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ABSTRACT 1 

The influence of groundwater levels on shallow tunnel excavation mechanisms was explored by analyzing 2 

loosening pressure, shear band development, and surface settlement observed in trapdoor tests conducted in 3 

saturated and unsaturated ground. Shear bands that initiate at the trapdoor's edge extend upward in shallow 4 

overburden height and take on an arch shape in deeper overburden height, with the transitional overburden height 5 

approximately twice the trapdoor width. In this transitional overburden height, shear bands extend upward in 6 

saturated ground and form an arch-like shape in unsaturated ground, highlighting the influence of groundwater 7 

levels on shear band formation in conjunction with overburden height. Additionally, variations in shear band 8 

development influences surface settlement, with arch-shaped shear zones associated with relatively minor surface 9 

settlement. The loosening pressure, the ultimate pressure on the trapdoor, exhibited significant discrepancies 10 

attributed to groundwater level. The loosening pressure increases significantly with overburden height in saturated 11 

conditions. Conversely, in unsaturated conditions, it remains nearly constant when the groundwater level is located 12 

at the trapdoor, converging to comparatively lower values. Furthermore, the authors' proposed limit equilibrium 13 

analysis accurately assesses loosening pressure irrespective of groundwater level, with a lateral pressure 14 

coefficient between 1.0 and 1.4 deemed reasonable. 15 
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INTRODUCTION 19 

The loosening pressure on the crown of a tunnel after tunnel excavation is less than the overburden pressure. This 20 

phenomenon of reducing the loosening pressure indicates that the potential cost saving in construction could be 21 

achieved if the loosening pressure could be precisely evaluated. To investigate the phenomenon, Terzaghi 22 

developed the trapdoor test in 1936 (Terzaghi, 1936). It was revealed that the reduction of loosening pressure 23 

resulted from the soil arching effect. Subsequently, Terzaghi proposed a simple formula based on the limit 24 

equilibrium theory to evaluate the loosening pressure acting on a trapdoor (Terzaghi, 1943). Subsequent 25 

investigations into the trapdoor problem in fully dried soils have extensively examined aspects such as loosening 26 

pressure, failure surfaces, surface settlement, and lateral earth pressure coefficients. Numerous 2D plane strain 27 

trapdoor experiments have been performed to assess the relationship between total vertical pressure and trapdoor 28 

displacement, along with the distribution of vertical pressure on the trapdoor and shear bands under various 29 

trapdoor widths and overburden heights (e.g., Ladanyi and Hoyaux, 1969; Evans, 1984; Kikumoto, 2004). Adachi 30 

et al. (2003) conducted 3D trapdoor tests to examine the mechanical behavior of the surrounding ground during 31 

tunnel excavation, confirming that ground loosening leads to an increase in earth pressure on the lowered trapdoor. 32 

Furthermore, numerical simulations have shown that a higher overburden ratio reduces normalized loosening 33 

pressure (e.g., Koutsabeloulis and Griffiths, 1989; Liang and Xu, 2019). Tanaka and Sakai (1993) observed that 34 

the scale effect, involving the relationship between normalized loosening earth pressure and trapdoor width, was 35 

not observed in active mode during trapdoor tests and elasto-plastic finite element analysis, likely because 36 

progressive failure is less pronounced. 37 

For the evolution of soil arching, both conventional gravity and centrifuge trapdoor tests indicated that 38 

soil arch exhibits a curved shape at the maximum arching state, transitions to a triangular shape during the 39 

intermediate state, and finally transforms into a rectangular shape at the ultimate state (e.g., Vardoulakis et al., 40 

1981; Evans, 1984; Dewoolkar et al., 2007; Iglesia et al., 2014). Evans (1984) proposed a plasticity theory to 41 

evaluate vertical pressure within triangular shear bands by assuming that the dilation angle approaches the friction 42 

angle, consistent with the associated flow rule. Iglesia et al. (2014) developed theoretical models to predict the 43 

minimum vertical pressure for curved shear bands at maximum arch state and vertical pressure for triangular shear 44 

bands during the intermediate state. Both studies concluded that Terzaghi's theory is suitable for assessing 45 

loosening pressure at the ultimate state (Evans, 1984; Iglesia et al., 2014). Vardoulakis et al. (1981) conducted 1g 46 

small-scale trapdoor tests and developed a modified silo theory to predict vertical pressure on the trapdoor for 47 

both active and passive modes. This approach utilized the computed stress ratio (the ratio of vertical to horizontal 48 
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normal stresses) derived from a physically meaningful model of the shear band boundary. Building on Terzaghi's 49 

theory (Terzaghi, 1943), Kikumoto et al. (2003) proposed a simplified method for evaluating loosening pressure 50 

in the 3D trapdoor problem, assuming vertical shear bands. These theories highlight the importance of the lateral 51 

earth pressure coefficient, K, in assessing loosening pressure. For 2D trapdoor problems, K-values are expected 52 

to vary depending on the soil properties. Terzaghi (1943) empirically recommended K = 1.0 for loosening pressure 53 

evaluation, while Evans (1984) suggested K = 1.2 for maximum arching at transitional state and K = 0.8 for the 54 

ultimate state, equivalent to the loosening pressure investigated in this study. Chevalier et al. (2012) found that K-55 

values range from 1.1 to 1.3 for sands and up to 1.4 for gravels in their 2D DEM simulations, depending on 56 

particle size distribution and overburden height. Meanwhile, da Silva Burke and Elshafie (2021) developed a limit 57 

equilibrium framework considering principal stress rotation to calculate K-values in active arching scenarios. For 58 

3D trapdoor problems, a higher K-value, typically around K = 2.0, is recommended (e.g., Adachi et al., 2003; 59 

Kikumoto et al., 2003). Zhang et al. (2023) proposed an analytical model to evaluate the ground reaction curve 60 

(the relationship between the load on the trapdoor and the resulting displacement), although it involves many 61 

complex parameters, making it challenging to apply.  62 

Additionally, research has delved into surface settlement and failure mechanisms. Nakai et al. (1997) 63 

conducted both 2D and 3D model tests under 1g in Toyoura sand and Kaolin clay ground, respectively. It was 64 

revealed that the maximum surface settlement in the 3D test in the sand was slightly smaller than that of the 2D 65 

test. In contrast, the 3D test in clay was larger than that of the 2D test. Shear band formation was affected by 66 

various factors such as overburden ratio, stress level, soil particle size, and dilatancy behavior (e.g., Stone and 67 

Wood, 1992; Dewoolkar et al., 2007; Costa et al., 2009). Murakami et al. (1997) explored shear band formation 68 

with a small increment of trapdoor displacement (Dd = 0.2 mm) through DEM simulation considering the rolling 69 

friction, in which shear bands were visualized as the pattern of dislocation lines. It was revealed that the shear 70 

bands were gradually formed with trapdoor displacement, and particle rotation was concentrated in the zone of 71 

shear bands. Dewoolkar et al. (2007) reported that straight shear bands at the trapdoor edge were observed in 1g 72 

model tests, while curved shear bands emerged in 75g centrifuge tests, evidencing the influence of stress level on 73 

shear band formation. Costa et al. (2009) explored the failure mechanism of a deep trapdoor problem through 74 

trapdoor tests under 1g and 45g. Experiment results showed that multiple failure surfaces were developed in 75 

shallow conditions (H/B ≤ 2.0), and a single internal failure surface gradually became inclined to the vertical in 76 

deep conditions (H/B > 2.0). Liang et al. (2020) explored the relationship between the failure mechanism and 77 
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loosening pressure through the trapdoor test under 1g condition, highlighting vertical slip surfaces corresponding 78 

to residual loosening pressure and triangular slip surfaces observed at minimum loosening pressure.  79 

In practice, the ground often exists in a partially saturated state. However, there is limited research on 80 

trapdoor tests under unsaturated conditions. Jacobsz (2016) conducted trapdoor tests under 50g, investigating 81 

cavity mechanisms in loose and dense sand under dry and moist conditions, respectively. He indicated that a small 82 

amount of matric suction in moist dense Cullinan sand was sufficient to vertically propagate the influence zone, 83 

without measuring suction and considering the variation of suction on the propagation of the cavity. Song et al. 84 

(2018) carried out trapdoor tests on unsaturated sand ground to explore loosening pressure acting on a trapdoor 85 

and sand displacement at various groundwater levels. However, the ground was somewhat disturbed due to the 86 

apparatus design flaws, and information regarding the distribution of earth pressure, failure mechanisms, and 87 

surface settlement was lacking. Fang et al. (2020) proposed a simple theory for evaluating loosening pressure in 88 

unsaturated ground (unsaturated trapdoor theory), which was validated by Terzaghi's theory (1943) as the ground 89 

was assumed to be fully dried or fully saturated. The trapdoor problem in the unsaturated ground is illustrated in 90 

Fig. 1; based on the limit equilibrium theory, soil water characteristic curve (van Genuchten, 1980), Bishop 91 

effective stress (Bishop, 1959), and Mohr-Coulomb failure criteria, the governing differential equation can be 92 

written as  93 

𝑑𝜎!(𝑧)
𝑑𝑧 =

𝜌" + 𝑒𝑆#(𝑧)𝜌$
1 + 𝑒 𝑔 −

2
𝐵𝐾

[𝜎!(z) − 𝑢% + 𝑆#(𝑧)𝜌$𝑔(𝐻 − 𝐻$ − 𝑧)]tan𝜙	 (1) 94 

where 𝜎! is the loosening pressure at the depth of z; 𝑔 is the gravitational acceleration; B is the trapdoor width; H 95 

is the overburden height; 𝐻$ is the groundwater level, defined as the distance from the trapdoor to the groundwater 96 

table; the coefficient K is the ratio of effective horizontal stress to effective vertical stress for the infinitesimal soil 97 

element above the trapdoor (as depicted in Fig. 1); 𝑢% is pore air pressure, which is assumed to be zero; 𝜌" is solid 98 

density; 𝜌$  is the density of water; e is the void ratio, 𝜙 is the internal friction angle; Sr(z) is the degree of 99 

saturation at the depth of z. Then, the loosening pressure, 𝜎!(𝑧), was derived by solving differential equation (1) 100 

under the boundary condition that 𝜎!(0) = 0	kPa. Then, a simple, explicit numerical scheme with incremental 101 

depth ∆𝑧 was applied to evaluate the loosening pressure as follows. 102 

𝜎!(𝑧 + ∆𝑧) − 𝜎!(𝑧) =
𝑑𝜎!
𝑑𝑧 ∆𝑧	

(2) 103 

However, the experimental results are needed to assess the performance of the proposed limit equilibrium 104 

theory (Fang et al., 2020), particularly given the partially saturated nature of the ground. Therefore, conducting 105 

trapdoor tests in unsaturated ground would be valuable for further validation.  106 
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In this study, trapdoor tests were conducted on partially saturated ground to assess the effect of 107 

groundwater level on loosening pressures impacting tunnels. The movement of the surrounding ground, shear 108 

bands, and surface settlements were analyzed to determine the effects of varying groundwater levels, trapdoor 109 

widths, and overburden ratios on shear band formation and the arching effect. The configuration of shear bands 110 

was specifically discussed to verify the hypothesis of vertically oriented shear bands proposed in the theory by 111 

Fang et al. (2020). Additionally, suction profiles derived from the experiments were evaluated to validate the 112 

linear suction profile, another hypothesis of the same theory. Furthermore, the experimentally measured loosening 113 

pressures were compared with those predicted by the previously established limit equilibrium theory (Fang et al., 114 

2020) to confirm its accuracy and reliability. 115 

OUTLINE OF THE TRAPDOOR TEST  116 

Apparatus 117 

The trapdoor apparatus, depicted in Fig. 2, has been enhanced in this study to accommodate unsaturated ground 118 

with varying groundwater levels. This apparatus was modified based on the trapdoor for dry sand designed by 119 

Kuwano and Ebizuka (2010). The sealing mechanisms were added at several points to create a more waterproof 120 

apparatus. Modification enabled experiments to be conducted at any desired groundwater level. The dimensions 121 

of the soil chamber are 80.5 cm x 30.5 cm x 60.0 cm. The bottom of the soil chamber consists of five independent 122 

moveable aluminum boxes (a, b, c, d, e) and two fixed bottom plates. A sponge belt is positioned between the 123 

aluminum boxes, the front and rear walls, and between the fixing plate and the walls to prevent the sand from 124 

falling into the lower area. Two water supply tanks are situated on both sides of the chamber, and the perforated 125 

acrylic plate containing a metal netting strainer acts as a partition between the soil chamber and the water tanks. 126 

Water flows into or out of the soil chamber through the two perforated acrylic plates, sponge belts, and the gaps 127 

between aluminum boxes.  128 

Given the five aluminum boxes at the bottom of the soil chamber, any aluminum box can serve as 129 

trapdoors. The width of the trapdoor is adjustable by selecting different combinations of these boxes. For example, 130 

for a trapdoor width of 10 cm, aluminum box 'c' is used, while for a width of 20 cm, boxes 'b' and 'c' are combined. 131 

The trapdoor is operated by a control jack, and its movement is measured with a contact displacement meter. The 132 

remaining aluminum boxes (a, b, d, e for trapdoor width 10 cm, and a, d, e for trapdoor width 20 cm) are fixed by 133 

the upper clamps, and those fixed aluminum boxes and the two fixed plates serve as stationary supports (Mahdi 134 

et al., 2017). 135 
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The distribution of earth pressure acting on the trapdoor and surrounding ground is measured during the 136 

trapdoor lowering process. The setup of the load cells (capacity of 86 kPa, resolution of 0.03 kPa) used for this 137 

measurement is shown in Figure 2(c). Considering that the trapdoor test is conducted in both saturated and 138 

unsaturated ground, waterproofing measures for the aluminum boxes are crucial to protect the enclosed load cells. 139 

The detailed configuration of a single aluminum box is presented in Fig. 3. Each aluminum box is equipped with 140 

five independent load cells, covered with a membrane and a fixed lid. These load cells are connected to a data 141 

logger (Tokyo Measuring Instruments Lab., TDS-302) and a computer, which continuously collects the pressure 142 

acting on the aluminum boxes. The coefficients of the load cells were determined using water pressures before 143 

each experiment. To minimize the thermal effects on the measurements, the experiment was conducted under a 144 

constant room temperature of 20 °C.  145 

Suction profile, surface settlement, and ground deformation were investigated in this study. Suction and 146 

water pressure at any given depth can be measured using suction sensors (KYOWA, Model: PGM-02KG; capacity: 147 

20 kPa, resolution: 0.013 kPa). The suction sensor was developed by attaching a ceramic connector to a water 148 

pressure gauge, as shown in Fig. 2(d). Both the interior of the ceramic connector (surrounding the pressure sensor) 149 

and the ceramic material itself were saturated with water prior to the experiment. The ceramic material has an air 150 

entry value higher than the suction levels anticipated in the model experiments. Therefore, this device enables the 151 

measurement of both suction in the unsaturated layer and water pressure in the saturated layer. Prior to use, the 152 

ceramic connector was saturated under a negative air pressure of -98 kPa for 24 hours. Surface settlement was 153 

mapped using a ground surface profiling system, which includes laser displacement scanners X and Z (e.g., Adachi 154 

et al., 2003; Kikumoto, 2004), as depicted in Fig. 2(a). The profiling system was mounted on a pair of independent 155 

beams above the soil chamber to prevent any vibrations caused by the movement of laser displacement scanner Z 156 

from affecting the load cells. Shear bands were analyzed using the Particle Image Velocimetry (PIV) technique, 157 

with a high-resolution camera positioned in front of the apparatus to collect images. 158 

The generation of unsaturated ground 159 

The process of generating unsaturated ground is illustrated in Fig. 4. To reduce friction between the inner wall of 160 

the soil chamber and the surrounding ground, the inner wall was coated with Teflon lubricant (e.g., Hossain et al., 161 

2013). The effectiveness of Teflon lubricant in reducing friction between the side wall and sand has been 162 

previously reported (e.g., Zheng et al., 2021; Tatsuoka and Haibara, 1985). After allowing approximately 15 163 

minutes for the Teflon to dry, water was alternately introduced into and drained from the soil chamber through the 164 

two valves. Load cell readings were recorded as the water table height was adjusted to 0 cm, 10 cm, 20 cm, 30 165 
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cm, and 40 cm, with a total of 10 data points collected for each load cell. These readings were then used to 166 

determine the coefficients of the load cells based on static pressures. 167 

Following this, the experimental procedure to generate unsaturated ground began. The saturated ground 168 

was prepared using the water pluviation method, and the water was drained to the specified groundwater level. 169 

Initially, water was introduced into the soil chamber via two valves until the water level reached 15 cm above the 170 

chamber's base, as shown in Fig. 4(a). The valves were then closed, and a suction sensor was positioned at the 171 

bottom near the left edge to reduce its impact on earth pressure measurements. The suction sensors in the saturated 172 

zone measured pore water pressure, and the primary purpose of installing a sensor at the base of the apparatus 173 

was to verify that the hydrostatic pressure at this height aligns with the theoretical hydrostatic pressure determined 174 

by the groundwater level set during the experiment. The sand layers were deposited using the water pluviation 175 

method. The sand was passed through a sieve just below the water surface to ensure uniform ground condition. 176 

Since the ground was generated with multiple layers, an individual layer height, H1, was determined based on the 177 

desired overburden height, H. When the desired overburden height was 20 cm or greater, the height of each layer 178 

was set to 10 cm; otherwise, it was set to half of the desired overburden height. After completing each layer, a 179 

suction sensor was buried in the ground, and additional water was introduced into the chamber through the valves 180 

to raise the water table to (H1+15) cm. This maintained a consistent 15 cm distance between the water table and 181 

the ground surface. It ensured that the sand was always deposited from the same height, resulting in uniform dry 182 

density throughout the ground. Once the desired overburden height, H, was reached, the saturated ground was 183 

created with the water table at a height of (H+15) cm, and a minimum of three suction sensors were positioned in 184 

the ground, as shown in Fig. 4(c). To create unsaturated conditions, the water table was then lowered from the 185 

fully saturated state, allowing water to drain gradually through the valves until the desired groundwater level, Hw, 186 

was reached, as depicted in Fig. 4(d). 187 

Photographing and surface settlement measurement  188 

The trapdoor test was performed by gradually lowering the trapdoor using the control jack. The displacement of 189 

the trapdoor was monitored using a contact displacement meter with a range of 10.0 mm and a resolution of 0.01 190 

mm. Initially, the laser displacement scanner Z was moved from right to left to profile the ground surface (e.g., 191 

Adachi et al., 2003; Kikumoto, 2004). A photograph was taken from the front of the soil chamber by the fixed 192 

high-resolution digital camera. Then, the trapdoor was incrementally lowered by 1.0 mm intervals until reaching 193 

the maximum displacement of 5.0 mm, with the laser displacement scanner Z scanning the ground surface at 1.0 194 

mm intervals. Simultaneously, a photograph was retaken using the fixed camera. 195 
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Soil properties and parameters determination 196 

In this experiment, the saturated and unsaturated ground were modeled using Toyoura sand. The specific gravity 197 

of Toyoura sand is 2.66 g/cm3, and the maximum and minimum densities are 1.65 and 1.33 g/cm3, respectively 198 

(Wu et al., 2013). The dry density of Toyoura sand was measured directly. After a trapdoor test was completed, 199 

the wet sand was dried in a drying furnace and weighed to get the mass Ms; then, the dry density was identified 200 

using the formula 𝜌& = 𝑀"/(𝐴 ∙ 𝐻), where 𝐴 is the bottom area of the soil chamber. In this study, the dry density 201 

was found to be 1.57 g/cm3, corresponding to a relative density of 79.5 %. Additionally, the saturated and 202 

submerged densities of the sand were 1.98 g/cm3 and 0.98 g/cm3, respectively. 203 

The suction profile is measured using the suction sensors. Then, the degree of saturation is determined 204 

using the soil water characteristic curve (SWCC). In the limit equilibrium theory (Fang et al., 2020), the van 205 

Genuchten equation (1980) is used to evaluate the degree of saturation, expressed as  206 

𝑆# = (𝑆'%( − 𝑆')*){1 + 〈𝛼𝑠〉*}+' + 𝑆')*	 (3) 207 

where 〈			〉 denotes Macaulay brackets; 𝑆'%(  and 𝑆')*  are the maximum and minimum degrees of saturation, 208 

respectively, and 𝛼, 𝑚, and 𝑛 are material parameters. 𝑆')*, 𝛼, 𝑚, and 𝑛 are unknown parameters. 209 

The relationship between the degree of saturation and suction for Toyoura sand has been experimentally 210 

determined by Unno et al. (2008). Then, the parameters of 𝑆')*, 𝛼, 𝑚, and 𝑛 were determined through the best 211 

fitting of the experimental result, as shown in Fig. 5. The corresponding parameters are listed in Table 1. 212 

Additionally, the critical state friction angle 𝜙 for fully saturated sand was determined to be 33.7° based on direct 213 

shear tests.  214 

Test patterns 215 

The overburden ratio was set to values no larger than 2 for the trapdoor problem under shallow conditions (e.g., 216 

McNulty, 1965; Evans, 1984; Koutsabeloulis and Griffiths, 1989). Therefore, for the trapdoor test conducted 217 

under saturated and unsaturated conditions, the overburden ratio was set to 0.5, 1.0, 1.5, and 2.0. In addition, two 218 

different widths of the trapdoor, 10 cm, and 20 cm, were employed. For each overburden ratio and the trapdoor 219 

width, various trapdoor tests under the different groundwater level were also carried out to explore the impact of 220 

groundwater levels on loosening pressure, shear bands, and surface settlement. The specific test patterns are 221 

summarized in Fig. 18.  222 

Profiles of suction and saturation degree 223 
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In order to investigate the suction profile of unsaturated ground, at least three suction sensors were positioned 224 

vertically at intervals of H1 to measure the pore water pressure at different depths of the ground, as shown in Fig. 225 

4(d). The distribution of the pore water pressure and the suction profile for different trapdoor widths (B = 10 cm, 226 

20 cm) and groundwater levels (Hw = 0.0H, 0.5H) are illustrated in Figs. 6 and 7. The profiles of pore water 227 

pressure under different groundwater levels were found to be linear and in agreement with theoretical predictions 228 

(uw = rwg (z + Hw - H)). Pore air pressure was assumed to be zero, as its effect was considered negligible (e.g., 229 

Pufahl et al., 1983; Vahedifard et al., 2016; Sahoo et al., 2018). According to the definition of suction (s = < ua - 230 

uw >), the profiles of suction in the unsaturated zone were linear, as shown in Figs. 6(b) and 7(b). This observation 231 

corroborated the assumption of the linear suction profile in the previously proposed limit equilibrium theory (Fang 232 

et al., 2020). Additionally, the degree of saturation Sr is determined based on the van Genuchten equation of 233 

Toyoura sand, and the profiles of the degree of saturation are shown in Fig. 6(c) and 7(c). 234 

RESULTS AND DISCUSSION 235 

Shear band formation 236 

Shear band formation was visualized through deviatoric strain based on the Particle Image velocimetry (PIV) 237 

technique in this study (Shahin et al., 2006; Shahin et al., 2011). The displacement of the ground mesh resulting 238 

from trapdoor movement was analyzed using photos taken at the front of the soil chamber using the commercial 239 

PIV software Flownizer (DITECT). Then, the strain tensor 𝜺  ( 𝜺 = 𝑩𝒎: 𝒖 ) was calculated based on the 240 

displacement 𝒖  and the strain-displacement tensor Bm. The deviatoric strain was calculated through the 241 

components of the strain tensor, which can be written as follows.  242 

𝜀- =
2
3	
R𝜀(. + 𝜀/. + 3S

𝛾(/
2 U

.
− 𝜀(𝜀/			 (4) 243 

where 𝜀-  is the deviatoric strain; 𝜀(  is strain in horizontal direction; 𝜀/  is strain in the vertical direction; 244 

𝛾(/W= 2𝜀(/X is the engineering shear strain.  245 

The evolution of shear bands with trapdoor displacement is illustrated in Fig. 8. Herein, the trapdoor 246 

width is 10 cm, the overburden height is 2.0B, and the groundwater level varies at 0.0H, 0.5H, and 1.0H. Figure 247 

8 demonstrates that the shear bands for all cases are developed at the edge of the trapdoor in the early stage of 248 

trapdoor displacement (d = 1.0 mm). A curved inner shear band appears along the edge of the trapdoor, especially 249 

when the groundwater level is 0.0H. These relatively vague shear bands become more apparent as the normalized 250 

trapdoor displacement increases. When the trapdoor displacement increases to 2.0 mm (0.02B), the shear bands 251 
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vertically in the saturated ground (Hw = 1.0H) extend to the ground surface. In contrast, under unsaturated 252 

conditions (Hw = 0.0H, 0.5H), the outer shear bands develop vertically near the trapdoor, subsequently extending 253 

obliquely toward the trapdoor center near the ground surface. The inclination of the inner shear band is influenced 254 

by factors such as overburden height and trapdoor scale. The measured inclination angles are 11.6° for Hw = 0.5 255 

and 20.8°for Hw = 0.0H, as shown in Fig. 8. These values deviate from predictions based on existing theories, 256 

such as the friction angle (ϕ = 33.7°) (e.g., Iglesia et al., 2014), the angle of dilation (e.g., Dewoolkar et al., 2007), 257 

or 45°	− ϕ/2 (e.g., da Silva Burke and Elshafie, 2021b). This discrepancy highlights the limitations of these theories 258 

in capturing the effects of overburden height and trapdoor scale, which are significant in the context of this study. 259 

Regardless of the shear band configuration, load transfer occurs due to the upward shear stress along the 260 

shear bands acting on the soil above the trapdoor. At the same time, the inner shear band further forms an arch-261 

like shape. When the inner arch-like shape of the shear band develops, the load is transferred due to the reoriented 262 

major principal stress (e.g., Chevalier et al., 2012; da Silva Burke and Elshafie, 2021b; George and Dasaka, 2023). 263 

This stress reorientation stabilizes the ground above it during trapdoor descent, indicating the formation of a soil 264 

arch above the trapdoor. The shape of the shear bands remains unchanged until the trapdoor displacement reaches 265 

5.0 mm (0.05B), indicating that the shear bands correspond the ultimate state. While the shear bands become 266 

thicker with increasing trapdoor displacement, this thickening is attributed to the larger deviatoric strain caused 267 

by the increased trapdoor displacement.  268 

To clearly illustrate the shear bands at the ultimate state, shear bands corresponding to the trapdoor 269 

displacement of 5.0 mm are presented for different trapdoor widths, overburden heights, and groundwater levels, 270 

as depicted in Figs. 9 and 10. In these cases, the trapdoor widths are 10 cm and 20 cm, with corresponding 271 

overburden heights of 0.5B, 1.0B, 1.5B, and 2.0B, while the groundwater level varies at 0.0H, 0.5H, and 1.0H. 272 

Figs. 9 and 10 display certain anomalies, such as the line appearing near the surface in Fig. 10 (b). This anomaly 273 

arises because, as the trapdoor descends, parts of the calculation grid near the ground surface lose sand particles, 274 

causing displacement identification errors at the top nodes of the mesh. These anomalies are localized and do not 275 

affect the overall conclusions of the study. Additionally, the shear bands for B = 20 cm, H = 1.0B, Hw = 0.0H, 276 

0.5H, and 1.0H are not included in Fig. 10 as the image analysis was skipped for some cases due to the low 277 

resolution of the images.  278 

When the overburden height doesn’t exceed 1.0B, as shown in Fig. 9(a) and Fig. 10(a), the shear bands 279 

extend slightly inclined towards the ground surface under various trapdoor widths and groundwater levels, 280 

revealing similar failure planes under both saturated and unsaturated conditions. These results suggest that the 281 



12 

 

soil arch at the maximum arching stage cannot be sustained with increasing trapdoor displacement because the 282 

limited overburden height for a fully developed arch is 1.5-2.0 times the trapdoor width (e.g., Terzaghi, 1943; 283 

Iglesia et al., 2014). Additionally, in this shallow ground (H = 1.0B), load transfer occurs due to the upward shear 284 

stress along the shear bands acting on the soil above the trapdoor. Additionally, when the overburden height is 285 

1.5B, the shear bands become more inclined at lower groundwater levels, as shown in Fig. 9(b). This observation 286 

suggests that the groundwater level plays a significant role in the formation of shear bands. 287 

In the case of an overburden height of 2.0B with a trapdoor width of 20 cm, the effect of groundwater 288 

level on shear bands is more distinct, as illustrated in Fig. 10(b). Under saturated conditions (Hw = 1.0H), shear 289 

bands develop vertically at the trapdoor edges and gradually incline towards the trapdoor due to dilation, as the 290 

confining pressure decreases further in the ground above the trapdoor. In unsaturated conditions (Hw = 0.0H, 0.5H), 291 

multiple shear bands form. An inner arch-like shear band forms across the trapdoor, suggesting the formation of 292 

a soil arch above it. The outer shear bands propagate from the trapdoor edges, extending slightly inclined toward 293 

the surface. At Hw = 0.5H, these outer shear bands reach closer to the surface, while they stop short of the ground 294 

surface when Hw = 0.0H. A notable fault is observed near the ground surface when Hw = 0.0H, indicating the 295 

development of a new soil arch above it. These observations imply that the groundwater level has a clear influence 296 

on the shear band formation.  297 

Consequently, Figs. 8, 9, and 10 reveal that shear bands initially develop at the trapdoor edge. In the case 298 

of the shallow overburden height (H = 1.0B), these shear bands extend to the ground surface without forming an 299 

arch-like shape, leading to relatively higher loosening pressure and increased surface settlement. In contrast, in 300 

the case of deeper overburden height (H = 1.5B, 2.0B), the shear bands exhibit greater inclination with a lower 301 

groundwater level. Moreover, an inner arch-like shear band appears as the overburden height is 2.0B, indicating 302 

the formation of a soil arch above the trapdoor, which results in lower loosening pressure and reduced surface 303 

settlement. These findings suggest that the transitional overburden height is approximately 2.0B, while also 304 

highlighting the combined influence of groundwater levels and overburden height on shear band formation. 305 

Additionally, the outer shear bands are unable to propagate to the ground surface when the unsaturated zone is 306 

more pronounced, potentially leading to the formation of faults due to significant suction. This fault indicates that 307 

a stable soil arch is formed above it, resulting in a remarkable reduction in surface settlement. These findings 308 

indicate that the assumption of the vertical sliding surfaces for simplicity in the limit equilibrium theory (Fang et 309 

al., 2020) is reasonable because the outer shear bands display only a slight inclination.  310 

Surface settlement 311 
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The stability at the shallow tunnel face is an important index to assess tunnel collapse (e.g., Soranzo et al., 2015), 312 

and the surface settlement should be strictly restrained. Therefore, the surface settlement normalized by the 313 

applied trapdoor displacement in both saturated and unsaturated ground is explored in this section. At a trapdoor 314 

displacement of 0.02B, the normalized surface settlement profiles under different overburden heights and 315 

groundwater levels are shown in Fig. 11. 316 

When the overburden height is no larger than 20 cm, the impact of groundwater level on the normalized 317 

surface settlement profiles cannot be observed regardless of trapdoor width, as illustrated in Fig. 11(a), (b), (c). 318 

However, with a trapdoor width of 20 cm and an overburden height of 2.0B, the normalized surface settlement 319 

profiles shift upward as the groundwater level lowers, as seen in Fig. 11(d). Additionally, Fig. 11 demonstrates 320 

that the normalized surface settlement profiles rise with a higher normalized overburden height, irrespective of 321 

trapdoor width, suggesting that the normalized overburden height significantly affects surface settlement. To 322 

further investigate these findings, the normalized maximum surface settlement is defined to investigate the effects 323 

of trapdoor width and groundwater level on surface settlement, as shown in Fig. 12. 324 

Figure 12 shows that the normalized maximum surface settlement approached a value of 1.0 when the 325 

normalized overburden height is no larger than 1.0B, regardless of trapdoor width and groundwater level. This 326 

occurs because the funnel-type shear bands are observed in this shallow overburden height (H ≤ 1.0B), as 327 

evidenced by Figs. 9(a) and 10(a), thus the soil mass above the trapdoor collapses and descends with the trapdoor. 328 

In contrast, the normalized maximum surface settlement becomes smaller with a higher overburden height (H > 329 

1.0B), irrespective of groundwater levels, due to the inclined shear bands. Additionally, an inner arch-like shape 330 

shear band forms, particularly when the overburden height is 2.0B, as depicted in Fig. 9(b) and 10(b), leading to 331 

further reduction of surface settlement. Notably, the groundwater level has a substantial impact only when the 332 

trapdoor width is 20 cm and the overburden height is 2.0B. This mechanism can be explained by the SWCC of 333 

the ground material, as shown in Fig.7. When the thickness of the unsaturated layer is less than 20 cm 334 

(corresponding to a suction of 2 kPa at the ground surface), there is minimal change in the degree of saturation 335 

across the unsaturated layer. However, as the unsaturated layer thickness increases to 40 cm (corresponding to a 336 

suction of 4 kPa at the ground surface), a significant variation in the degree of saturation occurs, which 337 

significantly affects the shear band formation, as depicted in Fig. 10(b). A soil arch forms above the fault as the 338 

groundwater level is 0.0H, resulting in a considerably smaller maximum surface settlement. In a word, these 339 

findings suggest that surface settlement is influenced by both overburden height and groundwater level. 340 
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These results indicate that the scaling effects of the SWCC should be considered in laboratory 341 

experiments for unsaturated ground. For instance, when performing model tests on a ground structure intended 342 

for construction on sandy soil, it is necessary to scale down the SWCC to create a distinct unsaturated zone within 343 

the model ground. One approach to achieve this is employing coarser particles than the actual soil, thereby 344 

accentuating the variations in the SWCC. 345 

Impact of groundwater level on total pressure distribution 346 

The distribution of total pressure under groundwater levels of 0.0H, 0.5H, and 1.0H, for the overburden height of 347 

2.0B and the trapdoor width of 10 cm is presented in Fig. 13. The initial pressure, 𝜎!0, under different groundwater 348 

levels is also provided in Fig. 13. The total pressure is normalized by initial pressure to mitigate its influence on 349 

the distribution of total pressure. In all cases, despite the groundwater level, as the trapdoor is lowered, the soil 350 

zone can be divided into two zones based on the changing property of the total pressure: the active zone and the 351 

stationary zone. The figure shows that the total pressure acting on the trapdoor is reduced compared to its initial 352 

value and gradually diminishes from the center of the trapdoor towards its end. This region has been designated 353 

as the "active zone" in this study. In contrast, in the stationary zone (i.e., the soil zone above the stationary support), 354 

the total pressure at the end of the trapdoor is larger than the initial pressure. It gradually decreases to initial 355 

pressure when moving away from the trapdoor. This clearly shows the transfer of earth pressure from the active 356 

zone to the stationary zone due to the soil arching effect. For different groundwater levels, the figure indicates 357 

that the total pressure acting on the active zone becomes smaller for lower groundwater levels. Moreover, for the 358 

saturated case (Hw = 1.0H), the total pressure shows almost the same value when the trapdoor displacement is 0.2 359 

and 2.0 mm, whereas there is a significant difference for unsaturated ground (Hw = 0.0H, 0.5H).   360 

Figs. 14 and 15 illustrate the variation in the normalized total and effective pressures acting on the 361 

trapdoor as the normalized trapdoor displacement increases under different trapdoor widths, overburden heights, 362 

and groundwater levels. Trapdoor widths are 10 cm and 20 cm, while the normalized overburden heights are 0.5B, 363 

1.0B, 1.5B, and 2.0B. The total and effective pressures exerted on the trapdoor are normalized by the initial total 364 

pressure (rsatgH) and effective pressure (rsubgH) of saturated soil at the same overburden height. Similarly, the 365 

trapdoor displacement is normalized with respect to the trapdoor width. The normalization of pressures facilitates 366 

direct comparisons of pressure variations across cases with different groundwater levels and provides an intuitive 367 

understanding of changes relative to initial pressures in saturated conditions. To ensure clarity, the initial pressures 368 

used for normalization are annotated in the figures. For saturate soil, the initial normalized total and effective 369 

pressures in saturated soil are approximately 1.0, reflecting minor fluctuations in experimental results. In contrast, 370 
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the normalized initial effective pressure in unsaturated soil is higher due to the contribution of suction, which 371 

increases the effective pressure.  372 

The figures show a significant and rapid reduction in the normalized total and effective pressures as the 373 

trapdoor is lowered during the initial stage of the experiment. The normalized trapdoor displacement 374 

corresponding to the initial stage is 0.005B, irrespective of trapdoor width, overburden height, and groundwater 375 

level. As the normalized trapdoor displacement increases to 0.01B, the normalized total and effective pressures 376 

decrease slowly to a minimum, indicating a full soil arch or maximum soil arch develops above the trapdoor. With 377 

further increases in the normalized trapdoor displacement, the normalized total and effective pressures slightly 378 

increase as the normalized overburden height is 0.5B (B = 20 cm) and 1.0B (B = 10 cm), as shown in Fig. 14(a) 379 

and 15(a). This increase occurs because the soil arch cannot be sustained at this shallow overburden height (e.g., 380 

Terzaghi, 1943; Iglesia et al., 2014); the failure zone expands, and the angle of shear bands to the vertical decreases, 381 

resulting in increased soil mass supported by the trapdoor. When the trapdoor width is 20 cm and the overburden 382 

height is 1.0B, the normalized total and effective pressures nearly remain consistent, suggesting that the ground 383 

reaction curve might be influenced by trapdoor width, as presented in Fig. 15(b). Conversely, as the normalized 384 

overburden height is 1.5B and 2.0B, the normalized total and effective pressures remain constant, as depicted in 385 

Figs. 14(b), 14(c), and 15(c). This finding indicates that the soil arch stabilizes at the maximum soil arch stage 386 

and transitions to the ultimate state, likely due to the low stress level associated with the 1g small-scale test. 387 

Therefore, in this study, the total and effective pressures at the displacement of 0.02B are defined as the total and 388 

effective loosening pressures, respectively. 389 

Additionally, the normalized total and effective pressures at a specific normalized trapdoor displacement 390 

vary with different groundwater levels. The normalized total pressure significantly decreases with a lower 391 

groundwater level, since the upward shear stress along shear bands becomes larger due to the larger suction. The 392 

normalized effective pressure in the saturated ground (Hw = 1.0H) is lower than that in the unsaturated ground 393 

(Hw = 0.0H) in most cases, except when the trapdoor width is 20 cm and the corresponding overburden height is 394 

2.0B, as shown in Figs. 14, 15(a), and Fig. 15(b). When the trapdoor width is 20 cm and the overburden height is 395 

2.0B, the normalized effective pressure becomes consistent with a lower groundwater level, because the 396 

unsaturated zone is more pronounced, as depicted in Fig. 15(c). These results highlight that the groundwater level 397 

influences the normalized total pressure and effective pressures, and the unsaturated state of the ground should be 398 

considered in the trapdoor test. 399 
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To further investigate the effect of the groundwater level on total and effective loosening pressures, the 400 

relationship between the experimental total and effective loosening pressures and the groundwater level is 401 

summarized, and the limit equilibrium theory (Fang et al., 2020) is also employed to investigate it. Regarding the 402 

application of the limit equilibrium theory (Fang et al., 2020), the determination of dry density, internal friction 403 

angle, and parameters of the SWCC was previously discussed above. Another crucial parameter in the limit 404 

equilibrium theory was the lateral earth pressure coefficient K. The K-value is expected to vary depending on soil 405 

properties and overburden height. Terzaghi (1943) empirically proposed K = 1.0 for loosening pressure evaluation, 406 

and Kikumoto (2004) confirmed its validity through experiments. Evans (1984) suggested K = 0.8 for predicting 407 

ultimate pressures on trapdoors, while Chevalier et al. (2012) found K-value ranging from 1.1 to 1.4 through 2D 408 

DEM simulations, depending on particle size distribution and overburden height. Despite discrepancies, these 409 

studies generally indicate that K-values at the limit equilibrium state exceed the at-rest earth pressure coefficient, 410 

K0, as vertical stress reductions above the trapdoor surpass horizontal stress reductions. Meanwhile, da Silva Burke 411 

and Elshafie (2021b) incorporated principal stress rotation and continuous arcs of principal stresses in their limit 412 

equilibrium theory to evaluate K. 413 

Figure 16 compares experimental effective loosening pressures with theoretical values from the proposed 414 

limit equilibrium theory (Fang et al., 2020) for varying K-values in saturated soil. Despite some scatter, the 415 

experimental results support K-values between 1.0 and 1.4. The K-value, K = 1.2, was subsequently used for 416 

unsaturated soil analyses. Fang et al.’s (2020) theory, which extends Terzaghi's (1943) framework, assumes 417 

consistent parameters applicability for both saturated and unsaturated soils. 418 

Fig. 17 illustrates the impact of groundwater level on the total and effective loosening pressures observed 419 

from the experiment and predicted by the limit equilibrium theory (Fang et al., 2020). The testing conditions for 420 

Fig. 17 are a trapdoor width of 10 cm and 20 cm, an overburden height of 2.0B, and varying groundwater levels 421 

of 0.0H, 0.5H, and 1.0H. Firstly, as shown in the figure, the theoretical initial total and effective pressures and 422 

loosening pressures are represented by solid lines, while the experimental results are depicted by open symbols. 423 

During the early stages of the research, multiple tests were conducted for each testing condition to verify 424 

repeatability. As shown in Figure 17, the results are consistently reproducible across most conditions. However, 425 

for the condition with B = 20 cm, H = 2.0B, and Hw = 1.0H, which was conducted during the latter stages of the 426 

study, only one test was performed. This decision was made based on the demonstrated consistency of results 427 

under similar experimental setups. The initial total and effective pressures and the loosening pressures observed 428 

experimentally align well with the predictions made by the limit equilibrium theory (Fang et al., 2020). 429 
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Additionally, it is observed that despite significant differences in groundwater level, the corresponding initial total 430 

pressure remains almost constant, indicating that the reduction in water mass resulting from variations in the 431 

thickness is negligible. This phenomenon was also demonstrated by measuring the drained water mass when 432 

lowering the groundwater level. However, a higher groundwater level leads to greater total loosening pressure 433 

becomes higher. This result can be attributed to the lower confining pressure and shear strength due to lower 434 

suction, which led to lower upward friction during failure. The corresponding effective loosening pressure exhibits 435 

only a slight decrease, however, the reduction of the effective loosening pressure compared to the initial effective 436 

pressure is relatively small, highlighting the influence of groundwater level on effective loosening pressure. 437 

Prediction of loosening pressure for various overburden heights and groundwater depths 438 

This section compares the experimental and theoretical loosening pressure under different trapdoor widths, 439 

overburden heights, and groundwater levels. A series of trapdoor tests were performed in both saturated and 440 

unsaturated ground, as detailed in Fig. 18, and the total and effective loosening pressures for the trapdoor width 441 

of 10 cm and 20 cm are shown in Fig. 19 and 20, respectively. These figures summarize loosening pressures across 442 

all experimental cases with different overburden heights and groundwater levels.  443 

Since the overburden depths vary among cases, a common normalization value cannot be applied. 444 

Therefore, the actual total and effective loosening pressures are presented. To facilitate comparison, dashed lines 445 

are included in the figures to illustrate the relationship between overburden height and initial pressures under 446 

saturated conditions. Multiple experiments were conducted under identical conditions, and all observed data are 447 

plotted as open symbols in Figs. 19 and 20. The figures demonstrate good repeatability in the observed total and 448 

effective loosening pressures for each condition.  449 

Additionally, the theoretical loosening pressures evaluated by the limit equilibrium theory are plotted as 450 

solid lines in Figs. 19 and 20, corresponding to various groundwater levels and overburden heights. For reference, 451 

the initial total pressure (total overburden pressure), rsatgH, and initial effective pressure (effective overburden 452 

pressure), rsubgH, for saturated soils are shown by the dashed lines.  453 

In Figs. 19(a) and 20(a), the dashed lines illustrate the magnitude of the total loosening pressure relative 454 

to the total overburden pressure in saturated soils. In unsaturated soils, the wet density is lower than that of 455 

saturated soils, resulting in a slightly reduced total overburden pressure under unsaturated conditions.  456 

In Fig. 19(b), the dashed line represents the initial effective pressure (effective overburden pressure) for 457 

saturated soils. Comparing the dashed line with the effective loosening pressure reveals that, in saturated soils, 458 

the effective loosening pressure is lower than the effective overburden pressure. However, in unsaturated soils, 459 
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the effective loosening pressure exceeds the effective overburden pressure for saturated soils, particularly when 460 

the groundwater table is deeper. This phenomenon is due to the suction effect, which  increases the effective 461 

confiing pressure, as defined by Bishop’s effective stress. The higher effective loosening pressure in unsaturated 462 

soils enhances the shear resistance along the sliding surface, thereby resulting in relatively lower total loosening 463 

pressure In Fig. 19(b), the dashed line represents the initial effective pressure (effective overburden pressure) for 464 

saturated soils. 465 

The figures indicate that, despite the trapdoor width and the overburden height, the total loosening 466 

pressure decreases with lower groundwater level, while the corresponding effective loosening pressure increases. 467 

This outcome can be attributed to the elevated suction resulting from the unsaturated condition. Therefore, the 468 

upward friction acting on the ground above the trapdoor is increasing due to the higher effective pressure, leading 469 

to a lower total loosening pressure in the unsaturated ground. Additionally, the effective loosening pressure 470 

gradually increases and then remains constant with increasing the normalized overburden height. The constant 471 

effective loosening pressure implies that a stable soil arch is formed above the trapdoor.  472 

Since the total loosening pressure, which determines the magnitude of stress applied to tunnel support, 473 

is of significant concern to engineers, the normalized total loosening pressures under different groundwater levels 474 

and trapdoor widths were analyzed to investigate scaling effects in unsaturated ground, as shown in Fig. 21. The 475 

total loosening pressure was normalized by the initial total pressure (rsatgH, where rsat is the saturated density) 476 

under saturated condition, with the overburden height H fixed at 2.0B.  477 

For saturated ground (Hw = 1.0H), the normalized total loosening pressures are identical for different trapdoor 478 

widths, indicating no scale effect (e.g., Evans, 1984; Fang et al., 2020). For unsaturated soils (Hw = 0.0H, 0.5H), 479 

the normalized total loosening pressures remain nearly constant for trapdoor width between 10 cm and 20 cm, 480 

indicating no apparent scaling effect within this apparatus scale range. However, simulations for unsaturated soils 481 

with Hw = 0.0H reveal that normalized total loosening pressures increase as the trapdoor widths increases from 482 

20 cm to 100 cm, confirming the presence of a scaling effect. 483 

Consequently, the experimental total and effective loosening pressure are closely captured by the limit 484 

equilibrium theory for both trapdoor widths of 10 cm and 20 cm. This finding indicates that the limit equilibrium 485 

theory can nicely evaluate loosening pressure on a tunnel in the unsaturated ground. Furthermore, the scaling 486 

effect in unsaturated ground is identified through the limit equilibrium theory. This scaling effect in unsaturated 487 

soils is attributed to differences in the vertical profiles of the degree of saturation within the unsaturated zone, 488 

which are governed by the soil water characteristic curve. These findings emphasize the importance of considering 489 
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both groundwater conditions and apparatus scale when evaluating loosening pressures, as they directly influence 490 

the stress distribution and tunnel support requirements in engineering applications. 491 

CONCLUSIONS 492 

The influence of groundwater levels on shallow tunnel excavation mechanisms was discussed through trapdoor 493 

tests conducted in both saturated and unsaturated ground. The loosening pressure, the ultimate asymptotic pressure 494 

on the trapdoor, was compared with the values predicted by the previously proposed limit equilibrium theory 495 

(Fang et al., 2020).   496 

The study verified the presence of two vertical shear bands, as hypothesized by Fang et al. (2020), under 497 

unsaturated conditions. The shear bands were observed originating from both edges of the trapdoor and extending 498 

upward to the ground surface in all test patterns. The configuration of groundwater level and overburden height 499 

significantly influenced the formation of shear bands. Specifically, shear bands developed and extended to the 500 

ground surface in a shallow overburden height of 1.0B regardless of groundwater level without forming an arch-501 

like shape. Conversely, in the transitional overburden height of approximately 2.0B, shear bands developed 502 

upward in the saturated ground and exhibited an arch-like shape in the unsaturated ground. Within this transitional 503 

overburden height, the arch-like shaped shear bands became more significant with lower groundwater levels, 504 

highlighting the influence of groundwater level on shear band formation in conjunction with overburden height.  505 

Surface settlements were primarily influenced by overburden height; the surface settlement became 506 

smaller with deeper overburden height (H > 1.0B), irrespective of trapdoor width. This trend indicates that a more 507 

inclined shear band, especially the arch-like shape shear band, exhibits a more substantial effect at higher 508 

overburden height. Additionally, in the unsaturated ground, surface settlement exhibits clear differences even with 509 

identical overburden height, particularly relative to the trapdoor width. Specifically, the impact of groundwater 510 

level became significant only when the trapdoor width was 20 cm, and the overburden height reached 40 cm. 511 

These findings highlight the existence of a scale effect on the SWCC, which significantly influences surface 512 

settlement. Consequently, when conducting model experiments in unsaturated ground, it is crucial to consider the 513 

similarity of the SWCC. 514 

The variation of the normalized total and effective pressures exerted on the trapdoor with the normalized 515 

trapdoor displacement showed similar trends in both saturated and unsaturated soils when the overburden height 516 

is larger than 1.0B. The normalized total and effective pressures decreased rapidly to a minimum value and then 517 

stabilized as the trapdoor displacement exceeded 0.02B. This stabilized value of total pressure is referred to as the 518 
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loosening pressure. Notably, the groundwater level influenced these pressures; as the groundwater level became 519 

higher, the loosening pressure became larger. This pattern suggests that reduced suction associated with higher 520 

groundwater levels leads to decreased confining pressure and shear strength, increasing the risk of tunnel collapse, 521 

particularly after significant rainfall or agricultural irrigation. 522 

The applicability of the previously limit equilibrium theory by authors (Fang et al., 2020) was 523 

investigated by comparing the observed loosening pressure with the predicted results. The outer shear bands 524 

observed in all test cases developed to the ground surface, supporting the validity of the assumption made in the 525 

limit equilibrium theory regarding the vertical sliding surfaces from the edges of the trapdoor. Furthermore, 526 

referring to previous studies (e.g., Terzaghi, 1943; Evans, 1984; Chevalier et al., 2012) and an investigation of the 527 

sensitivity of the K value, K was recommended between 1.0 and 1.4 in this study. Consequently, it can be 528 

confirmed that the previously proposed limit equilibrium theory (Fang et al., 2020) can properly predict the 529 

loosening pressure after tunnel excavation in both saturated and unsaturated ground, reinforcing the assumption 530 

mentioned above's plausibility.   531 

In conclusion, our study demonstrates the formation of shear bands, ground surface settlement, vertical 532 

pressure distributions on the trapdoor, and the effects of overburden depth and groundwater levels on both total 533 

and effective loosening pressures. These findings provide critical insights into the behavior of unsaturated soils 534 

during tunneling. Furthermore, the experimental results validated the theoretical framework for loosening pressure, 535 

which accounts for unsaturated soil properties. Parametric studies confirmed the framework's ability to predict 536 

loosening pressures under various overburden heights and groundwater conditions with accuracy. Nonetheless, 537 

we acknowledge the inherent limitations of small-scale 1g tests in replicating the stress conditions of real tunnels, 538 

which may affect shear band formation, as discussed by other researchers (Dewoolkar et al., 2007; da Silva Burke 539 

and Elshafie, 2021a). However, the primary objective of this study was to validate the theoretical solution derived 540 

from limit equilibrium theory using 1g experimental results, with the intent to extrapolate real-scale behavior 541 

through validated mathematical models. Additionally, the experimental findings will serve as a basis for future 542 

studies, including numerical simulations such as finite element analyses of unsaturated soils. 543 
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NOTATION 552 

The following symbols are used in this paper: 553 

𝐴 bottom area of soil chamber 554 

B trapdoor width 555 

𝑩𝒎 strain-displacement tensor 556 

𝑒 void ratio 557 

𝑔 gravitational acceleration 558 

H overburden height 559 

H1 overburden height of a single layer 560 

Hw groundwater level 561 

K lateral earth pressure coefficient 562 

𝑀" total mass of wet sand after drying 563 

𝑆'%(, 𝑆')* maximum and minimum degrees of saturation 564 

Sr degree of saturation 565 

𝑠_'%( maximum surface settlement 566 

s suction 567 

𝒖 displacement vector 568 

𝑢%, 𝑢$ pore air and pore water pressure 569 

z vertical coordinate 570 

𝛼, 𝑚, 𝑛 material parameters for van Genuchten's soil water characteristic curve 571 

𝛾(/ engineering shear strain (= 2𝜀(/) 572 

d displacement of trapdoor 573 

𝜺 strain tensor 574 
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𝜀- deviatoric strain 575 

𝜀(, 𝜀/ strain in horizontal and vertical direction 576 

𝜌- , 	𝜌"%2 dry and saturated density 577 

𝜌" solid density 578 

𝜌$ density of water 579 

𝜎!0, 𝜎! initial total vertical pressure and loosening pressure (after tunnel excavation) 580 

𝜙 internal friction angle 581 
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Table 1 Parameters in van Genuchten equation for soil–water characteristic curves of Toyoura sand. 666 
 667 

Parameter Description Value 
𝑆'%( Maximum degree of saturation 1.00 

𝑆')* Minimum degree of saturation 0.06 
𝛼 (kPa-1) Fitting parameter 0.24 

𝑚 Fitting parameter 0.71 
𝑛 Fitting parameter 3.54 

 668 
  669 
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Fig. 1. Trapdoor problem in unsaturated ground. 670 

Fig. 2. Schematic diagram of the apparatus (a) front view; (b) section view of A-A; (c) top view, and (d) 671 

suction sensor. 672 

Fig. 3. Schematic diagram of the trapdoor (a) overview; (b) section A-A; (c) exploded view. 673 

Fig. 4. Process of unsaturated model ground generation: (a) filling with water up to 15 cm above the 674 

trapdoor; (b) generating the model ground using the water pluviation method (maintaining a 15 675 

cm height difference between the ground surface and water level); (c) completion of the 676 

generation of fully saturated ground; (d) lowering the groundwater level to the designated level 677 

through drainage. 678 

Fig. 5. Soil water characteristic curve of Toyoura sand under drying path. 679 

Fig. 6. Vertical distribution of (a) pore water pressure; (b) suction; and (c) degree of saturation in 680 

unsaturated ground for the groundwater level of Hw = 0.5H and Hw = 0.0H (B = 10 cm, H = 681 

2.0B). 682 

Fig. 7. Vertical distribution of (a) pore water pressure; (b) suction; and (c) degree of saturation in 683 

unsaturated ground for the groundwater level of Hw = 0.5H and Hw = 0.0H (B = 20 cm, H = 684 

2.0B). 685 

Fig. 8. Evolution of shear bands with lowering of trapdoor in (a) saturated ground (Hw = 1.0H); (b) 686 

unsaturated ground (Hw = 0.5H); and (c) unsaturated ground (Hw = 0.0H) (B = 10 cm, H = 687 

2.0B). 688 

Fig. 9. Shear bands at the trapdoor displacement of 5.0 mm for (a) B = 10 cm, H = 1.0B; (b) B = 10 cm, 689 

H = 1.5B; and (c) B = 10 cm, H = 2.0B under different groundwater levels (Hw = 0.0H, 0.5H, 690 

1.0H). 691 

Fig. 10. Shear bands at the trapdoor displacement of 5.0 mm for (a) B = 20 cm, H = 0.5B; and (b) B = 692 

20 cm, H = 2.0B under different groundwater levels (Hw = 0.0H, 0.5H, 1.0H). 693 
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Fig. 11. Surface settlement profiles at trapdoor displacement d = 0.02B under different trapdoor widths 694 

and overburden heights (a) B = 10 cm, H = 1.0B; (b) B = 10 cm, H = 2.0B; (c) B = 20 cm, H = 695 

1.0B; and (d) B = 20 cm, H = 2.0B.  696 

Fig. 12. Maximum surface settlement at trapdoor displacement d = 0.02B versus normalized overburden 697 

height for different trapdoor widths (a) B = 10 cm; and (b) B = 20 cm. 698 

Fig. 13. Distributions of normalized total earth pressure in (a) saturated ground (Hw = 1.0H); (b) 699 

unsaturated ground (Hw = 0.5H); and (c) unsaturated ground (Hw = 0.0H) (B = 10 cm, H = 700 

2.0B). 701 

Fig. 14. Variation in normalized total and effective pressures acting on the trapdoor with normalized 702 

trapdoor displacement under different groundwater heights Hw = 0.0H, 0.5H, 1.0H: (a) B = 10 703 

cm, H = 1.0B; (b) B = 10 cm, H = 1.5B; (c) B = 10 cm, H = 2.0B. 704 

Fig. 15. Variation in normalized total and effective pressures acting on the trapdoor with normalized 705 

trapdoor displacement under different groundwater levels Hw = 0.0H, 0.5H, 1.0H: (a) B = 20 cm, 706 

H = 0.5B; (b) B = 20 cm, H = 1.0B; (c) B = 20 cm, H = 2.0B. 707 

Fig. 16. (a) Total and (b) effective loosening pressures with normalized overburden height by using 708 

different lateral earth pressure coefficient K under saturated conditions (B = 10 cm, Hw = 1.0H).  709 

Fig. 17. Effect of the groundwater level on total and effective loosening pressures: (a) B = 10 cm, H = 710 

2.0B; (b) B = 20 cm, H = 2.0B. 711 

Fig. 18. Test patterns for trapdoor test in saturated and unsaturated ground. 712 

Fig. 19. Experimental and theoretical (a) total loosening pressure; and (b) effective loosening pressure 713 

with normalized overburden height under different groundwater levels Hw = 0.0H, 0.5H, and 714 

1.0H (B = 10 cm) (dashed lines represent initial total and effective pressures in saturated ground 715 

for reference). 716 

Fig. 20. Experimental and theoretical (a) total loosening pressure; and (b) effective loosening pressure 717 
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with normalized overburden height under different groundwater levels Hw = 0.0H, 0.5H, and 718 

1.0H (B = 20 cm) (dashed lines represent initial total and effective pressures in saturated ground 719 

for reference). 720 

Fig. 21. Experimental and theoretical normalized total loosening pressures with trapdoor width under 721 

different groundwater levels Hw = 0.0H, 0.5H, and 1.0H (H = 2.0B, rsat is saturated density).  722 
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Schematic diagram State of ground B (cm) H/B Hw/H 

 

Saturated 

10 

1.0, 1.5, 2.0 1.0 

Unsaturated 

1.0 0.0, 0.5 

1.5 0.0, 0.5 

2.0 0.0, 0.5 

 

Saturated 

20 

0.5, 1.0, 2.0 1.0 

Unsaturated 

0.5 0.0 

1.0 0.0, 0.5 

2.0 0.0, 0.5 

 

H

B = 10 cm
Hw

H

B = 20 cm
Hw








