa. An inset details stress between 260 mm and 400 mm, highlighting slight differences among configurations.]FIGURE 10 | Comparison of maximum circumferential tensile stress with theoretical calculation under different material combinations and loading heights.[image: Finite element analysis of a cylindrical object with two models labeled a and b. Both models show stress distribution with color gradients from blue (low stress) to red (high stress), with a color-coded stress scale on the left. Both models display similar stress concentration near the top surface, with minor differences in stress values. Coordinate axes are shown in the bottom left of each model.]FIGURE 11 | The maximum circumferential tensile stresses at two different loading heights. (a)50 mm loaded. (b) 300 mm loaded.In addition, the four models show no significant difference in maximum circumferential tensile stress at the same loading height. The maximum stress difference between any two models at the same height does not exceed 0.015 MPa. For instance, at 300 mm, the pure concrete model exhibits a stress of 2.629 MPa, while the full model (with prestress and reinforcement) shows 2.620 MPa—a difference of 0.009 MPa, which is only 0.3% of the theoretical value. This indicates that in the elastic stage, stirrups, longitudinal reinforcement, and axial prestress have no significant impact on the maximum circumferential tensile stress.
Numerical simulations show that the constraint effect of the unloaded sections on the loaded section (with respect to maximum circumferential tensile stress) can only be neglected when the loading height reaches 300 mm. Thus, we selected the concrete-stirrup-prestressed reinforcement-prestress model at 300 mm for detailed analysis.
As Figure 12 shows, applying a frost heave pressure of 1.5 MPa results in the maximum circumferential tensile stress in concrete (2.731 MPa) occurring at the central axis of the inner wall. This aligns with the experimental observation that cracks in pipe piles with a 300 mm water level are concentrated in the middle, verifying the model’s rationality. Stirrups also exhibit maximum tensile stress in the middle of the loading section, but this value (13.78 MPa) is relatively low compared to their yield stress (320 MPa). This indicates that reinforcement does not significantly share stress when concrete is in the elastic stage. However, the stirrup fracture observed in the experiment strongly suggests that once the concrete cracks, a significant stress redistribution occurs, transferring load to the reinforcement and eventually causing it to yield or fracture. This discrepancy highlights a key limitation of the current elastic model, which cannot simulate the post-cracking stress redistribution that leads to reinforcement failure.
[image: Color-coded diagrams depicting stress distribution. The left diagram shows a rectangular grid with a central red area indicating high stress, transitioning to green on the edges. The right illustrates color gradients along curved lines, from blue to red, corresponding to stress levels. Legends show numerical values for stress intensity. Axes are marked as X, Y, and Z.]FIGURE 12 | Stress response of the concrete-stirrup-prestressed tendon-prestress model at a loading height of 300 mm. (a) The distribution of tensile stress on the inner wall of concrete. (b) Distribution of stirrup tensile stress.4 PARAMETRIC ANALYSIS OF FROST HEAVE CRACKING
To quantitatively assess the influence of various design parameters on the frost heave cracking of PHC pipe piles, a systematic parametric study was conducted using the Finite Element (FE) model with elastic material parameters. The study adopts the One-Factor-At-a-Time (OFAT) method, where one parameter is varied while others are kept constant, to clearly isolate its effect. The baseline for this analysis is a PHC300-AB-70 pipe pile, constructed with C80 concrete (ftk = 3.11 MPa), subjected to an internal frost heave pressure (p) of 1.9 MPa. The critical condition for cracking is defined as the point where the maximum circumferential tensile stress (σθ,max) on the inner wall of the pile equals the concrete’s standard axial tensile strength (ftk). The objective is to determine the “critical water level” (Hcrit), the internal water height at which cracking initiates, for different parameter configurations.
The magnitude of the frost heave pressure, which depends on factors like freezing temperature and water confinement, is a primary driver of cracking. Simulations were run with four different pressure values: 1.5, 1.7, 1.9, and 2.1 MPa. The resulting maximum circumferential tensile stresses at various water levels are presented in Table 4.1 and visualized in Figure 13. The results clearly indicate an inverse relationship between the frost heave pressure and the critical water level. At lower pressures (1.5 and 1.7 MPa), the stress never reached the C80 concrete’s tensile strength of 3.11 MPa, meaning no cracking would occur under these conditions for the tested water levels. For a pressure of 1.9 MPa, the critical water level is found to be between 200 mm and 250 mm. By linear interpolation, Hcrit is calculated to be approximately 214 mm. When the pressure increases to 2.1 MPa, the critical water level drops significantly to a range between 150 mm and 200 mm, with an interpolated value of approximately 165 mm. This confirms that higher frost heave pressure dramatically increases the risk of cracking, requiring a much lower water level to initiate failure.
[image: Graph showing maximum circumferential tensile stress (σmax) in megapascals against water level (h) in millimeters for different pressure levels (p = 1.5, 1.7, 1.9, and 2.1 MPa). Curves indicate stress increases with water level. Critical heights (Hcrit) are marked for cracking initiation at 165 mm and 214 mm. Dashed line at 3.11 MPa represents the threshold for cracking. Legend identifies lines by color and shape.]FIGURE 13 | Influence of frost heave pressure on the critical water level.To investigate the effect of material properties, simulations were conducted for three different concrete grades (C60, C70, C80, and C90) under a fixed frost heave pressure of 1.9 MPa. The tensile strengths (ftk) for C60, C70, and C80 are 2.85 MPa, 2.99 MPa, and 3.11 MPa, respectively, while the strength for C90 was extrapolated from the code’s trend to be 3.23 MPa. Given that the geometry is identical and the elastic moduli of different concrete grades show no substantial variation, the resulting stress profiles are nearly identical. The influence of concrete strength manifests primarily in the failure criterion (ftk). Figure 14 illustrates this by plotting a single stress curve against the different strength thresholds. The analysis reveals that a lower concrete grade leads to a lower critical water level. For C60 concrete (ftk = 2.85 MPa), cracking initiates at a water level of approximately 170 mm. For C70 (ftk = 2.99 MPa), the critical level increases to 190 mm. For the baseline C80 concrete (ftk = 3.11 MPa), the critical level is highest at 214 mm. For C90, based on its extrapolated strength, the critical level rises further to approximately 247 mm. Therefore, increasing the concrete’s tensile strength is an effective measure to enhance the pile’s resistance to frost heave cracking.
[image: Graph showing the relationship between water level in millimeters and maximum circumferential tensile stress in megapascals. The black line with data points indicates tensile stress increasing with water level. Critical water levels are marked at 170, 190, 214, and 247 millimeters. Horizontal dashed lines represent different concrete grades: red for C60 at 2.85 MPa, orange for C70 at 2.99 MPa, blue for C80 at 3.11 MPa, and purple for C90 at 3.23 MPa.]FIGURE 14 | Influence of concrete strength on the critical water level.The effect of axial prestress was evaluated by simulating three levels of effective precompressive stress: 4.07, 6.25, and 8.04 MPa (given in 10G (2010)). The results, summarized in Table 3, show that varying the axial prestress has a negligible effect on the maximum circumferential tensile stress caused by internal pressure. For a given water level, the difference in stress between the highest and lowest prestress levels is less than 0.1%. This is because the axial prestress and the circumferential stress from internal pressure act in orthogonal directions. Therefore, increasing the axial prestress, while beneficial for the pile’s bending capacity, does not significantly improve its resistance to this specific mode of frost heave cracking.
TABLE 3 | Maximum circumferential tensile stress (MPa) under different prestress levels (p = 1.9 MPa).	Water level, h (mm)	4.07 MPa	6.25 MPa (baseline)	8.04 MPa
	100	2.125	2.124	2.123
	200	3.062	3.061	3.060
	300	3.320	3.318	3.317


The influence of wall thickness was investigated by simulating piles with thicknesses of 70, 80, and 95 mm, while keeping the outer diameter (300 mm) and other parameters constant. The results in Figure 15 demonstrate a strong inverse correlation between wall thickness and the induced tensile stress. Consistent with thick-walled cylinder theory, which states that tensile stress decreases with increasing wall thickness when outer diameter and internal pressure are held constant. Increasing wall thickness significantly reduces circumferential tensile stress: for the baseline 70 mm thickness, the critical water level is 214 mm; at 80 mm, stress does not reach the 3.11 MPa failure threshold within the simulated 400 mm water range, meaning no critical level exists under this pressure; and at 95 mm, stresses are further reduced, providing a substantial safety margin against cracking. This confirms that increasing wall thickness is a highly effective structural measure to mitigate frost heave cracking risk.
[image: Line graph showing maximum circumferential tensile stress (σ_max) versus water level (h) for varying thicknesses: 70 mm (red), 80 mm (orange), and 95 mm (blue). The red line crosses the dashed threshold line (3.11 MPa) at a critical height (H_crit) of 214 mm, marking the cracking initiation point.]FIGURE 15 | Influence of wall thickness on the critical water level.5 FIELD CASE STUDY AND ANALYSIS
5.1 Project background and validation via morphological comparison
The theoretical and experimental work of this research ultimately aims to solve practical engineering problems. Its initial motivation stemmed from a field investigation of a large-scale photovoltaic project in northern China. In the “fish-light complementary” and “agriculture-light complementary” zones of this project, nearly 15,000 PHC300-AB pipe piles were installed as support foundations for photovoltaic panels (see Figure 1a). During operation, on-site engineers observed extensive longitudinal cracks of varying severity in these pipe piles (see Figure 1b). Such damage not only impairs the structure’s appearance and durability but also poses a potential threat to the long-term safe operation of the entire photovoltaic power station.
To systematically evaluate the extent of damage to the piles on site and to provide a scientific basis for subsequent maintenance and repair, we established a four-level crack classification standard. This standard categorizes the observed damage from most to least severe based on the crack’s morphology, size, and potential impact on structural integrity.
Specifically, Class 1 cracks, the most severe level, were defined by critical structural damage requiring immediate attention, such as transverse or diagonal cracks, severe local spalling, multiple through-cracks, through-cracks wider than 5 mm, or fractured stirrups. Class 2 cracks included longitudinal through-cracks with a significant width (0.3 mm–5 mm) that posed a clear durability risk, although the stirrups remained intact. Class 3 cracks were characterized as minor, non-through cracks with a width of less than 0.3 mm. Finally, Class 4 cracks represented the least damage, including only fine hairline cracks visible to the naked eye or traces of previous repairs. To visually illustrate these categories, Figure 16 shows representative examples of each of the four crack classes.
[image: Four concrete posts showing different levels of cracks, each marked with colored tape. Image a shows a post with a wide vertical crack and pink tape. Image b displays a narrow crack with red tape. Image c has a small crack with red tape, while image d shows minimal or no visible cracking with red tape.]FIGURE 16 | Typical forms of the four classes of cracks observed on-site. (a) Class 1 crack, (b) Class 2 crack, (c) Class 3 crack, (d) Class 4 crack.As Figure 16 shows, the field cracks (16) and the laboratory-produced crack (4a and 4c) exhibit a high degree of consistency. Both are vertical and linear, developing along the pile’s longitudinal axis. This strong morphological similarity provides the most direct visual evidence for our core argument: the failure process reproduced in the laboratory is identical to the physical process causing large-scale field pile cracking. This confirms that our laboratory findings are highly relevant to explaining and solving this practical engineering problem, laying a solid foundation for proposing protective measures based on “controlling internal water accumulation.”
5.2 Statistical characteristics and spatial distribution of field cracks
Following the establishment of the crack classification standard, a comprehensive screening was conducted on a total of 14,289 pipe piles across 11 main survey zones. The statistical results show that cracking occurred to varying degrees in all zones, with a total of 2,255 cracks of all types identified within the surveyed area.
To systematically reveal the distribution patterns, severity of cracks, and their relationship with the total number of piles in each zone, we compiled the crack counts and the crack rate (i.e., the percentage of cracked piles out of the total piles in that zone) into a combined chart (as Figure 17 shhows). In the figure, the stacked bar chart (corresponding to the left Y-axis) visually represents the absolute number of cracks of different severities in each zone, while the blue line chart (corresponding to the right Y-axis) reflects the overall damage proportion of piles in each zone.
[image: Bar chart showing the number of cracked piles across ten survey zones, categorized by severity into four classes: minor (green), moderate (yellow), severe (orange), and urgent (red). A blue line indicates the crack rate percentage. The highest number of cracked piles is in Zone 9 with 575, and the lowest in Zone 9-2 with 7. The crack rate peaks at 53.1% in Zone 7.]FIGURE 17 | Crack counts and the crack rate on site.From the statistical results in Figure 17, it is clear that the pile damage is not uniformly distributed but exhibits significant regional clustering, mainly reflected in two aspects: (1) High concentration of severe cracks in terms of quantity: The most severe Class 1 and Class 2 cracks (piles requiring urgent repair or reinforcement, totaling 346) are overwhelmingly concentrated in Zone 9–1 (207 piles), Zone 3 (28 piles), and Zone 10 (34 piles). Zone nine to one, in particular, accounts for 81.8% of all Class 1 cracks (126 piles), making it the most severely damaged area in absolute numbers. (2) Significant differences in crack rates across spatial distribution: As seen from the line chart, some areas exhibit extremely high proportions of damage despite having fewer total piles. The crack rates in Zone eight to one and Zone eight to two reached alarming levels of 53.1% and 40.6% respectively, far exceeding other zones.
A comprehensive analysis indicates that the most severely cracked zones (both in terms of quantity and proportion), namely, Zones 8–1, eight to two, and nine to one, are all “fish-light complementary” zones in the field condition. The sites in these areas are perennially near water, with high surface runoff and groundwater levels. This field data strongly points to a core conclusion: a long-term saturated or near-water external soil environment is a key external factor that exacerbates the frost heave damage of PHC pipe piles. This provides robust field evidence supporting the core mechanism that internal water accumulation is the direct cause of frost heave.
6 CONCLUSION AND DISSCUSSION
6.1 Conclusion
This paper conducts a systematic study on the frost heave cracking issue of PHC pipe piles for photovoltaic brackets in cold regions through a combination of experimental, theoretical, and numerical simulation methods, and draws the following main conclusions:
	1. Necessary conditions for frost heave cracking: Experimental results indicate that the freezing and expansion of accumulated water inside the pipe pile is a necessary condition for vertical cracking. Even in the absence of obvious initial structural cracks, the pipe pile will still crack under the action of frost heaving. Factors such as initial structural cracks and stress concentrations can promote the development of cracking but are not necessary conditions for it.
	2. Influence of frost heave height: The severity of frost heave cracking is directly correlated with the internal water level. A critical water level threshold (identified between 200 mm and 300 mm for samples in this study) exists, below which cracking does not occur. This finding highlights that the frost heave length is a decisive factor in controlling the risk of cracking.
	3. Stress distribution and cracking mechanism: The numerical simulation results show that under the frost heave load, the circumferential concrete tensile stress is greatest at the mid-height of the inner wall of the pipe pile, which may be the key factor leading to the longitudinal cracking of the pipe pile. While our elastic analysis shows that stirrups carry minimal stress before concrete fails, the stirrup fracture phenomenon observed in the experiment suggests that significant stress redistribution occurs post-cracking.
	4. Influence of Design Parameters on Cracking Threshold: The parametric analysis quantifies the sensitivity of the critical water level to key design and environmental parameters. The critical level is inversely proportional to the magnitude of the frost heave pressure but is directly proportional to the concrete’s tensile strength and the pile’s wall thickness. Notably, increasing the wall thickness was found to be a highly effective measure for raising the cracking threshold, whereas the level of axial prestress had a negligible effect on the pile’s resistance to this specific failure mode.

In conclusion, this research provides a comprehensive explanation for the widespread frost heave cracking observed in the field case study. By integrating on-site damage statistics with laboratory experiments and numerical analysis, the study validates its core findings. The field data confirms that the highest damage rates occur in water-rich environments, directly corroborating the experimental conclusion that the freezing of a sufficient volume of internal water is the definitive condition for failure. The research then provides a quantitative framework for prevention by identifying a critical water level threshold and demonstrating its dependence on key design parameters such as wall thickness and concrete strength. These integrated findings offer a robust scientific basis for engineers to develop targeted design guidelines and effective preventive measures, thereby enhancing the long-term durability and safety of critical infrastructure in cold regions.
6.2 Recommended Preventive Measures
The findings of this research provide an important reference and actionable guidance for engineering practice. The measures concerning design and O&M phases.
6.2.1 Recommendations for the Design Phase
	1. Installation of Drainage Holes: It is recommended to install at least two drainage holes in different directions at the base of the pile’s exposed section (e.g., 50–100 mm above ground level). The height of these holes should be below the critical frost heave height. This ensures that the effective frost heave length of any residual water is insufficient to cause damage. A minimum diameter of 20 mm is advised to prevent blockage by debris, silt, or ice.
	2. Enhanced Sealing of Pile Tops: To prevent the ingress of rain and snow, an enhanced sealing design for pile tops should be implemented. This includes installing well-sealed pile caps or improving the connection nodes with the foundation cap. The joints between the pile top and the photovoltaic bracket connections should be meticulously filled with a high-elasticity, low-temperature resistant, and anti-aging sealant.
	3. Optimization of the Pile’s Internal Structure: This study has shown that stress concentrations promote cracking. Therefore, abrupt geometric changes on the inner wall, such as sudden variations in wall thickness, should be avoided during the design and manufacturing stages of the pipe pile.

6.2.2 Measures for the Construction and O&M Phases
During the construction phase, especially before winter work suspensions or the casting of pile caps, a thorough inspection and cleaning should be performed to remove any accumulated water, ice, snow, or debris from inside the piles. For the operational and maintenance (O&M) phase, a regular inspection should be conducted annually in late autumn to ensure all drainage holes are unobstructed. Debris around the pile tops and drainage holes must be cleared to maintain the effectiveness of the drainage system throughout the winter.
6.3 Limitations and future work
The authors acknowledge several limitations in this study, which also highlight important directions for future research. These are summarized as follows:
	1. Gap between Laboratory and Field Conditions: The current findings are derived from controlled laboratory experiments that deliberately isolate the frost heave mechanism. This approach does not account for complex real-world factors such as soil-pile interaction, which can introduce external confining pressures, or cyclic freeze-thaw actions, which may lead to progressive material degradation and fatigue damage not captured in our monotonic freezing tests.
	2. Limited Sample Size and Statistical Analysis: The experimental conclusions are based on a small number of specimens for each condition. This limits the statistical power of the findings and the generalizability of quantitative results, such as the precise value of the critical water level. Future research should employ a larger sample size to perform robust statistical analysis (e.g., variance analysis) and to establish confidence intervals for the observed failure thresholds.
	3. Simplifications in Modeling and Theoretical Framework: The numerical and theoretical models used in this study involve several idealizations. The FE simulation utilized a linear elastic model, which is effective for identifying crack initiation sites but cannot capture the full post-cracking behavior, such as softening and the stress redistribution that leads to stirrup fracture. Furthermore, the assumption of a uniform frost heave pressure does not account for asymmetrical real-world thermal conditions. Similarly, the analytical framework relied on the classical thick-walled cylinder theory, a strength-based approach that cannot model crack propagation from the pre-existing flaws inherent in concrete. Future modeling efforts should employ more advanced nonlinear and fracture mechanics-based approaches (e.g., using Concrete Damage Plasticity and calculating KIC) and incorporate non-uniform loading patterns to provide a more realistic simulation of the failure process.
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