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With the rapid advancement of urbanization in China, the scale of construction involving narrow trench foundation pits in municipal public utility pipeline projects has witnessed a substantial expansion. However, existing research predominantly focuses on deep and wide foundation pits, and the current stability calculation methods are not applicable to narrow trench foundation pits systems. A comprehensive approach integrating model tests, numerical simulations, and theoretical analyses were used to address this gap. Results from model tests demonstrate that the failure surface of a narrow trench presents a morphological feature notably distinct from that of wide excavations: the failure surfaces of the two sidewalls converge at the trench bottom, a characteristic pattern that diverges substantially from the assumptions inherent in traditional failure modes. Numerical simulations using finite element methods further demonstrate that soil in the active zone undergoes plastic flow around the lower edge of the supporting plate toward the passive zone, forming a coupled failure mechanism where supporting plate exerts significant squeezing forces on the passive zone soil. Building upon the clarification of the morphology and mechanism of the failure surface, an improved critical failure criterion for narrow trench foundation pits is proposed. This study derives a calculation formula for anti-uplift stability using energy method, showing that decreasing foundation pit width increases the overlapping area of sliding surfaces, thereby enhancing the components of shear stress and soil self-weight along the failure surface. This mechanism significantly improves the anti-uplift stability calculation of narrow trench foundation pit, further optimizes support structures for narrow excavations to maximize their performance, reduce costs and increase efficiency. When the width of the foundation pit decreases from 1.5 times to 0.4 times its own width, the anti-uplift stability coefficient increases from 1.97 to 3.18, representing an increase by a factor of 1.61. Consequently, it provides a theoretical foundation for the design and construction of municipal utility pipelines in urban pipeline engineering.
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1 INTRODUCTION
With the rapid acceleration of urbanization and development of green and recyclable geotechnical engineering in China, the exploitation of underground space has become a key measure to alleviate the shortage of land and enhance the carrying capacity of cities (Chen et al., 2018; Pan et al., 2025). Green geotechnical engineering is an interdisciplinary field that employs innovative design methodologies, environmentally friendly and recyclable materials, and low-carbon construction technologies to minimize the ecological footprint of geotechnical activities. This approach is widely applied in the support structure of narrow foundation pit, not only ensures engineering safety but also maximizes resource recycling, thereby providing significant value for narrow trench construction (Carrera et al., 2012). As an intensive urban infrastructure, the municipal utility pipe effectively solves the problems of multi-head management and maintenance difficulties of traditional underground pipelines by integrating municipal pipelines, and lays a foundation for the construction of smart cities. Given the characteristics of the pipe foundation pit, narrow width, shallow depth, and high-slope sidewalls, research on its anti-overturning stability is of significant importance for improving both the safety and cost-effectiveness of the project (Dou et al., 2018; Zhang et al., 2024).
The soft soil in Wuhan is a river-lake deposit (Yin et al., 2007). In the shallow foundation pit project, the soil layer within the excavation depth range is mostly soft plastic to plastic clay, with low shear strength, high compressibility, high water content and low permeability (Qu et al., 2014). Because the site soil is soft, the strength and stiffness of the soft soil are small, the horizontal resistance and the ability to resist deformation are small, and the shear failure is easy to occur during the excavation of narrow trench foundation pit, which weakens the overall stability of the soil. At the same time, the characteristics of high compressibility of soft soil make it easy to produce significant volume compression under loading conditions, which aggravates the deformation of the surface and supporting structure around the foundation pit, especially when the earth pressure is redistributed (Yang et al., 2022). In addition, high water content and low permeability extend the drainage consolidation time, which further increases the difficulty of foundation pit deformation control (Bulko and Mihálik, 2021). Additionally, narrow excavations are typically defined as those with excavation depths up to 5 m and widths less than its own depths (Wang, 2016; Wang, , 2011). Such excavations generally employ a single-layer support system, which offers limited effectiveness in constraining basal heave stability of the foundation soil within the excavation zone (Sutherland, 1988; Hong and Ng, 2013). It is worth studying the anti-uplift stability of this kind of narrow trench foundation pit, so as to improve the construction efficiency and economic benefits (Zhang et al., 2023).
Terzaghi (1943) first proposed the bearing capacity analysis model of the uplift failure at the bottom of the normal width foundation pit, which considers that the sliding surface of the soil is combined by the plane and the arc surface and extends to the surface when the soil is squeezed. However, this method is easy to overestimate the bearing capacity of the bottom in deep foundation pits or soil layers with hard interlayers, resulting in a low safety factor. Bjerrum and Eide (1956) introduced the bearing capacity coefficient Nc into Terzaghi’s theory, and pointed out that the slip surface of the uplift failure of deep foundation pits often ends near the wall or penetrates the bottom of the wall, rather than extending to the surface, thus proposing a modified analysis method. Wang and Xia (1983) further considered the influence of soil cohesion c and internal friction angle φ, and modified the traditional limit equilibrium formula to make it more in line with the actual mechanical properties of soft soil. Based on Terzaghi’s theory, Du (2012) derived the calculation formula of the influence range of the bottom uplift. Kong and Men (2014) considered that the assumption of soil bilateral slip in the traditional uplift stability analysis was unreasonable, and proposed a new method of unilateral slip, which included the influence of groundwater seepage and made the calculation results more realistic. Hong et al. (2015) revealed that as excavation becomes narrower, the effect of downward shear stress acting along soil–wall interface on basal resistance increases. Therefore, due to the assumptions and limitations of these methods, it is difficult to apply them to the stability analysis of trench foundation pits or relatively light structures (Watanabe et al., 2016).
Based on the shape of the sliding surface and the spatial dimensions of the narrow trench foundation pit, using the energy method to analyze the stability has a good theoretical foundation and applicability. Liu (2003) proposed an anti-uplift calculation method based on the principle of energy conservation, which can simplify the assumption of the shape of the slip surface to a certain extent, and is more suitable for foundation pits with poor soil quality or large depth. Huang et al. (2018) proposed a more complex failure mode, which is composed of multiple rigid wedges and streamlined shear zones, and considered the lateral resistance generated by the embedded section of the retaining wall, which can more reasonably reflect the contribution of the supporting structure in the deep foundation pit to the uplift stability. Ju et al. (2021) combined the energy method with the horizontal deformation control of the diaphragm wall by means of the actual monitoring data, and pointed out that the soil deformation has a significant correlation with the overall stability of the foundation pit in terms of energy consumption, which provides a new idea for further study of the uplift mechanism at the bottom of the foundation pit. Therefore, using the energy method to calculate the stability of narrow foundation pits has certain advantages.
In soft soil area, due to the significant spatial constraint effect, the deformation mechanism of narrow trench foundation pit is essentially different from that of wide foundation pit (Wang et al., 2021; Lou et al., 2022). When the soil is uplifted, it is more likely to form complex multi-curve slip surface or induce soil arching effect. Based on the finite element analysis, Ying et al. (2018) revealed the bottom heave failure law of foundation pits with different widths, proposed a correction method for anti-uplift stability under the width effect, and verified its rationality through measured and numerical results. Wang (2014); Wang (2015) pointed out that the plane shape of the foundation pit and the insertion ratio of the retaining structure have a significant impact on the bottom uplift, and the stability of this kind of foundation pit is characterized by non-uniform distribution. The proposed correction coefficient and classification method make up for the limitation of the specification only based on the depth determination. Chen et al. (2015) combined strength reduction method and numerical simulation found that the slip surface of narrow trench foundation pit uplift failure often passes through the bottom or vicinity of the retaining structure, rather than the traditional assumption of penetrating the surface, resulting in the evaluation of anti-uplift stability may be conservative, which needs to be corrected in combination with engineering conditions. Based on the finite element analysis, Huang et al. (2025) found that too small or too large insertion ratio of retaining members will lead to significant deviation of anti-uplift stability coefficient. Building upon the aforementioned studies, the upper and lower bound formulas for the insertion ratio, along with the improved circular sliding mode, are put forward to provide theoretical support for the design under complex working conditions.
In summary, although the current research on the anti-uplift stability of foundation pits in soft soil areas has formed a system, it is mostly concentrated in deep and wide foundation pits, and the applicability research of narrow trench foundation pits is still insufficient. The research on anti-uplift stability has evolved from a single limit equilibrium method to a multi-method fusion approach, such as plasticity theory, energy method, and limit analysis method. Some scholars have investigated the failure modes and slip surfaces of foundation pits through numerical simulations. However, the size effect and differences in failure modes associated with narrow trench foundation pits present limitations for traditional methods. Against this backdrop, drawing on the typical parameters of soft soil layers in the Wuhan region, this paper establishes a model test to reveal the characteristics of the sliding surface, coupled with numerical simulations to elucidate the development and failure process of the plastic zone, thereby systematically uncovering the deformation characteristics, failure modes, and stability regularity of narrow-trench foundation pits. Based on the principle of energy method, the calculation formula of anti-uplift stability is modified from the perspective of work balance, which significantly improves the design economy and safety. Through comparison with the Chinese Standard Method, it is validated that the modified formula effectively incorporates the influence of size effect, thereby offering a theoretical breakthrough for the stability evaluation of narrow trench foundation pits. The improved calculation method proposed herein exhibits significant guiding significance for the stability analysis and supporting structure design of narrow-trench foundation pits.
2 MATERIALS AND MODEL TEST
2.1 Similarity ratio
This model test belongs to the frame model test under the condition of normal gravity. Based on the dimensional analysis method (Wu et al., 2007), the indoor scale model of the narrow trench foundation pit is constructed. Assuming that the material is isotropic, the gravity acceleration ratio (Cg) and the density similarity ratio (Cρ) are set to 1. Taking into account the characteristics of the narrow foundation pit’s plane strain, to minimize model scale effects while maximizing observability and operability, the geometric similarity ratio was set to Cl = N (N = 1/50).
In the municipal pipelines of Wuhan, whether it is the power pipelines or the water supply and drainage pipelines, the burial depth is generally less than 5 m, and the width of the narrow foundation pit is also less than 5 m. If it is in a soft soil layer, the supporting structure will usually be inserted into the soft soil for 2–3 m to prevent the uplift and damage of the narrow foundation pit. This paper takes the trench foundation pit with a length of 60 m, a depth of 5 m, a width of 5 m and a embedded depth of 2.5 m as the target narrow trench foundation pit. According to the existing conditions, the internal size of the model box is 500 mm × 300 mm × 200 mm. In order to ensure that the width of the soil outside the trench foundation pit is greater than 2 times the width of the foundation pit excavation, the width and depth of the trench foundation pit excavation in the model are not more than 100 mm; the size and position of the specific trench foundation pit and supporting structure are shown in Figure 1.
[image: Diagram (a) shows dimensions of a structure with internal bracing, a supporting plate, and measurements indicating less than one hundred millimeters. Diagram (b) is an image of a rectangular wooden object with horizontal white lines, possibly bracing points, on its surface.]FIGURE 1 | Schematic diagram of trench foundation pit model. (a) Model design dimensions. (b) Model box filled with soils.2.2 Properties of model soil
The soils distribution within 20 m of Wuhan soft soil is selected, the average weight is 18.7 kN/m3, the average water content is 20%, the average internal friction angle is 13.8°, the average cohesion is 14.1 kPa, and the average compression modulus is 3.21 MPa. According to previous experience and many trial tests, the model soil material ratio is soft clay: bentonite: talc: glass beads: fine sand = 1:1:3:5:5. After being weighed in proportion and put into the mixer, it is fully stirred and sealed for 24 h, which is conducive to the full diffusion of water molecules.
Laboratory testing has confirmed that the parameters of the model soil closely approximate those of actual soil samples, as detailed in Table 1.
TABLE 1 | Main parameters of model soil.	Name	Ratio of similitude	Model soil
	Density	1	18.8 kN/m3
	Water content	1	20%
	Cohesion	N	0.987 kPa
	Angle of internal friction	1	14.1°
	Modulus of compression	N	0.0821 MPa


2.3 Properties of supporting structure
The model test in this instance adopts a support method that combines internal bracing with supporting plates. In practical engineering, the equivalent thickness of supporting plate is usually between 10 cm and 20 cm, and the bending strength is about 200 MPa. In this model test, the steel pipe with a diameter of 0.78 cm was used to simulate the internal bracing, and the Q235 steel plate with a size of 15 × 20 × 0.25 cm was used to simulate the supporting plate.
2.4 Test procedure
The test is conducted in accordance with the specified procedure, encompassing the placement of soil samples, layered excavation, and the application of loads, as illustrated in Table 2 and Figure 2.
TABLE 2 | Test Procedures of Model test.	Step	Operations
	Filling	Stratified compaction of model soil in equal-thickness layers within the model tank
	Excavation	Sequential excavation should be conducted in layers. Internal bracing must be installed at a depth of 1 cm. Subsequent 2 cm depth increments at 5-min intervals
	Loading	Following excavation completion, gradually apply uniform surcharge loads of 10, 20, 30, 40, and 50 kPa around the excavation perimeter at 5-min intervals until test termination upon basal heave failure


[image: (a) Laboratory setup with a table holding a laptop, control panel, and wooden block setup, surrounded by various equipment. (b) Top view of a tank with red soil, featuring a central circular component. (c) Wooden box with horizontal lines on a table, with a person holding a metallic object above. (d) Similar wooden box with two weights on top, positioned on the same table.]FIGURE 2 | Model test for narrow foundation pit excavation. (a) Monitoring system. (b) Layered filling. (c) Excavation. (d) Loading.2.5 Test result analysis
2.5.1 Axial force of the internal bracing
The results of the supporting axial force measured based on the weighing dynamometer are shown in Figure 3. As the load increases, the axial force of the internal bracing gradually increases and reaches a peak at a load of 30 kPa. After that, with the further increase of load, the axial force of the internal bracing decreases sharply. These results indicate that the trench foundation pit has undergone complete failure, characterized by the loss of stability in the retaining structure and the ineffectiveness of the internal bracing.
[image: Line graph showing axial force in Newtons (N) versus loading sequence, including excavation at 10 centimeters, and loads at 10, 20, 30, 40, and 50 kilopascals (kPa). Axial force increases from excavation to 30 kPa, peaking at approximately 55 N, then decreases to 50 kPa.]FIGURE 3 | The change result of supporting structure axial force.2.5.2 Active and passive earth pressure
The earth pressure is measured by the earth pressure box laid at 1 cm below the basement on both sides of the supporting structure. The results of the earth pressure test are shown in Figure 4. The initial value of the active earth pressure is 83.2 Pa, which increases gradually with the increase of the load, and rises rapidly to the maximum when the load reaches 30 kPa, and the soil enters the active failure state; when the load continues to increase to 40–50 kPa, the overall failure of the trench foundation pit is caused by the instability of the supporting structure, and the active earth pressure decreases. Consistent with the variation of passive earth pressure, it increases with the increment of load before reaching 30 kPa, which reflects the restraining effect of the soil mass. Once the load exceeds 30 kPa, the trench foundation pit undergoes complete failure, and the passive earth pressure declines sharply.
[image: Two graphs depict earth pressure against loading sequences. Graph (a) shows active earth pressure peaking at 4500 Pa at 30 kPa, with various stages marked along the sequence. Graph (b) illustrates passive earth pressure dropping to -1750 Pa at 30 kPa before partially recovering. Both graphs show pressure changes corresponding to loading conditions.]FIGURE 4 | Soil pressure results of model test. (a) Active earth pressure. (b) Passive earth pressure.2.5.3 Deformation and force of the supporting plate
The experimental data were collected and compiled into a summary table, as shown in Table 3. According to the monitoring data of micro strain gauge, the curve of supporting plate strain with depth during the test loading process is shown in Figure 5. The tension of the strain gauge is positive and the compression is negative. The results show that the strain distribution of the inner and outer sides of the supporting plate is roughly symmetrical, and the outer strain is slightly larger than the inner side, which is mainly caused by the direct action of soil pressure. As the load increases from 10 kPa to 30 kPa, the bending moment at the bottom of the supporting plate increases gradually. When the load exceeds 30 kPa, the foundation pit is destroyed, and the stress redistribution causes the bottom bending moment to decrease after the peak, reflecting the bottom stress concentration after instability. The variation trend of shear force is consistent with that of bending moment: it increases with the increment of load in the early stage, and undergoes changes due to stress adjustment after failure. The deflection of the supporting plate also changes significantly with the increase of load. Within the depth range from 0 to 10 cm, the rate of deflection increase is relatively small; within the depth range of 10–15 cm, the deflection increases significantly. When the load exceeds 30 kPa, the deflection at 10–15 cm decreases rapidly, which further reflects the stress release and deformation response after structural instability.
TABLE 3 | Summary table of experimental data.	Embedded Depth (m)	1	3	5	7	9	11	13
	Excavate 10 cm	External Strain (με)	15.2	37.1	44.3	45.3	45.7	37.9	39.7
	Internal Strain (με)	−11.3	−17.2	−13.0	−27.6	−19.4	−16.3	−15.1
	Bending moment (N/m)	16.3	33.4	35.3	44.9	40.1	33.4	33.7
	Shearing Force (N)	0.0	8.5	0.9	4.8	−2.4	−3.3	0.16
	Load 10 kPa	External Strain (με)	17.0	29.5	61.0	69.3	70.5	53.6	46.5
	Internal Strain (με)	−11.7	−25.5	−49.6	−53.8	−41.0	−33.3	−23.1
	Bending moment (N/m)	17.7	33.9	68.0	75.8	68.6	53.5	42.9
	Shearing Force (N)	0.00	8.1	17.0	3.9	−3.5	−7.5	−5.3
	Load 20 kPa	External Strain (με)	18.5	25.4	68.9	79.3	81.7	59.8	49.0
	Internal Strain (με)	−11.2	−27.7	−66.7	−67.0	−52.5	−38.7	−23.9
	Bending moment (N/m)	18.3	32.7	83.4	90.0	82.6	60.7	44.9
	Shearing Force (N)	0.0	7.2	25.3	3.3	−3.7	−10.9	−7.8
	Load 30 kPa	External Strain (με)	19.2	22.0	79.3	89.1	89.3	61.4	50.3
	Internal Strain (με)	−12.3	−36.0	−84.9	−79.2	−59.1	−41.7	−25.5
	Bending moment (N/m)	19.4	35.7	101.1	103.6	91.3	63.5	46.7
	Shearing Force (N)	0.0	8.1	32.6	1.2	−6.1	−13.9	−8.4
	Load 40 kPa	External Strain (με)	28.5	56.4	74.2	80.5	74.5	58.4	43.7
	Internal Strain (με)	−10.3	−31.4	−64.1	−63.0	−45.2	−31.6	−22.5
	Bending moment (N/m)	23.9	54.1	85.1	88.4	73.7	55.4	40.7
	Shearing Force (N)	0.0	15.1	15.5	1.6	−7.3	−9.1	−7.3
	Load 50 kPa	External Strain (με)	1.1	26.3	53.3	53.5	53.6	40.6	41.1
	Internal Strain (με)	−3.8	−26.8	−26.1	−49.4	−32.1	−25.1	−18.8
	Bending moment (N/m)	3.0	32.7	48.9	63.3	52.8	40.5	36.9
	Shearing Force (N)	0.0	14.8	8.0	7.2	−5.2	−6.1	−1.81


[image: Four graphs depicting various structural analyses of a retaining structure. Graph (a) shows external strain, graph (b) shows internal strain, graph (c) illustrates bending moment, and graph (d) depicts shearing force. Each graph compares different conditions: excavation at 10 cm and loads of 10, 20, 30, 40, and 50 kPa against embedded depth in centimeters. Data points are color-coded for distinction.]FIGURE 5 | Characteristic curve of the model supporting plate. (a) External strain. (b) Internal strain. (c) Bending moment. (d) Shearing force.2.5.4 Basement uplift and failure surface
Figure 6 shows the results of basal uplift and failure surface based on white tracer line analysis. When the excavation is completed Figure 6a, the white tracer line and the base change little. When 10 kPa load is applied Figure 6b, about 5 cm deep soil on both sides of the foundation pit settles, the white tracer line in the active area changes significantly, and the supporting structure has a small displacement. When 20 kPa load is applied Figure 6c, the change of the white tracer line in the active zone is intensified, the white tracer line in the passive zone is slightly raised, and the deformation of the supporting plate is small. When 30 kPa load is applied Figure 6d, the change depth of the white tracer line in the active zone reaches 15 cm, and the soil settlement is obvious. The white tracer line below the base of the passive zone is slightly deformed, and the displacement of the supporting plate is significant. When 40 kPa load is applied Figure 6e, the settlement range and depth of the soil in the active zone are expanded, the uplift of the passive zone is about 2 cm, the displacement of the supporting plate is significant, the basement uplift is destroyed, the complete slip surface is clear, and the supporting structure rotates around the supporting point. When 50 kPa load is applied Figure 6f, the displacement of the supporting plate and the uplift of the basement are intensified, the slip surfaces on both sides intersect in the middle of the trench foundation pit, and the central uplift of the bottom of the pit is peaked and decreases to both sides.
[image: A sequence of six labeled images (a) to (f) demonstrates changes in sandy layers with a central rectangular structure at the top. (a) shows undisturbed layers. (b) through (f) depict progressive deformation with labeled features such as "Failure Surface" and "Stiffening Rib Plate." Red and black lines indicate lines of failure and stress distribution, showing increased deformation from (c) to (f).]FIGURE 6 | Model test results under different loads. (a) Excave 10 cm. (b) Load 10 kPa. (c) Load 20 kPa. (d) Load 30 kPa. (e) Load 40 kPa. (f) Load 50 kPa.Figures 6e,f shows that the trench foundation pit finally forms a sliding surface, and the sliding surface extends downward from the active area of the top and intersects through the middle of the bottom to form a penetrating failure surface. The failure process proceeds as follows: with the increase of external load applied to the foundation pit, the supporting structure rotates about the top support point; subsequently, the soil in the active zone undergoes settlement; finally, the soil in the passive zone is uplifted due to the squeezing effect from the pit bottom. The settlement range of the active zone extends to 5 cm below the pit bottom, which indicates that the uplift of the pit bottom squeezes the soil in the passive zone and induces plastic flow of the soil in the active zone. Once the load reaches a critical value, the sliding surfaces on both sides intersect, the middle part of the pit bottom uplifts, and the trench foundation pit loses stability.
2.5.5 DIC results analysis
Figure 7 shows the DIC test results. The black line marks the shear strain concentration area. In the initial stage (10 kPa), the active zone shows an obvious trend of shear strain concentration, with the maximum value of 0.136 µε. The area is distributed in the lower part of the side wall of the trench foundation pit and extends outward. The maximum shear strain boundary is 16.87 cm away from the supporting plate, and the influence depth is 9.14 cm. When the load increases to 20 kPa, the shear strain concentration area in the active zone expands, the maximum value is 1.12 µε, and the influence depth is 12.03 cm. The strain concentration area is semi-elliptical and deep into the soil layer. The results demonstrate that the plastic deformation of the soil mass progresses, the shear strength is diminished, and a potential failure surface is generated. When the load increases to 30 kPa, the shear strain concentration area of the soil shows a trend of penetration, with a maximum value of 2.12 µε, forming a clear shear slip surface. The plastic deformation of the soil is enhanced and the stability of the trench foundation pit is reduced. When the load reaches 40 kPa, the shear strain concentration area develops to the center of the bottom of the foundation pit, which is symmetrically distributed. The maximum value is located in the center of the trench foundation pit. The shear failure zone of the soil is completely formed, the sliding surfaces intersect, the shear strain value reaches the peak value, and the trench foundation pit enters the overall slip failure stage. When the load attains 50 kPa, the strain concentration zone expands, and the shear strain reaches its maximum value, forming a plastic shear zone that penetrates the soil at the bottom of the trench foundation pit and extends toward both sides. The plastic deformation of the soil mass is substantial, the shear zone becomes fully penetrating, and the soil mass undergoes complete failure.
[image: Six-panel image showing strain concentration zones. Panel (a) displays a plain surface. Panels (b) to (f) illustrate heat maps with color gradients indicating strain levels. Dashed lines mark strain concentration zones and demarcation lines, highlighting areas with high strain indicated by color variations. Each map includes a color scale for strain values on the side.]FIGURE 7 | Shear strain from DIC results. (a) Excavation = 10 cm. (b) Loading = 10 kPa. (c) Loading = 20 kPa. (d) Loading = 30 kPa. (e) Loading = 40 kPa. (f) Loading = 50 kPa.In summary, the failure mechanism of the trench foundation pit can be described as follows: firstly, the top supporting structure rotates around the support point under the action of the external load on the pit; subsequently, the bottom of the supporting structure displaces toward the interior of the pit, which evidently exerts a squeezing effect on the soil in the passive zone; thereafter, the settlement of the soil in the active zone intensifies; and finally, a failure mode characterized by basal uplift is formed. The slip surface presents a symmetrically curved morphology, with the slip surfaces on both sides intersecting at the bottom of the trench foundation pit. The middle part of the foundation pit bottom exhibits obvious uplift failure characteristics, which is categorized as a typical basal uplift and overturning failure mode.
3 FAILURE MECHANISM AND FAILURE SURFACE
3.1 Finite element simulation of the model test
The numerical simulation of the trench foundation pit model test is carried out by finite element software. In order to ensure the accuracy of the numerical simulation results, the parameters are input according to the actual value of the material of the model test. The constitutive model of the soil adopts the small strain hardening model (HSS), and the small strain parameters are calculated by the empirical formula. The specific results are shown in Table 4. The numerical simulation results are compared with the deformation of the trench foundation pit retaining structure. The deformation of the inner supporting and the earth pressure inside and outside the trench foundation pit obtained from the model test to ensure the reliability of the numerical simulation results.
TABLE 4 | Numerical simulation parameters of the soil.	c′	φ′	Rf	E50ref	Eoedref	Eurref	m	υur	Pref	K0nc	G0ref	γ0.7
	kPa	°		MPa	MPa	MPa			kPa		MPa	
	0.987	14	0.9	5.25	19.44	52.49	0.7	0.2	100	0.79	108	2.2 × 10−4


A model with the same size (length × width × height = 0.5 m × 0.2 m × 0.3 m) as that in the model test was established. The supporting structure is simulated by a hollow circular tube beam in beam element, whose elastic model is 20 MPa, thickness is 0.01 m and diameter is 0.078 m. The supporting plate is simulated by plate element, whose elastic modulus is 20 MPa and thickness is 0.0025 m. The boundary is set to the upper surface free, the lower surface constraint displacement in three directions, and the sides constraint displacement. The loading area is within 100 mm around the foundation pit. When the foundation pit load exceeds 30 kPa, plastic failure occurs, and the simulation can no longer output the results. Therefore, the reliability analysis of the numerical model parameters is only carried out from the excavation of 10 cm to the load of 20 kPa.The specific steps are shown in Table 5.
TABLE 5 | Finite element simulation step setting.	Step	Construction condition setting
	1	Activate the support ribs and the positive/negative interfaces
	2	Excavate the soil layer from 0 to 1 cm
	3	Activate the opposing struts
	4	Excavate to a depth of 5 cm
	5	Excavate to a depth of 10 cm
	6	Apply a surface load of 10 kPa
	7	Apply a surface load of 20 kPa
	8	Apply a surface load of 30 kPa
	9	Apply a surface load of 40 kPa
	10	Apply a surface load of 50 kPa


3.1.1 Supporting plate bending moment verification
The measured value of the bending moment of the supporting plate is compared with the simulated value, as shown in Figure 8. The bending moment of the supporting plate changes with the excavation depth and the curve is arched. When the excavation depth reaches 10 cm, the simulated value of bending moment is 45.15 N m, and the measured value is 44.97 N m. When the load is 10 kPa, the simulated bending moment is 71.24 N m, and the measured value is 75.85 N m. When the load is 20 kPa, the simulated bending moment is 83.94 N m, and the measured value is 90.08 N m. The peak value of the simulated bending moment is marginally lower than the measured value; however, the peak values under various working conditions are relatively close in magnitude. At a burial depth of 11 cm, the bending moment decreases more rapidly, and the overall variation trend of the bending moment exhibits consistency.
[image: Graph showing embedded depth versus bending moment with curves for simulated and field-measured values at 10 kPa, 20 kPa, and 30 kPa loading. Simulated values are shown with dashed lines, and field-measured values with solid lines. Each loading level is represented by different colors.]FIGURE 8 | Comparison of measured and simulated bending moment.3.1.2 Sliding plane verification
In the model test, when the foundation pit is completely destroyed under the load of 50 kPa, the slip surface forms and penetrates. Based on the comparative analysis of model test and numerical simulation, the reliability of numerical simulation is verified. Figure 9a white tracer line analysis shows that the failure surface of the trench foundation pit is mainly concentrated on both sides of the bottom, forming a symmetrical slip zone. The strain concentration area of Figure 9b DIC analysis is basically consistent with Figure 9a, which further verifies the failure range. The total deviatoric strain distribution of numerical simulation as shown in Figure 9c is similar to the experimental results, and the failure surface morphology is consistent. In general, the numerical simulation reproduces the failure mode of the trench foundation pit well and can be used for further parameter optimization.
[image: Image shows three panels depicting strain visualization in different stages. Panel (a) is a brownish-colored topography with white horizontal lines and dashed curves marking a strain pattern. Panel (b) highlights the strain concentration zone with colorful contours on a cyan background, indicating stress areas. Panel (c) is a simulation with a triangular mesh overlay, showing a blue gradient with a color scale ranging from dark blue to red on the right, indicating strain intensity.]FIGURE 9 | Comparison between model test and numerical simulation. (a) White tracer-based failure surface. (b) DIC-based strain concentration zone. (c) Total deviatoric strain zones identified via numerical simulation.To summarize, it is evident that the finite element simulation results of the foundation pit are close to the actual monitoring data, with consistent trends. The shape and position of the shear failure surface exhibit good agreement, thereby validating the rationality of the numerical model and its parameters.
3.2 Failure mode analysis
In the process of trench foundation pit excavation, there are two typical failure modes: kicking failure and uplift failure. The deformations of the foundation pit retaining structure and the surrounding soil result from the synergistic effect of normal deformation, kicking failure deformation, and uplift failure deformation. Therefore, to analyze the uplift failure mechanism of the foundation pit, it is essential to focus on the vertical deformation and stress characteristics of the soil in the trench foundation pit.
Uplift failure is generally prevalent in deep foundation pits, particularly when the excavation depth is large. When the vertical earth pressure difference between the inside and outside of the foundation pit disrupts the vertical stress balance—specifically, when the vertical earth pressure outside the pit (encompassing soil self-weight and ground loading) exceeds that inside the pit—the soil outside the pit is subjected to extrusion from the bottom of the retaining structure, forcing the soil inside the pit to uplift upward. This failure mode typically occurs in deep foundation pits within soft clay layers, and the retaining structure may not undergo complete instability. Model test results indicate that even in narrow trench foundation pits, basal uplift phenomena emerge after the completion of excavation. This uplift is attributed to the sharp reduction in earth pressure in the passive area following foundation pit excavation; the earth pressure difference on both sides of the retaining structure induces plastic flow of the soil around the bottom of the retaining structure.
3.3 Determination of the center of the sliding circular arc
Existing standards all adopt the limit equilibrium method to analyze the anti-uplift stability of foundation pits. Neither the bearing capacity mode nor the circular sliding mode takes into account the influence of foundation pit width. The first step prior to formula optimization is to determine the form of the slip surface for foundation pit uplift failure.
This section will verify the form of the slip surface for foundation pit uplift failure through numerical simulation. An another open-cut section of a pipeline project is selected for checking calculation and analysis. The excavation depth of the foundation pit is 6 m, with a retaining structure equipped with internal bracing. The retaining piles are embedded to a depth of 10 m. Externally, two rows of high-pressure jet grouting piles serve as a waterproof curtain to prevent groundwater infiltration into the pit. This excavation is consistent with narrow excavations, whose failure slip surfaces are constrained by the bracing on the opposite side. Thus, this case study facilitates the investigation and analysis of the failure mechanism of narrow excavations. The specific soil layers and their distribution thicknesses are presented in Figure 10.
[image: Cross-sectional diagram of a soil profile detailing multiple layers. From top to bottom, it shows: a miscellaneous fill layer, silt clay, clay, muddy silty clay, silty clay mixed with silt, and silt. Each layer is labeled with cohesion (c) and angle of internal friction (φ) values. The diagram includes high-pressure rotating piles, high-pressure jet grouting piles, and tangent piles, with specific dimensions and annotations included for each. Depth measurements are indicated on the right.]FIGURE 10 | The profile of foundation pit case.The soil in this case is a multi-layer soil. The foundation pit of this case is modeled as an object, and the model size is 66 m × 3 m × 30 m (length × width × depth). The top surface of the model is set free, and the horizontal displacement of the side boundary is zero. Displacement is allowed in the vertical direction, and the bottom boundary is zero in any direction. The soil model is HSS model which is more suitable for foundation pit excavation in soft soil area. The HSS model can more truly reflect the nonlinear deformation characteristics of soft soil. The stiffness change and consolidation effect meet the high-precision requirements of deformation control of foundation pit excavation. The HSS model parameters are derived from previous experience, and the specific results are shown in Table 6.
TABLE 6 | Numerical simulation parameter of foundation pit case.	Soil horizon	c′	φ′	E50ref	Eoedref	Eurref	m	υur	Pref	K0nc	G0ref	γ0.7
	kPa	°	MPa	MPa	MPa	kPa	MPa
	Miscellaneous fill	9	18	4.8	3.2	19.2	0.7	0.2	100	0.69	40.32	2 × 10−4
	Muddy silty clay	15	18	4.8	3.2	27.84	0.4	0.2	100	0.91	58.464	2 × 10−4
	Clay	23	13	3.84	4.8	14.59	0.5	0.2	100	0.775	36.48	2 × 10−4
	Muddy silty clay	14	6	2.8	2800	15.96	0.5	0.2	100	0.895	43.09	2 × 10−4
	Silty clay with silty sand	20	11	6.4	6.4	36.48	0.5	0.2	100	0.809	98.5	2 × 10−4
	Silt	0	30	6.1	8.8	22.79	0.6	0.2	100	54.7	0.5	1 × 10−4


The supporting pile structure is 800@1100 bored pile, and the pile length is L = 16 m.Using the method of equivalent inertia cross-section moment, the supporting pile can be equivalent to the form of diaphragm wall supporting with a thickness of 603 mm. The elastic modulus of C35 concrete is 3.15 GPa. The supporting structure is simulated by plate element. The supporting structure is simulated by beam element, and the elastic modulus of C35 concrete of 3.15 GPa is also taken.
Through varying the embedded depth and support position of the supporting structure, it is observed that the potential uplift failure surface exhibits a circular sliding mode. However, owing to the specific support configuration of the supporting structure at the top of the foundation pit, the center of the sliding arc is not located at the support position, thus necessitating re-determination of the center position. Adopting the circular sliding mode, the factors influencing the radius of the sliding arc include the embedded depth of the foundation pit and the position of the supporting structure. Based on the original case, numerical simulations are conducted with embedded depths set to 10, 9, 8, 7, and 6 m, and the corresponding center positions are calculated. It can be observed that the radius of the sliding arc gradually decreases as the embedded depth reduces, as shown in Figure 11.
[image: Simulation of stress distribution in five panels labeled (a) to (e), showing varied radial distances from R equals twelve to R equals seven point three. A color scale from red to blue indicates stress levels.]FIGURE 11 | The change of the center of the circle with the embedded depth of (a) 10 m; (b) 9 m; (c) 8 m; (d) 7 m; (e) 6 m.As shown in Figure 12, the relationship between the center position of the circular sliding method and the embedded depth of the supporting structure is analyzed. In order to ensure the universality of the results, the center depth/foundation pit depth is used to represent the vertical distance between the center and the top of the foundation, and the insertion ratio is used to represent the embedded depth. There is a significant negative correlation between the distance from the center of the circle to the top of the base and the embedded depth, and they satisfy the quadratic polynomial relationship. This shows that with the increase of the embedded depth, the center position gradually moves to the top of the foundation pit and shows a nonlinear growth trend.
[image: Graph showing the relationship between the insertion ratio of supporting structure and the center buried depth to foundation pit depth. The curve is defined by the equation \( y = -0.3x^2 + 0.632x + 0.448 \) with an \( R^2 \) value of 0.998. Black data points highlight the fit.]FIGURE 12 | Relationship between center position and insertion ratio.The supporting position is set to 0.4, 0.6, 0.8, 1.0 and 1.2 m from the base top for simulation, and the simulation results are shown in Figure 13. The results show that as the supporting position gradually moves down, the radius of the sliding arc gradually decreases.
[image: Simulation results show five panels (a-e) depicting stress distribution with varying radii (R) from 12 to 11.28. Each panel uses a color-coded scale from blue to red, indicating stress intensity, with a grid overlay.]FIGURE 13 | The change of the center of the circle with different supporting position of (a) 0.4 m; (b) 0.6 m; (c) 0.8 m; (d) 1.0 m; (e) 1.2 m.The relationship curve between center position and supporting position is as shown in Figure 14. There is a significant positive correlation between the distance from the center of the circle to the top of the foundation and the buried depth of the supporting structure. They satisfy the quadratic polynomial relationship. With the downward movement of the supporting position, the center of the sliding arc gradually migrates to the deep part of the foundation pit, and this migration process shows a trend of nonlinear acceleration.
[image: Scatter plot with a red curve fitting five data points. The x-axis is labeled "Support depth / foundation pit depth" ranging from 0.06 to 0.22, and the y-axis is "Center buried depth / foundation pit depth" ranging from 0.66 to 0.80. The curve equation is \( y = 3.781x^2 - 0.121x + 0.66 \) with \( R^2 = 0.996 \).]FIGURE 14 | Relationship between center position and supporting position.The relationships are fitted using a quadratic model, as shown in Equation 1. The supporting position and the insertion ratio are independent variables, and the center position is the dependent variable. A new quadratic polynomial is:
y=a·m2+b·m·n+c·n2+d·m+e·n+f(1)
where, y denotes the center position; m denotes the insertion ratio; n denotes the supporting position. The coefficient of the fitting equation is: a = 1.313 × 1011; b = −6.928 × 1011; c = −1.439 × 1011; d = −7.649 × 1011; e = −2.256 × 1011; f = 3.132 × 1011.
Through the fitting equation, the center position of the circular arc sliding is accurately determined, so that the sliding radius can be further determined, which provides a reliable basis for the subsequent stability calculation.
After determining the center position, the identification criteria for narrow trench foundation pits can be established based on the circular slip radius. A narrow trench foundation pit is defined when overlapping of the circular slip surface occurs in the passive zone. Assuming the slip circle radius is R, foundation pit width is B, and excavation depth is H (both B and H are constants), the foundation pit width must satisfy the following condition, as shown in Equation 2.
B≤2R2−L2(2)
where, R = L + m·H; L = y·H.
4 OPTIMIZATION OF THE ANTI-UPLIFT STABILITY FORMULA BASED ON ENERGY METHODS
Through the demonstration of numerical simulation and model test, the failure surface of the narrow trench foundation pit is the circular sliding surface as shown in Figure 15. The O point is the center of the sliding arc circle, and the distance from the bottom of the pit is H1. Through the simulation results and the empirical formula of the center position, H1 = 3H/5 can be obtained. θ1 is the angle when the circular sliding surface is not fully expanded. When the uplift failure occurs in the narrow trench foundation pit, there will be an instantaneous velocity v0 on the circular sliding surface. According to the energy method, the word of sliding force can be expressed as Equation 3:
PMa=PGa1+PGa2=γ·AB·OB·v02+γL2v02(3)
[image: Diagram illustrating a fluid dynamics problem with a cross-section of two vertical containers of height \(H\), separated by a barrier. Labels include \(H_1\), \(D\), and angles \(\theta_1\), \(\theta_2\), \(\theta_3\) at point \(O\). Points \(A\), \(B\), \(C\), \(E\), and \(F\) are marked, with velocities \(v_0\) indicated in red at points \(B\), \(E\), and \(C\). A fluid trajectory is shown with a dashed curve.]FIGURE 15 | Slip surface diagram of uplift failure of the narrow trench foundation pit.During the sliding process, the gravity of GCEI and the shear stress of AB, BC, CE and EI act as anti-sliding forces. The gravity work of GCEI can be regarded as the work of rectangular IEMG + fan-shaped OEC-triangle OEM.
The work of anti-sliding force can be expressed as Equation 4:
PMp=PGp1+PGp2−PGp3+Pτ1+Pτ2+Pτ3+Pτ4(4)
Then the anti-upheaval stability coefficient can be expressed as Equation 5:
K=PMpPMa(5)
In order to facilitate the comparison and calculation, the trench foundation pit case is still adopted. In terms of soil layer distribution, the existing soil layer is weighted and averaged to obtain the equivalent soil layer parameters. After calculation, the shear strength of a single soil layer parameter is 13.36 kPa of cohesion and 11.2° of internal friction angle. The form of retaining structure remains unchanged. The pile length is 16 m, the embedded depth is 10 m, and a supporting point is set at 0.4 m below the ground. The friction angle between the soil and the supporting structure is 10°.
Based on the calculation of the anti-uplift stability coefficient of the original width foundation pit, 0.5, 0.6, 0.7, 0.8, 0.9, 1.1,1.2,1.3,1.4,1.5 times the width of the foundation pit are set to continue to check its anti-uplift stability. The results are shown in Figure 16.
[image: Line graph showing the anti-uplift stability coefficient against the multiple of foundation pit width. The red line with triangles represents the energy method, decreasing from 3.2 to 2.0. The black dashed line represents the normative method, staying constant at 2.0.]FIGURE 16 | Anti-upheaval stability checking calculation comparison.It can be seen that the anti-uplift stability coefficient of the trench foundation pit calculated by the Chinese National Standards (CNS) JGJ 120-2012 (hereafter referred to as the standard method) is 1.90, which meets the requirements of the anti-uplift stability coefficient (1.70) of the foundation pit, but does not have safety reserves. According to the energy method, the anti-uplift stability coefficient of the foundation pit is 2.57 > 1.7, which meets the safety level requirements of the foundation pit and has sufficient safety reserves.
The safety factor calculated according to the standard method is independent of the width of the foundation pit, that is, the anti-upheaval stability coefficient of the foundation pit remains unchanged regardless of the width of the foundation pit. In this paper, the anti-upheaval stability coefficient of the foundation pit calculated based on the energy method increases significantly with the decrease of the width of the foundation pit, but the increase gradually decreases. It shows that the anti-uplift stability coefficient of the foundation pit will not increase infinitely with the infinite decrease of the width of the foundation pit, and will eventually converge to a fixed value. When the width of the foundation pit decreases from 1.5 times the width of the foundation pit to 0.4 times the width of the foundation pit, the anti-uplift stability coefficient increases from 1.97 to 3.18, an increase of 1.61 times.
5 CONCLUSION
In this study, with narrow trench foundation pits as the research object, model tests, numerical simulations, and the energy method were employed to analyze the failure mechanism. Based on the analysis of the results, an improved analytical method for the anti-uplift stability of narrow trench foundation pits, which is based on the energy method, is proposed. This method was applied to calculate the anti-uplift stability of narrow trench foundation pits, and the following conclusions are drawn:
	1. The failure surface of a narrow trench foundation pit exhibits a symmetrically curved morphology, with the sliding surfaces on both sides converging at the excavation base. This configuration differs significantly from the sliding surfaces observed in traditional excavations under semi-infinite space conditions.
	2. The uplift failure mechanism of narrow trench foundation pits conforms to circular sliding characteristics, resulting from the synergistic effect of soil in the active zone flowing around the lower end of the supporting structure into the passive zone and the squeezing effect of the supporting structure on soil in the passive zone. The uplift sliding surfaces intersect at the level of the excavation base.
	3. Numerical simulations and model tests revealed that a decrease in excavation width leads to an expansion of the overlapping area of circular sliding surfaces. This enlargement enhances both the shear stress along the sliding interface and the self-weight stress components distributed along the failure plane, thereby improving the anti-uplift stability of the excavation.
	4. A critical discriminative condition for narrow excavations was established. The energy-based formula for calculating stability coefficients comprehensively incorporates the impact of excavation width on both circular sliding surfaces and passive earth pressure. According to this formulation, the anti-uplift stability coefficient increases gradually as the excavation width decreases, which is consistent with engineering experience.
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