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Abstract

:

The steel assembled support structure of a foundation pit can be assembled easily with high strength and recycling value. Steel’s performance is significantly affected by the surrounding temperature due to its temperature sensitivity. Here, a full-scale experiment was conducted to study the influence of temperature on the internal force and deformation of supporting structures, and a three-dimensional finite element model was established for comparative analysis. The test results showed that under the temperature effect, the deformation of the central retaining pile was composed of rigid rotation and flexural deformation, while the adjacent pile of central retaining pile only experienced flexural deformation. The stress on the retaining pile crown changed little, while more stress accumulated at the bottom. Compared with the crown beam and waist beam 2, the stress on waist beam 1 was significantly affected by the temperature and increased by about 0.70 MPa/°C. Meanwhile, the stress of the rigid panel was greatly affected by the temperature, increasing 78% and 82% when the temperature increased by 15 °C on rigid panel 1 and rigid panel 2, respectively. The comparative simulation results indicated that the bending moment and shear strength of pile 1 were markedly affected by the temperature, but pile 2 and pile 3 were basically stable. Lastly, as the temperature varied, waist beam 2 had the largest change in the deflection, followed by waist beam 1; the crown beam experienced the smallest change in the deflection.
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1. Introduction


As the most important component of a foundation pit, the supporting structure is an important facility for ensuring its safety. Therefore, to ensure the construction efficiency, safety, economy, and environmental friendliness, it is significant that an appropriate supporting structure according to the characteristics of the foundation pit is chosen.



There are many types of supporting structures commonly used in foundation pits, but they differ in advantages and disadvantages. For instance, bored piles have no environmental hazards such as vibration and noise pollution during construction, and the pile body has high strength, high stiffness, and good stability. However, their installation is time-consuming and labor-intensive, resulting in slow hole formation [1,2]. Steel sheet piles are environmentally friendly, can be rapidly constructed, and have good waterproof performance; however, they are easy to corrode, so they are often used for emergency rescue and disaster relief [3,4]. The construction of soil nailing walls is simple, fast, and cost-effective; they can also make rational use of the self-stabilization ability of soil and can use soil as a component of the supporting structure, but it is difficult to apply them to areas with poor soil qualities [5,6]. The soil mixing walls have reliable structural strength, good water-retaining and anti-seepage performance, and they can be applied to deep foundation pits with multi-point supports. However, the interaction between mixing piles and steel supports should be further studied [7]. Diaphragm walls are a type of support with better performance because of their high rigidity and good sealing effect. However, due to their high cost, they are often used in foundation pits with high safety requirements [8,9].



With the popularization of the concept of green building, the sustainable supporting structure technology of deep foundation pits has gradually become one of the key development directions of geotechnical engineering. Steel assembled section supports have the advantages of sufficient safety reserve, a short construction period, low cost, and recyclability [10,11,12]. Among them, steel H-section supports are economical and efficient with a higher optimized cross-sectional area distribution and a higher reasonable strength-to-weight ratio [13,14]. Moreover, their interface characteristics are obviously superior to the traditional steel I-section supports, steel channel supports, and steel angle supports.



However, this type of supporting structure is significantly affected by the temperature variation. In fact, when there is a large temperature gradient, these supporting structures experience serious thermal expansion and cold contraction. Boone et al. observed that the supporting load and the temperature increase synchronously in a deep foundation pit, but they do not decrease continuously when the temperature declines. In addition, a new method was proposed for separating soil pressure and temperature pressure in foundation pit supports [15]. Massoudi developed a relationship between the stress, deformation, and temperature of an anchor in a deep foundation pit by a rotary spray support based on the measured data. The measurement results showed that increasing the temperature by 10° Fahrenheit could reduce the load borne the bolt by 4.5 KN [16]. Hashash et al. reported that with an increase in the excavation depth and the arrangement of the additional struts, the thermal load coefficients of the supports gradually decreased; in addition to soil stiffness, the thermal load coefficient was related to the stiffness of the support–soil system and the excavation stage [17]. Chapman et al. proposed an analytical formula for the thermal stress on multi-layer horizontal supports. However, it cannot distinguish the difference in the axial force on each support layer, which makes it unsuitable for deep foundation pit engineering with temperature gradients [18]. Yao et al. analyzed a steel–concrete mixed structure and found that the internal force on and the deformation of the structure were larger under the effect of the annual temperature difference; they also reported that the variation in the temperature had a greater influence on the middle span than on the side span. Therefore, the cross-sectional area and the restraint form of the braces should be adjusted reasonably to reduce this influence [19].



Most of the above studies have taken the influence of thermal stress on concrete supporting structures into account, but few are concerned with steel supporting structures. A steel assembled supporting structure, composed of a steel H-section and a rigid panel, was proposed in this work for the foundation pit. Steel has high temperature sensitivity, and its performance is significantly affected by surrounding temperature. However, there is few studies on the influence of thermal stress on steel support structure. The full-scale test was conducted to study the effects of the temperature on the deformation of and the stress on the retaining pile, the crown beam, and the waist beam. Then, a finite element model was established, and its accuracy was verified by key parameters. Finally, the mechanical properties of the supporting structure were analyzed comprehensively by a numerical simulation. The research on the stability of this kind of foundation pit supporting structure is of great significance.




2. Full-Scale Test


2.1. Test Overview


The test was performed on the foundation pit in the test base of the Engineering Hospital on the northeast side of the intersection of Shengyuan Road with Chuangye Avenue in Pingyu County. According to the results of the site investigation, the foundation soil was divided into six soil layers, which were mainly composed of silty clay Quaternary Late Pleistocene alluvial–diluvial (Q4al + pl). The detailed physical and mechanical parameters of the soil are listed in Table 1. The groundwater level belonged to pore diving, which existed in the fissures and pores of soil, and the water level was about 3 m below the ground.



The test foundation pit had the dimensions 6 m × 6 m × 6 m. Considering the high groundwater level, eight dewatering wells with a depth of 10 m and a pipe diameter of 0.5 m were arranged 1.5 m away from the foundation pit boundary. The construction was started after the monitored water level fulfilled the conditions for the excavation of foundation pit. The retaining piles adopted an HW175 section made of steel (Q345), with the dimensions 175 mm × 175 mm× 7.5 mm × 11 mm, a length of 9 m, an insertion ratio of 0.33, and pile spacing of 1.5 m. The retaining piles were connected with rigid panels, which were made of Q235 steel, with the dimensions 6000 mm × 1470 mm and a wall thickness of 6 mm. A crown beam and two waist beams, which were made of an HW175 steel (Q345) section with the same specifications and had a length of 6 m, were vertically arranged in the foundation pit. The retaining piles and the waist beams were fixed by bolts (M20), and water-stop strips were pasted between the retaining piles and the rigid panels for water insulation. A schematic diagram of the field supporting structure is shown in Figure 1, and the profile of the foundation pit is displayed in Figure 2. The physical and mechanical parameters of the supporting structure are presented in Table 2.




2.2. Test Scheme


Considering that the foundation pit is an axisymmetric structure, monitoring 1/8 of its area can reflect the stress on, and the deformation of, the whole supporting structure. Figure 3 depicts the layout of the monitoring points on the site of the foundation pit.



Figure 4a,b show that after the positions of the strain gauges were flattened, smoothed, and polished, the strain gauges were stuck to the retaining piles, the crown beam, the waist beams, and the rigid panels according to the standard operation. Then, epoxy resin and neutral silicone weather-resistant adhesive were coated on the surface of the strain gauges to protect them from scratching. Figure 4c exhibits the inclinometer tube tied and fixed on the retaining piles.




2.3. Foundation Pit Excavation


When the actual dewatering depth reached the design value, the excavation of the foundation pit and the installation of the supporting structure started. The excavation process of the foundation pit is displayed in Figure 5. In fact, Figure 5a shows the implantation of the retaining piles and the installation of the crown beam; Figure 5b depicts using a high-pressure water jet cutting technology to create a slot into the ground, and inserting a rigid panel into the slot; Figure 5c illustrates the excavation of the first layer of the soil, and the installation of waist beam 1; Figure 5d shows the excavation of the second layer of the soil, and the installation of waist beam 2. Finally, the foundation pit was excavated to the bottom elevation.




2.4. Data Monitoring


After the excavation of the foundation pit, the original equilibrium state of the soil was destroyed. In order to eliminate the impact of the soil creep characteristics, stress monitoring was carried out one month after the excavation of the foundation pit was completed. The monitoring time was from February to April, when the atmospheric temperature rose from 6 to 24 °C, and the surface temperature of steel varied from 8 to 27 °C, as shown in Figure 6. From 3 February to 8 February, the temperature of the supporting structure was about 10 °C; from 8 March to 15 March, the temperature of the supporting structure was about 15 °C; from 30 March to 5 April, the temperature of the supporting structure was about 20 °C; from 21 April to 25 April, the temperature of the supporting structure was about 25 °C. The average values of the strain and displacement of the supporting structure in the above period were regarded as the strain and displacement at the corresponding temperature.





3. Analysis of Monitoring Results


3.1. Displacement Analysis of Retaining Piles at Different Temperatures


3.1.1. Horizontal Displacement of Pile Body


The horizontal displacements of piles 2 and 3 at different temperatures after the excavation of the foundation pit are delineated in Figure 7a,b, respectively; since the monitoring point of pile 1 was damaged, the horizontal displacement of this pile is not presented. The vertical axis represents the length of the pile (H) in meters, and the horizontal axis indicates the horizontal displacement of the pile (D) in millimeters. The positive sign implies that the direction of the horizontal displacement is outward along the foundation pit, and the negative sign denotes the reverse direction.



Figure 7a shows that after the excavation of the foundation pit was completed, owing to the role of the earth pressure behind the supporting structure, pile 2 produced a displacement toward the pit, overall. The maximum displacement occurred at a depth of around 2/3 of the excavation depth. Under the action of the thermal stress, the crown beam and the waist beam were elongated to produce jacking force on the retaining pile. Thus, pile 2 was displaced outside the pit, and the horizontal displacement of the pile crown changed most obviously. The horizontal displacement of the pile crown increased by 2.37 mm after the temperature rose by 15 °C, which played a positive role in the supporting system. However, under the excavation face, the horizontal displacement of the pile was basically stable due to the constraint of the soil.



Figure 7b indicates that the deformation law of pile 3 was different from that of pile 2, and the deformation amplitude of pile 3 was larger than that of pile 2. Pile 3 rotated around the pile body, and the pile above waist beam 1 moved outward with a temperature rise, while the pile below waist beam 1 moved further into the pit. Combined with the analysis of the horizontal displacement of waist beam 2 by the finite element method given below, this phenomenon can be well explained. The deflection of waist beam 2 increased due to the thermal stress, and its deformation form is shown in Figure 8. The end of waist beam 2 deformed out of the pit, while the middle of the beam deformed into the pit, which drove the bottom of pile 3 to move into the pit; this caused the deformation of pile 3 to consist of rigid rotation and flexural deformation, while pile 2 only experienced flexural deformation. When the temperature rose by 15 °C, the displacement of the crown of pile 3 increased by 2.90 mm, which was more remarkable than that of pile 2.




3.1.2. Horizontal Displacement Analysis of Pile Crown


The horizontal displacement of the pile crown is an important index of characterizing the safety of the supporting structure. The variation in the horizontal displacement of the pile top with the time measured on site is delineated in Figure 9. It is not difficult to find that the pile crown was displaced into the pit at the initial stage of the excavation, and pile 3 was located in the middle of the foundation pit, which led to the maximum displacement, thereby showing an obvious time-space effect. In the subsequent heating stage, the pile crown was displaced to the outside of the pit, and the horizontal displacement of the pile crown was highly consistent with the trend of change in the temperature. By the end of monitoring, the horizontal displacement of the crown of pile 1, 2, and 3 increased by 1.15, 2.81, and 3.42 mm, respectively. It can also be seen that the pile in the middle of the foundation pit was most affected by the temperature. It was noted that before mid-March, the horizontal displacement of the pile crown enlarged slowly with the temperature. After mid-March, the increasing rate of the horizontal displacement of the pile crown rose with the temperature because the rate of the local temperature rise increased; however, the daily temperature difference declined after mid-March, which led to the increase in the horizontal displacement rate of the pile crown.



In Figure 10, the horizontal axis represents the temperature difference (ΔT), and the vertical axis denotes the ratio of the increment in the horizontal displacement caused by the temperature variation to the excavation depth (ΔD/H). Hu et al. [20] analyzed the stress on, and the deformation of, the diaphragm wall of a foundation pit by a numerical simulation. Their results showed that the slope of the curve of ΔD/H versus ΔT was 0.1335. The slope was large, which might be due to the large excavation section of the foundation pit and the wider temperature influence range. Wu et al. [21] and Liu et al. [22] derived the calculation formula correlating the temperature variation with the displacement of the support structure, and demonstrated that the slope of the curve of ΔD/H versus ΔT ranged from 0.0043 to 0.0079 and from 0.0020 to 0.0078, respectively. The growth rates were too small because the method simplified some important factors in practical engineering. In this paper, the slope of the curve of ΔD/H versus ΔT was in the range of 0.1313 to 0.322, which is obviously larger than the one reported by other scholars. The reason is that the foundation pit in this work used steel H-section beams and rigid panels as the supporting structure, and the temperature variation had a more significant impact on the whole supporting system. Therefore, close attention should be paid to the safety of the steel supporting structures in areas with a high temperature difference.





3.2. Stress Analysis of Supporting Structure at Different Temperatures


3.2.1. Stress Data Processing Method


The strain gauges adopted a 45° rectangular strain rosette for data collection as displayed in Figure 11. The resistance in all the directions of each strain gauge is 120 Ω. The maximum principal stress (σ1) and the minimum principal stress (σ2) on each measuring point are expressed in:


   σ 1  =  E  2   1 − μ        ε  0 °   +  ε  90 °     +  E  2   1 + μ            ε  0 °   −  ε  45 °      2  +      ε  45 °   −  ε  90 °      2     



(1)






   σ 2  =  E  2   1 − μ        ε  0 °   +  ε  90 °     −  E  2   1 + μ            ε  0 °   −  ε  45 °      2  +      ε  45 °   −  ε  90 °      2     



(2)




where  E  and  μ  are the elastic modulus and Poisson’s ratio of the material, respectively;    ε  0 °    ,    ε  45 °    , and    ε  90 °     represent the strains in 0°, 45°, and 90° directions, respectively.



H-section steel is a plastic material. The equivalent stress ( σ ) on each measuring point can be calculated by the fourth strength theory, which can well express the mechanical performance of the supporting structure; the calculation formula is defined as:


  σ =  1   2           σ 1  −  σ 2     2  +      σ 2  −  σ 3     2  +      σ 3  −  σ 1     2     



(3)




where    σ 1    and    σ 2    represent the maximum and minimum principal stress, respectively, and    σ 3    is zero.




3.2.2. Stress Analysis of Retaining Piles at Different Temperatures


A total of 18 strain gauges were arranged on each retaining pile every 0.5 m, and the top strain gauge was shifted down by 0.2 m due to the reserved hoisting hole at the pile crown. The measuring points on retaining pile 1, retaining pile 2, and retaining pile 3 were indicated by A1–A18, B1–B18, and C1–C18, respectively, as shown in Figure 12. The measured data were analyzed, and the stress–temperature relationship curves of retaining piles 1, 2, and 3 are drawn in Figure 13a–c, respectively.



It can be seen in Figure 13 that after the excavation of the foundation pit was completed, the retaining pile deformed to the pit. Due to the maximum displacement at the crown of retaining pile 3 and the minimum displacement at the crown of retaining pile 1, the stress on point C1 was the minimum, while that on point A1 was the maximum. The maximum stress occurred on the excavation face, and B13 > C13 > A13.



When the temperature rose from 10 to 25 °C, higher thermal stress was released due to the large displacement of the pile crown. The stress on points Al, B1, and C1 increased by 2.68, 2.30, and 1.44 MPa, respectively, but the stress basically did not change. However, the pile bottom was embedded in the soil, and there was almost no displacement; thus, it was easier for the pile bottom to accumulate stress. The stress on points A18, B18, and C18 enlarged by 5.47, 13.81, and 6.00 MPa, respectively, which was even greater than the increment in stress caused by the excavation of the foundation pit. The stress on the other measuring points also increased with the temperature rise, which was obviously unfavorable for the stress on the retaining piles.



Due to the corner effect, the stress on point A13 of pile 1 increased by 8.02 MPa after the temperature rose by 15 °C. Its increase amplitude even exceeded the stress on the bottom of the pile, which was obviously different from the variation law of the corresponding positions of piles 2 and 3. The stress curves of piles 2 and 3 were similar, but the stress on pile 2 was greater than that on pile 3. Under the excavation and temperature load, the stresses on piles 2 and 3 was finally 69.95 and 43.89 MPa, respectively, both of which fulfilled the allowable stress on steel.




3.2.3. Stress Analysis of Crown Beam and Waist Beams at Different Temperatures


The crown beam and the waist beams were tied to the retaining piles to form a supporting system together. If the supporting structure is damaged by concentrated stress, the retaining piles cannot form a whole, leading to the collapse of the foundation pit. Therefore, it was necessary to study the forms of the stress on the crown beam and the waist beams. The strain monitoring points were located at a position of 0, 0.75, 1.5, 2.25, and 3 m on the crown beam and the waist beams, and the monitoring points on the crown beam, waist beam 1, and waist beam 2 were indicated by D1–D5, E1–E5, and F1–F5, respectively, as depicted in Figure 14. The supporting structure was axisymmetric, and the overall stress on the crown beam and the waist beams can be obtained by a mirror image. The stress–temperature relationship curves of the crown beam, waist beam 1, and waist beam 2 are plotted in Figure 15a–c, respectively.



It can be seen in Figure 15a that when the temperature rose, the stress on points D1 and D2 gradually decreased, while the stress on points D3–D5 gradually increased. The analysis shows that when the temperature rose, the crown beam expanded, which led to further deformation out of the foundation pit and enlarged the stress on the crown beam. The deformation of the adjacent crown beam outside the foundation pit led to the release of the stress on the side crown beam. As a result, the stress on the end of the crown beam decreased with the temperature rise, while the stress on the middle of the crown beam increased. When the temperature rose from 10 to 25 °C, the maximum change in the stress on point D1 was 2.00 MPa. Hence, it can be concluded that the temperature rise slightly influences the stress on the crown beam.



Figure 15b demonstrates that after the excavation of the foundation pit, waist beam 1 was deformed into the pit. As the temperature rose, the waist beam was heated, expanded, and further deformed toward the inside of the foundation pit, which resulted in increased stress on waist beam 1. When the temperature rose from 10 to 25 °C, the increment in the measured stress on points E1–E5 was 10.57, 2.17, 6.33, 5.23, and 4.52 MPa, respectively. It can be seen that the stress on point E1 was significantly affected by the temperature and increased by 0.70 MPa/°C. After the temperature rose by 15 °C, the measured stress on point E1 reached 44.25 MPa, which was far smaller than the allowable stress on the HW175 steel section.



The stress variation law of each measuring point in Figure 15c is basically similar to that in Figure 15b. When the temperature rose from 10 to 25 °C, the stress values on points F1–F5 increased by 5.79, 2.89, 4.93, 4.51, and 2.37 MPa, respectively, which were all smaller than the corresponding increments in stress on waist beam 1. Hence, waist beam 2 was not so severely affected by the temperature as waist beam 1. The analysis confirmed that waist beam 2 was deeply buried and shortly had a short-time exposure to sunlight, so it was less affected by the temperature compared to waist beam 1.




3.2.4. Stress Analysis of Rigid Panels at Different Temperatures


The rigid panels are an important part of the support system and can resist the pressure of the soil and water. If a rigid panel is damaged due to excessive deformation, the soil behind it is likely to pour into the foundation pit, causing delays in the construction period and casualties. The stress on the middle row of rigid panel 1 and rigid panel 2 was selected for analysis, and the monitoring points were represented by G1–G7 and H1–H7, respectively, as shown in Figure 16. The stress curves of the rigid panels versus the temperature are delineated and shown in Figure 17.



Figure 17a shows that the stress on rigid panel 1 increased with the temperature rise. When the temperature rose from 10 to 25 °C, the stress on points G1 and G7 enlarged by 0.33 and 7.19 MPa, respectively, corresponding to an increment of 5% and 78%, respectively. The variation in the stress on the bottom of rigid panel 1 was significantly larger than that in the stress on the top of rigid panel 1 because the rigid panel and the retaining piles formed a supporting system, and the displacement of the retaining piles also gave rise to the displacement of the rigid panel; thus, the top of the rigid panel released a large amount of stress. The bottom of the rigid panel was constrained by the soil and waist beam 2, resulting in a large amount of stress on the panel.



Figure 17b is basically similar to Figure 17a. After raising the temperature to 15 °C, the stress on points H1 and H7 increased by 0.68 and 9.34 MPa, respectively, corresponding to an increment of 11% and 82%, respectively. The increment in the stress on rigid panel 2 was slightly larger than that in the stress on rigid panel 1. The analysis confirmed that the deformation of rigid panel 2 was larger than that of rigid panel 1 because it was closer to the middle of the foundation pit, which led the stress on rigid panel 2 to increase more rapidly.






4. Three-Dimensional Finite Element Model


To verify the validity of the full-scale field test monitoring data and further study the influence of the thermal stress on the steel assembled supporting structure of the foundation pit, a three-dimensional numerical model matching the full-scale field test was established by using ABAQUS 6.14/Standard module. In the process of the finite element simulation, the surface temperature of the supporting structure was considered to be uniformly distributed, and the influence of the soil rheology and groundwater was not taken into account.



4.1. Soil Model


Considering that the influence of the length and width of the foundation pit was three to five times that of the depth of the pit in the model [23,24], the length and width of the foundation pit were set at 50 m, and its depth was set at 40 m. The modified Cambridge model was adopted for the soil, and the parameters of the test site given in Table 1 were used for the soil layer. In order to improve the accuracy of the calculations, the soil within and around the foundation pit was processed by grid encryption, while the grids far away from the foundation pit were processed by transition; also, the grid size gradually increased from the inside to the outside of the foundation pit. The grids adopted C3D8R elements with hourglass control. The displacement of the bottom of the soil in the three directions and the normal displacement around the soil were restricted. Because the mechanical properties of the soil were not almost affected by the temperature, the effect of the temperature on the soil was not taken into account to simplify the calculations. The structure of the calculation grids of the soil is depicted in Figure 18.




4.2. Supporting Structure Model


The size and shape of the supporting structure in the model were consistent with those in the field test. A B21 element, i.e., a two-node, spatial, linear beam element, was selected for the retaining piles, the crown beam, and the waist beams. An S4R element, which is a four-node, curved, thin shell element, was used for the rigid panel. The coefficient of thermal expansion of the steel section was 1.2 × 10−5. The material parameters of the supporting structure are selected from Table 2.




4.3. Contact Model


An embedded constraint was chosen for the retaining piles, and binding contact was assumed between the retaining piles and the crown beam and between the waist beams and the rigid panel. Surface-to-surface contact was presumed between the soil and the rigid panel, and “hard” contact was adopted in the normal contact, indicating that normal pressure could only be transmitted between the two contact surfaces when they were not separated. The “penalty” function was used tangentially. Xu et al. studied that the coefficient of friction (μ) between steel and soil varies from 0.2 to 0.4 [25]. Considering that the surface of the rigid panel was relatively flat, μ was set at 0.25 in this work.




4.4. Excavation Steps of Foundation Pit


According to the supporting structure and the excavation steps of the foundation pit, the simulation calculations were carried out, as illustrated in Figure 19.




4.5. Temperature Simulation


Since steel was much more affected by the temperature than the soil, only the coefficient of thermal expansion of the retaining piles, the crown beam, the waist beams, and the rigid panels     α = 1.2 ×   10   − 5       was defined when setting the material parameters. Then, an analysis step of the temperature was created in the analysis step manager, and the temperature of the supporting structure was maintained constantly during the excavation of the foundation pit. Finally, after the excavation of the foundation pit, the field was predefined by changing the specified temperature in advance [26].





5. Analysis of Simulation Results


5.1. Field Monitoring and Numerical Validation


In order to verify the accuracy of the finite element model, the measured and simulated values of the horizontal displacement of pile 3 and the stress on waist beam 1 at a temperature of 10 and 25 °C were extracted and compared, as shown in Figure 20a,b, respectively.



Figure 20a demonstrates that after the temperature increased by 15 °C, the measured horizontal displacement of the pile crown changed from −1.78 to 0.84 mm, which increased by 2.63 mm. The simulated horizontal displacement of the pile crown varied from −1.04 to 0.60 mm, resulting in an increment of 1.64 mm. Thus, the measured values were larger than the simulated ones, which might be due to the impact of continuous precipitation during monitoring on the displacement of the retaining piles. Additionally, the groundwater factor was not considered in the simulation, which led to the difference between the two; however, the deviation value was not large.



Figure 20b reveals that the simulated values were all larger than the experimental ones, and the stress on points E1 and E3 was quite different. This may be because the waist beam and the retaining pile were bolted during the test, and they might be dislocated during the excavation of the foundation pit, thereby releasing certain stress. The simulation used binding contact, which fundamentally eliminated the influence of mutual dislocation, so the simulation values were slightly larger than the experimental ones. The measured and simulated stress on point E1 increased by 10.57 and 7.98 MPa, respectively, after the temperature rose by 15 °C; the simulated values were lower than the measured ones. The analysis showed that it took a long time for the temperature to rise from 10 to 25 °C during the test. Although the stress monitoring was performed one month later to reduce the influence of the soil creep characteristics, it was not removed completely. However, the numerical simulation was a transient process, which only considered the impact of the change in the temperature, so the simulated increment in the stress was smaller than the actual one.



Although there was a certain difference between the measured values and the simulated ones, it was within an acceptable range, and the trends of the measured and simulated deformation were basically consistent. Therefore, as long as the selected parameters are suitable, it is feasible to analyze the impact of the thermal stress on the supporting structure of the foundation pit by the finite element method, which can provide a frame of reference for future practical projects.




5.2. Impact of Temperature on Bending Moment of Retaining Piles


According to Figure 21, the maximum bending moment (BM) of the retaining pile occurred on the excavation face after the excavation of the foundation pit was completed. After the temperature rose by 15 °C, due to the constraints of the crown beam and the waist beam, the absolute value of bending moment at the corresponding part of the retaining pile increased relatively. The bending moment of the retaining pile body below the excavation face changed most owing to the constraints of the soil on both sides. The increment in the bending moment of piles 1, 2, and 3 on the excavation face was 2.63, −0.74, and −0.83 KN·m, respectively. It can be seen that the temperature rise increased the maximum positive bending moment of pile 1, but reduced the maximum positive bending moments of piles 2 and 3. The bending moment of pile 1 was obviously more affected by the temperature than that of piles 2 and 3. Under the temperature effect, the maximum bending moment reached 11.34 KN·m. The bending moment of the retaining pile can be expressed by:


   M  m a x   = σ ×  W x  = 310 ×   10  6  × 334 ×   10   – 6   ≈ 104    KN · m   



(4)




where σ represents the allowable stress, and Wx is the bending cross-sectional coefficient.



This equation confirms that the bending moment of the retaining pile is within a reasonable range.




5.3. Impact of Temperature on Shear Force of Retaining Piles


Figure 22 demonstrates that the shear force (SF) on the retaining piles was a positive and negative staggered phenomenon. The distribution of the shear force on retaining pile 1 was different from that of the shear force on retaining piles 2 and 3 due to the corner effect. When the temperature rose by 15 °C, the shear force on the retaining pile enlarged to resist the deformation of the pile. The maximum change in the shear force on piles 1, 2, and 3 was 17.98, 4.21, and 6.47 KN, respectively, indicating the most significant change in the shear force on pile 1 and the negligible effect of the temperature on piles 2 and 3. The maximum shear force on the retaining piles was 59.21 kN under the action of the temperature rise. The shear strength of the retaining piles can be calculated by:


   F s  = A ×  F v  = 51.43 ×   10   – 4   × 180 ×   10  6  ≈ 926   KN  



(5)




where A is the cross-sectional area of the HW175 section, and Fv indicates the shear strength of Q345 steel.



This equation confirms that the shear force on the retaining pile is within an allowable strength range of the materials.




5.4. Impact of Temperature on Horizontal Displacement of Crown Beam and Waist Beams


Since the crown beam and the waist beams were connected to the retaining piles, the displacements of the crown beam and the waist beams were inevitably affected by the retaining piles. Figure 23 indicates that after the temperature rose, the crown beam and waist beam 1 moved outside the foundation pit, while the middle of waist beam 2 moved inside the pit, which was consistent with the measured displacement curves of the retaining piles. Due to the small earth pressure behind the pile, the overall displacement of the crown beam was toward the outside of the pit; the overall average displacement of the crown beam was about 0.95 mm, and it did not basically deflect. Because of the jacking force on the adjacent waist beam, the end displacement of waist beam 1 was significantly larger than its middle displacement. Indeed, the end displacement of waist beam 1 could reach 0.86 mm, while the displacement of the middle point of it was lower than 0.1 mm. Moreover, its deflection enlarged with the temperature rise. The end displacement of waist beam 2 was completely in the opposite direction of its middle displacement; in fact, the end displacement of waist beam 2 was 0.83 mm, while the displacement of the middle point of it was −0.32 mm. The displacement of the middle point of waist beam 2 was larger because it was not restricted by soil. Moreover, its deflection was most severely affected by the temperature.





6. Conclusions


Through the full-scale test and numerical simulation of a steel assembled supporting structure, the impact of the temperature on the internal force on this type of supporting structure was explored, and the deformation process of the supporting structure under the temperature effect was evaluated. The following main conclusions can be drawn from the above results and discussion:



	(1)

	
Under the action of the thermal stress, the horizontal displacement of the retaining pile above the excavation face was more prominent. The deflection of waist beam 2 increased with the temperature rise, which made the deformation of retaining pile 3 consist of rigid rotation and flexural deformation, while retaining pile 2 only experienced flexural deformation.




	(2)

	
In the heating stage, the crown of all the retaining pile moved out of the pit, and the horizontal displacement of the retaining pile crowns was in good agreement with the trend of change in the temperature. Moreover the horizontal displacement of the middle retaining pile crown increased more rapidly with the temperature rise.




	(3)

	
Comparing our results with other works revealed that, at the same temperature difference, the horizontal displacement of steel support structures changes more significantly than that of concrete support structures.




	(4)

	
After the excavation of the foundation pit was completed, the stress on the retaining pile near the excavation face was the largest; also, with the temperature rise, the stress on the retaining piles increased further. The increment in the stress on the bottom of the retaining piles was significantly greater than that in the stress on the crown of the retaining piles, which was extremely unfavorable to the stress on the piles. Therefore, the temperature effect should be considered as a working condition in design.




	(5)

	
As the temperature rose, the crown beam deformed outside the foundation pit, while the waist beams deformed in the opposite direction. Compared with the crown beam and waist beam 2, the stress on waist beam 1 was more remarkably affected by the temperature; indeed, the stress on the end of waist beam 1 increased by 0.7 MPa/°C, so the stress on this position should be paid enough attention.




	(6)

	
The rigid panels had a small stiffness, so they were severely affected by the temperature. For instance, when the temperature increased by 15 °C, the stress on rigid panels 1 and 2 enlarged by 78% and 82%, respectively.




	(7)

	
The bending moment and shear strength of retaining pile 1 were markedly affected by the temperature, but piles 2 and 3 were basically stable. The deformation of the crown beam and the waist beams was coordinated with that of the retaining piles. After the temperature varied, the deflection of waist beam 2 changed the most, but the crown beam deflected the least.




	(8)

	
The internal forces on the retaining piles, the crown beam, and the waist beams were all within the allowable strength range of the materials, and the deformation satisfied the specification requirements. The numerical calculation data were similar to the full-scale test results, and their deformation trend was basically identical; therefore, the developed simulation can be used to calculate the impact of the temperature on supporting structures in such engineering projects.
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Figure 1. A schematic diagram of the field supporting structure. 
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Figure 2. The profile of the foundation pit. 
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Figure 3. The layout of the monitoring points on the site of the foundation pit. 
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Figure 4. The layout of (a,b) stress and (c) horizontal displacement monitoring points. 
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Figure 5. The excavation process of the foundation pit. (a) Implantation of the retaining piles and installation of the crown beam; (b) Insertion of the rigid panels; (c) Excavation of the first layer of the soil and the installation of waist beam 1; (d) Excavation of the second layer of the soil and the installation of waist beam 2. 
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Figure 6. The variation of the temperature from February to April. 






Figure 6. The variation of the temperature from February to April.



[image: Applsci 11 02225 g006]







[image: Applsci 11 02225 g007 550] 





Figure 7. The displacement-temperature relationship of (a) pile 2 and (b) pile 3. 
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Figure 8. A schematic diagram of the deformation of waist beam 2. 
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Figure 9. The horizontal displacement of the crown of the retaining piles. 
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Figure 10. The relationship between ΔD/H and ΔT. 
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Figure 11. A schematic diagram of a 45° rectangular strain rosette. 
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Figure 12. The layout of the strain gauges installed on the retaining piles. 
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Figure 13. The stress–temperature relationship of (a) pile 1, (b) pile 2, and (c) pile 3. 
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Figure 14. The layout of the strain gauges installed on the crown beam and the waist beams. 
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Figure 15. The stress–temperature relationship of (a) the crown beam, (b) waist beam 1, and (c) waist beam 2. 
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Figure 16. The layout of the strain gauges installed on the rigid panels. 
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Figure 17. Stress-temperature relationship curve of the (a) rigid panel 1, (b) rigid panel 2. 
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Figure 18. The structure of the calculation grids of the soil mass. 
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Figure 19. The flow chart of the modeling and calculations. 
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Figure 20. Comparison between the measured and simulated values: (a) The horizontal displacement of pile 3; (b) the stress on waist beam 1. 
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Figure 21. The bending moment (BM)–temperature relationship of (a) pile 1, (b) pile 2, and (c) pile 3. 
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Figure 22. The shear force (SF)–temperature relationship of (a) pile 1, (b) pile 2, and (c) pile 3. 
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Figure 23. The displacement–temperature relationship of (a) the crown beam, (b) waist beam 1, and (c) waist beam 2. 
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Table 1. The physical and mechanical parameters of the soil layer.
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	Soil Layer Name
	Soil Thickness(m)
	Density(g/cm³)
	Compression Index
	Rebound Index
	Stress Ratio
	Void Ratio





	Plain fill
	1.3
	1.85
	0.080
	0.008
	0.90
	0.92



	Silty clay
	1.2
	1.92
	0.065
	0.007
	1.00
	0.74



	Silty clay
	3.6
	1.94
	0.032
	0.048
	0.94
	0.80



	Silty clay
	2.4
	1.97
	0.037
	0.0052
	0.86
	0.83



	Silty clay
	2.4
	1.92
	0.042
	0.0061
	1.10
	0.70



	Silt
	3.1
	1.94
	0.030
	0.0032
	0.86
	0.68
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Table 2. The physical and mechanical parameters of the supporting structure.
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	Supporting Materials
	Elastic Modulus (GPa)
	Poisson’s Ratio
	Density

(g/cm³)
	Yield Strength (MPa)
	Tensile, Compressive, and Bending Strength (MPa)
	Shear Strength (MPa)





	Retaining pile
	210
	0.3
	7.8
	345
	310
	180



	Rigid panel
	210
	0.3
	7.8
	235
	215
	125



	Crown beam
	210
	0.3
	7.8
	345
	310
	180



	Waist beam
	210
	0.3
	7.8
	345
	310
	180
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