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Abstract

:

During the excavation of a water-conveyance tunnel in Tertiary soft rocks in China, significant deformation of the surrounding rocks and damage to the support were observed. Substantial horizontal deformation, reaching magnitudes of meters, was observed in the right side wall after a certain period of tunnel excavation. Extensive investigations, including field surveys, monitoring data analysis, laboratory tests, and numerical simulations, were conducted to understand the underlying mechanisms of this large deformation. The section of the tunnel with large deformation consisted of Tertiary sandy mudstone, mudstone interbedded with marl, and glutenite. Laboratory tests and mineral composition analysis revealed that the sandy mudstone and mudstone interbedded with marl exhibited low strength, which was closely related to the water content of the rock specimens. The compressive strength gradually decreased with increasing water content, and when the water content of mudstone interbedded with marl reached 26.96%, the uniaxial compressive strength decreased to only 0.24 MPa. Additionally, sandy mudstone and mudstone interbedded with marl contained a significant amount of hydrophilic minerals, with montmorillonite constituting 30% and 34% of the two rock samples, respectively. The tunnel passed beneath a perennially flowing gully, and a highly permeable glutenite layer was present in the middle of the tunnel. This resulted in groundwater seepage from the inverted arch during excavation, leading to the softening effect on the mudstone interbedded with marl in the lower part of the tunnel. Through numerical simulation and back-analysis techniques, the varying degrees of softening induced by groundwater were quantitatively analyzed in the surrounding rocks on the left and right sides. The study revealed that the large deformation of the tunnel was triggered by two factors: the plastic flow caused by tunnel excavation under the low strength of the surrounding rocks and the softening effect of groundwater. The damage to the support system was primarily attributed to the squeezing and swelling deformation of the surrounding rocks and the non-uniform deformation between different rock layers.
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1. Introduction


Large deformation is an engineering geological damage that is frequently encountered in tunnel construction. Ding et al. [1] defined the large deformation of surrounding rocks in tunnels as deformation that is significantly greater than normal and such that it may trigger adverse effects. The normal level of deformation in tunnels refers to the deformation that occurs in the surrounding rock of a tunnel section with non-adverse geological conditions after considering conventional support measures. Generally, when the deformation of the tunnel is at a normal level, the surrounding rock will not undergo damage caused by deformation. The first documented serious large deformation of surrounding rocks occurred in the Simplon tunnel in Switzerland that was completed in 1906. Significant deformation and damage occurred to surrounding rocks during excavation of the tunnel, attracting extensive attention among engineers [2]. Afterwards, large deformation of surrounding rocks to different extents also happened during the construction of the Arlberg expressway tunnel and Tauern tunnel in Austria [3,4], the Enasan tunnel in Japan [5], and the Jiazhuqing tunnel [6], Muzhailing tunnel [7], Wushaoling tunnel [8], and Hadapu tunnel [9] in China. The large deformation was also accompanied by damage to the supports and even engineering disasters such as failure of the surrounding rocks in the tunnels. These tunnels shared characteristics of a low strength of surrounding rocks and high ground stress, which resulted in large deformation of surrounding rocks and enduring deformation during construction.



The large deformation of surrounding rock after tunnel excavation may be attributed to either the tectonically high stress-dominated external environment or the low strength of rock masses. In the former case, the stress redistribution resulting from tunnel excavation under high ground stress conditions can induce significant secondary stress disturbances in the surrounding rock, leading to substantial deformations in soft rock formations as well as thin layered and anisotropic medium–hard rock formations [10,11]. In the latter case, it generally pertains to tunnel excavation taking place within soft rock formations [12,13,14,15,16]. Soft rocks are characterized by a low uniaxial compressive strength (UCS). According to the recommendation of the International Society for Rock Mechanics (ISRM), rocks with a UCS of less than 25 MPa are classified as soft rocks. Soft rocks are commonly related to specific lithology, including siltstone, mudstone, and diabase, which have UCSs far lower than intact hard rocks, such as granite, gneiss, limestone, and marble. Soft rocks have strong rheological properties and low strength [17], so stress redistribution in surrounding rocks lasts for a long time after excavating a tunnel in soft rocks: deformation of surrounding rocks generally lasts for several weeks to several months [18], and, on occasion, beyond one year [15]. Considering the high frequency and hazard of large deformation during the construction of tunnels in soft rocks, numerous scholars have investigated the mechanism underlying large deformations during construction [19,20,21,22,23]. Their research on the large deformation of surrounding rocks of tunnels excavated in soft rocks shows that squeezing and swelling are the main modes of deformation of soft rocks. The squeezing deformation of surrounding rocks is a result of yielding of rock caused by excavation-induced stress redistribution beyond the strength of the rock, and it is mainly dependent on the rock strength and overburden thickness, that is, the ground stress. Wood [19] evaluated the stability of tunnels by virtue of the ratio of the UCS of rocks to the overburden stress. After similarity investigation and analysis of more than 20 tunnels with large squeezing deformation, Aydan et al. [12,21] found that tunnels constructed in soft rocks are commonly subjected to squeezing failure when satisfying the following conditions: the ratio of the UCS of rocks to the overburden stress is less than two and the tangential strain in the side walls of tunnels exceeds 1%. In the Standard for Engineering Classification of Rock Mass (GB50218-2014) in China [24], the Rc/σmax index (Rc represents the saturated uniaxial compressive strength of rock, σmax represents the maximum initial stress in the direction vertical to the tunnel axis) is used to evaluate the behavior during tunnel excavation. When Rc/σmax is less than 4, spalling or extremely significant deformation and even large deformation are likely to occur in the rock surrounding a tunnel constructed in soft rock, and the deformation may persist. The swelling deformation of tunnels built in soft rocks refers to deformation due to the swelling of some minerals in the surrounding rocks in reaction with water. Chen [20] found that the volumetric swelling of surrounding rocks after reaction with groundwater is the main cause for deformation in Jinchuan deposit in China. In fact, it is generally impossible to separate squeezing and swelling in the excavation of tunnels in soft rocks, and a large deformation of surrounding rocks caused by squeezing or swelling alone is very rare.



To reveal the mechanism behind such a large deformation of tunnels built in soft rocks, many scholars generally performed comprehensive analysis from both mechanical and geological perspectives [15,18,25,26]. Bian et al. [16] studied the occurrence mechanism of large deformation for the Huangjiazhai tunnel in China by combining engineering analysis, laboratory analysis, and micro-analysis. Li et al. [27] analyzed the large deformation mechanism of the Jiaoding tunnel in layered rock strata and proposed treatment measures based on field tests and theoretical analysis. However, the mechanism underlying the large deformation of a specific project generally calls for targeted research because of the complex geological conditions and ground stress at specific sites. The present research focuses on the significant deformation of surrounding rock and the failure of supporting structures observed during the excavation of a tunnel in Tertiary soft rock in China. Various methods, including field geological investigation, analysis of deformation monitoring data during tunnel excavation, laboratory experiments, and numerical simulations, were employed to analyze the characteristics and mechanisms of the large deformations in the soft rock tunnel.




2. Geology and Topography


2.1. Topography


The water-conveyance tunnel has a total length of 41.823 km, maximum burial depth of 2268 m, design flow 70 m3/s, and diameter of 6.9 m [28]. It is designed as a free-flow tunnel and constructed using a drill and blast-heading method. The tunnel section studied here is in the chainage range of K3 + 700 to K5 + 500, beneath a hilly area where the ground elevation is 1420 to 1560 m. The tunnel section is buried at the depth of 140 to 300 m. The mountains in the area are relatively flat, with a natural slope angle of 25° to 35°. The tunnel section traverses beneath a gully with a width of 150 to 200 m. The topography in the area of the tunnel section is shown in Figure 1.




2.2. Strata and Lithology


Quaternary silty clay (Q3–4eol) and gravel (Q3al) form the main overburden in the region. The geological prospecting by drilling boreholes on the tunnel line shows that interbedding of Tertiary mudstone, sandy mudstone, and glutenite mainly occurs below the overburden (Figure 1). Glutenite, also known as conglomerate, is characterized by its coarse-grained nature, consisting of rounded or angular fragments of various sizes and types of rock cemented together by a finer-grained matrix.



Figure 2 illustrates the lithological distribution revealed at the tunnel face (K4 + 923) after excavation of the tunnel. Three types of rocks are found on the cross-section: namely, mudstone interbedded with marl, glutenite, and sandy mudstone. The upper portion of the cross-section predominantly consists of a reddish–brown, thick to ultra-thick sandy mudstone. This particular rock type exhibits weak to medium argillaceous and calcareous cementation. It has a natural moisture content of 18.03%. Situated in the middle of the cross-section is a medium-thick bedded, gravelly glutenite. This glutenite also displays a reddish–brown hue, which is accompanied by weak cementation and inadequate sorting of gravels. It exhibits a relatively moist condition and contains approximately 15% to 20% gravel, with grain sizes ranging from 5 to 10 mm and a maximum grain size of 30 mm. The particle sizes within the glutenite are unevenly distributed. The lower portion of the cross-section is occupied by mudstone interbedded with marl. This rock type primarily exhibits a reddish–brown color interspersed with off-white marl layers. The mudstone interbedded with marl displays weak argillaceous and calcareous cementation. Its natural moisture content is 15.48%.




2.3. Geological Structures


The geological prospecting results prior to construction show that there is no large fault in the region. Three fractures are mainly developed. ① The first is a fracture with occurrence of NW320°~325°SW∠30°~45° with straight and smooth fracture planes that is opened by 1 to 2 mm. It has striated mirror faces and is not filled; these lie at a spacing of 0.3 to 0.8 m. ② The second is a fracture with occurrence of NE25°~30°NW∠45°~50° with straight and smooth fracture planes with scratches opened by 0.5 to 1.0 mm. The fracture is not filled and has a spacing of 0.5 to 1.0 mm. ③ The third is a fracture with occurrence of NE45°~50°NW∠25°~30° with straight and smooth fracture planes opened by 0.5 to 1 mm. It is not filled and has a spacing greater than 1 m.




2.4. Hydrogeology


The tunnel section studied in the research traverses beneath a gully that has a width of 150 to 200 m at a vertical distance of 138 m from the tunnel. There are ice and snow meltwater from nearby mountains and atmospheric precipitation flow throughout the year in the gully. The design flood flows for the twenty-year and fifty-year return periods are 142 and 164 m3/s, respectively. The real scene of the gully is shown in Figure 3. The annual precipitation over the area is 350.2 mm, and the precipitation mainly occurs from April to September every year. During the tunnel excavation process, certain surrounding rocks within the tunnel section were observed to undergo water seepage, which was identified by the on-site geological engineer as being associated with the water source originating from the nearby gully.





3. Large Deformation during Tunnel Excavation and Analysis of Corresponding Monitoring Data


3.1. Large Deformation during Tunnel Excavation


The tunnel was constructed using the new Austrian tunneling method [29] with the implementation of effective drainage measures throughout the tunnel construction process. It was excavated in two benches, and the footage of each cyclic excavation is no longer than 250 mm. Based on the empirical evidence obtained from field construction, the average daily advance rate was observed to range from 1 to 1.5 m, which corresponds to a total of four to six cycles of simultaneous excavation of the upper and lower benches. The primary support system employed for the tunnel encompassed a composite approach involving the implementation of hollow grouting anchor bolts, steel arches, mesh reinforcement, and shotcrete. Subsequently, a reinforced concrete structure was utilized for the secondary lining. The detailed support parameters of the tunnel section are summarized in Table 1, and the excavation section size is shown in Figure 4.



In mid to late September 2019, large deformation occurred in the surrounding rocks during the excavation of the tunnel section K4 + 904 to K4 + 924. Monitoring data show that the maximum horizontal deformation at the deformation monitoring point on the right-hand wall on the cross-section at K4 + 923 was 990.6 mm, invading the construction space of the secondary lining. Then, the bottom of the tunnel section was also subject to sever heave. On 23 October 2019, longitudinal cracks were found on the lining in the tunnel section (K4 + 904.3 to K4 + 913.3) where a lining had been applied to the inverted arch; on 3 November 2019, the inverted arch was cracked and lifted upwards in the unlined tunnel section (K4 + 913.3 to K4 + 924). Meanwhile, support in the tunnel section with large deformation of surrounding rocks also suffered from a series of damaging events such as cracking of the shotcrete and yielding of its steel arch supports, posing a threat to the stability and long-term safety of the surrounding rock-support system in the construction and operating periods of the tunnel. Figure 5 shows the consequences of the large deformation and damage to the primary support in the tunnel section.




3.2. Analysis of Monitoring Data


The cross section K4 + 923 under monitoring is within the tunnel section K4 + 904 to K4 + 924 where large deformation occurred. The monitoring results of the cross-section include those at points B and C in the upper bench and points D and E in the lower bench. The points in the upper bench of the cross-section were monitored from 12 September 2019. Figure 6 shows the horizontal deformation curves of surrounding rocks on the cross-section at K4 + 923. Figure 7 shows the horizontal deformation rate curves of surrounding rocks on the cross-section at K4 + 923.



The deformation curves at monitoring points in the upper bench of the cross-section basically change in a consistent trend. The deformation rate always peaked on the second day of monitoring, which was followed by a gradual decrease. The deformation of surrounding rocks tended to gradually converge by 18 September 2019 (the 16th day of monitoring). By 30 November 2019 (the last time the monitoring points were used to collect data in the upper bench), the cumulative horizontal deformation at point B on the left spandrel was 332.2 mm, and the horizontal deformation rate was 0.2 mm/d; the cumulative horizontal deformation at point C on the right spandrel was 368.4 mm, and the horizontal deformation rate was 0.1 mm/d.



Points in the lower bench on the cross-section at K4 + 923 were monitored from 17 September 2019. The deformation rate at point D on the left-hand wall reached the peak on the second day of monitoring, with a horizonal deformation rate of 38.1 mm/d, which then gradually declined. By 2 October 2019 (the 15th day of monitoring), the deformation of surrounding rocks tended to converge. After starting to monitor the deformation at point E on the right-hand wall, the horizontal deformation inward to the tunnel increased constantly and reached a peak of 65.3 mm/d on 27 September 2019 (the 10th day of monitoring). Then, the rate of deformation gradually declined, and the deformation of surrounding rocks tended to convergence by 4 October 2019 (the 17th day of monitoring). On 18 October 2019, the deformation rates at points D and E in the lower bench tended to increase. The horizontal deformation rate at point D on the left-hand wall was 10.1 mm/d while that at point E on the right-hand wall was 16.2 mm/d on 26 October 2019. Thereafter, the deformation rates at the two points gradually decreased. By 30 November 2019, the cumulative horizontal deformation at point D on the left-hand wall was 530.7 mm with the horizontal deformation rate 1.4 mm/d. The cumulative horizontal deformation at point E on the right-hand wall was 990.6 mm by 19 November 2019, and the horizontal deformation rate was 4.4 mm/d.



According to the above analysis, the deformation curves at different positions in the upper bench of the cross-section K4 + 923 follow similar trends: the deformation rates both reached the peak on the second day of monitoring and then gradually declined, tending to converge on the 16th day of monitoring. In addition, the deformations on the left and right-hand sides in the upper bench are similar. After the first convergence of deformations at two points on the left and right-hand walls in the lower bench of the cross-section, the deformation rates increased significantly on 18 October 2019. According to the distortion of steel arches observed in the field during this time period, it is speculated that because the steel arches were under too much load and therefore locally yielded, the primary support failed to bear the pressure of surrounding rocks. This finally led to the large increase in deformation rates after the first convergence of deformations at points on left and right-hand walls in the lower bench. In addition, the horizontal deformation of the right-hand wall in the lower bench was significantly larger than that of the left-hand wall.





4. Investigation of Causes of the Large Deformation


4.1. Rock Strength


The mudstone interbedded with marl and sandy mudstone exposed in the tunnel section with large deformation were sampled in the field, allowing measurement of the physico-mechanical properties of the rocks. The glutenite was not successfully sampled because it was too loose to allow intact specimen recovery. After being sampled in situ, the rock surfaces were sealed with paraffin immediately, and then the samples were wrapped using multiple layers of transparent tape and plastic film to ensure the intactness of samples and decrease water loss during transportation. The rock samples taken from the field were machined into cuboidal specimens measuring 50 mm × 50 mm × 100 mm (Figure 8a,b) and then immersed in water and air-dried to obtain specimens of different water contents. An RMT-301 (RMT-401) rigid servo-motor testing system for rocks was used to test the UCS of rock specimens, and the test results are listed in Table 2. According to the test results, except for some of the two types of rock specimens that have a UCS value between 5 and 15 MPa, the UCS of others is less than 5 MPa, so they are classified as soft to extremely soft rocks. The water content significantly affects the strength of the two types of rocks. To be specific, the UCSs of mudstone interbedded with marl and sandy mudstone decrease to different extents with the increasing water content; at a given water content, mudstone interbedded with marl has a lower UCS than sandy mudstone.



In the natural state, the morphology of the two samples subjected to failure under uniaxial compression is shown in Figure 9. From the observations of the failure states of the two rock samples under uniaxial loading, the two rock samples are shear failures under uniaxial stress. The fracture surface crosses the entire specimen diagonally, creating a complete fracture crack. Additionally, there are localized micro-cracks present on the end faces of the specimen.




4.2. Swelling of Rocks


The swelling of rocks rich in clay minerals exposed to water is an important cause of the large deformation. We employed the X-ray diffraction (XRD) technique to analyze the composition of minerals in the rock samples. The testing and inspection were conducted in accordance with the Chinese Specification of testing quality management for geological laboratories (DZ/T0130-2018) [30] and the Joint Committee on Powder Diffraction Standards. The results are shown in Table 3. The minerals in the specimens of mudstone interbedded with marl are dominated by montmorillonite and quartz, which separately account for 34% and 30%, followed by illite, calcite, and feldspar. Calcite and montmorillonite are the dominant minerals in the specimens of sandy mudstone and they separately account for 45% and 30%; they are followed by illite, quartz, and feldspar. Both rock samples are enriched with clay minerals such as montmorillonite and illite, which confer upon them the characteristic of swelling.



The swelling tests (Table 4) indicate that the free swelling percentage and swelling pressure of mudstone interbedded with marl are 4.07% to 6.38% and 0.41 to 0.55 MPa, respectively; those of sandy mudstone are separately 1.31% to 1.51% and 0.22 to 0.34 MPa. It is evident that the mudstone interbedded with marl exhibits significantly higher swelling percentage and swelling pressure compared to sandy mudstone. The basis for the swelling tests is in accordance with the Chinese code for rock tests in water and hydropower projects [31].



Meanwhile, a cubic specimen of mudstone interbedded with marl and that of sandy mudstone were selected and immersed in water to investigate their hydrophilicity and observe the changes in their appearance after immersion for 24 h. As shown in Figure 10, mudstone interbedded with marl absorbed water and rapidly swelled after being exposed to water, showing argillation and softening characteristics. When exposed to water, mudstone interbedded with marl underwent physical and chemical reactions, which resulted in the swelling, breakage, and decomposition of the rock block. This was also mainly because mudstone interbedded with marl contains some clay minerals that have high hydrophilicity. After being immersed in water for 24 h, the rock block changed obviously in the shape and was argillated, losing almost all load-bearing capacity. As for sandy mudstone, only a thin muddy layer was formed on the surface of the specimen after being exposed to water, while the specimen did not change greatly in the appearance and retained its original shape. Some fragments spalled upon pinching the specimen manually.




4.3. Groundwater


The large deformation of tunnels is closely related to activities of groundwater. The tunnel face was basically dry in the initial stage of excavation, and local areas of the glutenite layer were moist. After 7 to 10 days, the glutenite layer had become saturated, which was accompanied by water seepage. After one month, groundwater began to seep from the tensile fractures occurring due to the uplift of the inverted arch at K4 + 914 (Figure 11). It was speculated that water in the tunnel was from the gully, although mudstone can be regarded as impermeable, whose permeability coefficient is generally 10−9~10−7 cm/s [32]. The strata exposed in the middle of the tunnel face were a glutenite layer (NW275°SW∠15°~25°) of high water permeability at an angle of 83° with the tunnel axis (NE12°). According to the direction of the tunnel axis and the occurrence of the glutenite layer exposed during excavation, the end of the glutenite layer is located just beneath the gully, thus forming a channel allowing the migration of groundwater. The formation of plastic zones in the excavation process caused changes in the seepage field, which guided groundwater to flow to the tunnel [33]. Based on the strength tests of the two types of rock samples and the water immersion test, it can be observed that the presence of groundwater has a significant softening effect on the mudstone interbedded with marl beneath the glutenite layer. This softening effect results in a considerable reduction in the strength of the rock mass. Furthermore, the presence of groundwater induces seepage forces within the rock mass. As the water flows through the rock mass, it exerts pressure on the rock grains, causing them to displace and facilitating the deformation of the rock mass. This seepage force acts as an additional mechanism for weakening the rock mass and reducing its strength. Overall, the combined effects of groundwater softening and seepage forces contribute to the significant reduction in the strength of the mudstone interbedded with marl beneath the glutenite layer. These findings highlight the importance of considering groundwater conditions in the stability analysis and design of engineering projects involving such rock masses.




4.4. Ground Stress


Ground stress also has important influences on the deformation of surrounding rocks. In the Chinese Code for Investigation of Geotechnical Engineering (GB50021-94) [34], the level of the initial stress field is evaluated using the Rc/σmax ratio. Rc/σmax is the ratio of the UCS of saturated rocks to the maximum principal stress. It is equivalent to using 0.25 as the critical value of σcm/P0 to distinguish rocks under medium and severe squeezing [35]. In the above code, the critical value of Rc/σmax is set to 4 to distinguish extremely high ground stress from high ground stress by summarizing geological data from multiple sources. When Rc/σmax is less than 4, a region is regarded as bearing extremely high ground stress.



However, the measured ground stress data collected in tunnels show that the initial ground stress field of the strata where a tunnel is excavated always has a lateral pressure coefficient not equal to unity: that is, the vertical initial stress is not equal to the horizontal one. Therefore, the mechanical responses of surrounding rocks and distribution of the secondary stress field caused by excavation of the tunnel also differ. On this basis, our research group proposed the criterion for large squeezing deformation considering the tectonic stress and excavation disturbance, as given by Equation (1) [1].


   {    S S R =  R  ( 3 − λ )  σ  0 max     < 1 λ ≤ 1     S S R =  R  ( 3 −  1 λ  )  σ  0 max     < 1 λ > 1      



(1)




where SSR represents the calculated strength–stress ratio of surrounding rocks; R is the UCS of rocks; λ denotes the lateral pressure coefficient of ground stress; and σ0max represents the initial maximum principal stress.



During the project planning phase, geostress tests in the region were conducted using the hydraulic fracturing method and stress relief method. The horizontal maximum principal stress σH is dominant in the elevation range of the tunnel in the region. The vertical stress σz is similar to the horizontal minimum stress σh. The quantitative relationship of the three principal stresses can be expressed as σH = 1.2σz and σH > σh ≈ σz. The burial depth of the tunnel section under investigation is 190 m, so the vertical initial ground stress on the tunnel section is about 4.5 MPa by estimating that the overburden above the tunnel has an average bulk density of 2.38 g/cm3. Then, the horizontal maximum principal stress is about 5.4 MPa. According to the laboratory test results, the UCS of mudstone interbedded with marl is about 0.84 MPa. Then, the SSR of surrounding rocks is calculated to be 0.072, which is much less than unity, so it is judged that large squeezing deformation will occur after excavation of the tunnel.





5. Numerical Simulations


Numerical simulations can be an important means of analyzing problems pertaining to rock engineering. A corresponding numerical model was established according to geological conditions revealed after excavation of the tunnel to quantify the softening effect of groundwater on mudstone interbedded with marl below the glutenite layer.



5.1. Initial Simulation Conditions


5.1.1. Methods and Model


The commercial software FLAC3D was used to conduct numerical simulation. Figure 12a shows the numerical model established based on the geological conditions revealed by excavation of the cross-section at K4 + 923, and Figure 12b displays the mesh generated around the tunnel. Hexahedral meshing was applied to the whole simulation model, forming 3548 elements and 7156 nodes. The model was in a range with the horizontal and vertical lengths both of 150 m. It is worth noting that the burial depth of the cross-section at K4 + 923 of the tunnel is 190 m, while the thickness of the overburden above the tunnel in the model is 75 m. Therefore, geostatic stress of overlying strata with a thickness of 115 m was also applied to the model in the simulation process. The boundary conditions for the numerical model are as follows: the left and right vertical sides are subject to horizontal restrictions only, while the bottom boundary is subject to both horizontal and vertical restrictions.




5.1.2. Mechanical Parameters of Rocks and Initial Ground Stress Field


The mechanical parameters of the three types of rock masses were provided based on results of laboratory tests and general geological judgment (Table 5). The ideal elasto-plastic constitutive model and Mohr–Coulomb yield criterion were used for simulations.



According to the measurements of in situ stress, the lateral pressure coefficients λH and λh of the horizontal maximum and horizontal minimum principal stresses were determined to be 1.2 and 1.0, respectively. Then, the initial in situ stress field of the simulation mesh could be obtained based on the two values.




5.1.3. Support Measures of the Tunnel Considered in the Simulation


The support measures implemented during the tunnel excavation are outlined in Table 1. For the numerical simulation, distinct elements, namely cable, beam, and solid elements, were employed to represent the anchor bolts, steel arch, and shotcrete, respectively. The cable and beam elements are structural components integrated within FLAC3D. It is important to note that the simulation was conducted using a two-dimensional model; thus, the advance support measures specified in Table 1 were not considered in the simulation.





5.2. Analysis of Simulation Results


Figure 13 shows the horizontal deformation of rocks after excavation of the tunnel based on rock parameters in Table 1. The maximum horizontal deformation of the tunnel is found in the middle–upper part of the left and right-hand walls, and the horizontal deformation at this position in the right-hand wall is 366.5 mm. Figure 14 illustrates the distribution of plastic zones. The depths of plastic zones in the vault and side walls of the tunnel are 5.7 and 8.6 m, respectively. Plastic zones are dominated by shear plastic zones, with a small area of shear-tension plastic zones distributed in shallow surrounding rocks of the tunnel. The deformation of surrounding rocks obtained by numerical simulations was compared with that measured during excavation of the tunnel, which indicated that the two are consistent in the upper bench. However, the measured deformation of surrounding rocks in the lower bench is much greater than that attained by numerical simulation. This is because the softening effect of groundwater on the lower mudstone interbedded with marl was not considered in the numerical simulation. As mentioned in Section 4.3, the formation of plastic zones during the excavation induces changes in the seepage field, guiding groundwater to flow toward the tunnel, which thus significantly decreases the strength of mudstone interbedded with marl below the glutenite layer. This is also the cause for the significant increase in the deformation of surrounding rocks in the lower bench. Therefore, the rock mass parameters of mudstone interbedded with marl after encountering groundwater shall be obtained through back-analysis based on the monitoring data from the lower bench of the tunnel.



For simplicity, only the weakening effect of groundwater on the elastic modulus of rock mass is considered in the back-analysis process. The range of the surrounding rock involved in the back-analysis is the plastic zone of mudstone intercalated with marl, as shown by the black box line in Figure 14. According to results of back-analysis, the elastic modulus of softened mudstone interbedded with marl in the left-hand wall is 0.012 GPa, while that of the softened mudstone interbedded with marl in the right-hand wall is 0.007 GPa. Figure 15 shows the horizontal deformation of surrounding rocks after excavation of the tunnel when considering the softening effect of groundwater on mudstone interbedded with marl. The maximum horizontal deformation of the left-hand wall in the lower bench is 518.5 mm, while that of the right-hand wall is 992.2 mm, which is consistent with the measured deformation. Differential deformations are observed in the lower bench’s side walls, which are attributed to varying degrees of groundwater-induced softening effects on the mudstone interbedded with marl. Field surveys further reveal a relatively higher moisture content in the right-hand wall compared to the left, providing corroborative evidence for the aforementioned explanation.



According to the deformation value of surrounding rock obtained by numerical simulation, the tunnel outline after deformation is fitted, as shown in Figure 16. By comparing the tunnel outlines before and after the deformation of the surrounding rock, it can be seen that the results of the numerical simulation can well reproduce the large deformation and the damage of the supporting structure during the tunnel excavation.





6. Discussion on the Mechanism of Large Deformation


6.1. Plastic Flow of Soft Rocks


Plastic flow caused by excavation is regarded as one of the most important factors that induce a large deformation of surrounding rocks of tunnels constructed in soft rocks [17]. Excavation of a tunnel alters the stress state of surrounding rocks from typical three-dimensional compression to a two-dimensional state and even induces tensile stresses. The excavation also increases the tangential stress while reducing the radial stress and inducing large shear stresses within a certain depth range. Once the stress reaches the yield plane, the rocks enter the plastic state and undergo plastic deformation in the plastic zones [36].



Deformation in plastic flow can occur at various scales, namely minor, severe, and extreme, depending on factors such as the primary structure of surrounding rocks, ground stress, and rock strength. The tunnel section is primarily composed of mudstone interbedded with marl, sandy mudstone, and glutenite, which have UCSs lower than 25 MPa, as determined by test results. These rocks are classified as soft rocks. Furthermore, the ratio of the strength of the surrounding rocks to the ground stress in the tunnel section is relatively small, indicating a region with extremely high ground stress. The stress redistribution resulting from tunnel excavation significantly surpasses the strength of the surrounding rocks, leading to their plastic yielding and substantial plastic deformation. The numerical analysis results also provide strong evidence that when adopting the Mohr–Coulomb yield criterion, the depth of the plastic zone in the side wall reaches 8.6 m. Therefore, the entire cross-section at K4 + 923 exhibits an extremely severe squeezing deformation.




6.2. Softening Effect of Groundwater on Rocks


Results of laboratory tests indicate that the UCS values of mudstone interbedded with marl and sandy mudstone decrease to different extents with increasing water content, reflecting the softening effect of water on rocks. Softening is a phenomenon that changes over time and it reduces the shear strength of the rock. Reduction in the strength can be represented as descent of the rupture envelop with the decrease in non-linearity at low stress [37]. XRD results indicate that mudstone interbedded with marl and sandy mudstone exposed during excavation of the tunnel both contain clay minerals such as montmorillonite and illite, so these rocks are of high hydrophilicity. Although mudstone has a low coefficient of permeability, the glutenite layer with its high water permeability and fractures caused by excavation unloading provide conditions for the seepage of groundwater. Groundwater flows to mudstone along these fractures, thus softening the mudstone. Terzaghi [38] described the relationship between the internal softening and stability of a cutting slope constructed in a hard, cracked clay. It is worth noting that fractures and unloading both play an important role in the process.



Figure 17 depicts the mechanism through which the groundwater’s softening effect facilitates significant deformation of the tunnel’s surrounding rocks. The process is explained as follows: the tunnel section from K4 + 904 to K4 + 924 is close to the gully and the excavation of the tunnel changes the seepage path of the groundwater. The glutenite layer, with its high water permeability in the middle of the tunnel, becomes the preferential pathway for the migration of groundwater, so that the water content or permeability of surrounding rocks in the middle and lower parts of the tunnel increases significantly. Meanwhile, the surrounding rocks are unloaded and relaxed due to excavation of the tunnel, resulting in the initiation, propagation, and coalescence of fractures (Figure 9). This further increases the permeability of the rocks and significantly changes the moisture conditions therein. Surrounding rocks are argillated and softened when exposed to water, show significantly decreased strength, and swell to some extent, leading to large plastic deformation. In particular, the mudstone interbedded with marl in the middle and lower parts of the tunnel undergoes greater plastic deformation under the influences of the glutenite aquifer. Therefore, the mechanism of occurrence of the large deformation of the rock surrounding the tunnel section from K4 + 904 to K4 + 924 is closely related to the strata structure and lithological distribution of the section as well as water recharging from the gully.



In the tunnel section where the large deformation occurred, the mechanical performance of mudstone interbedded with marl below the glutenite layer is more significantly deteriorated compared with that of the sandy mudstone above the glutenite layer under the combined influences of the lithological difference and groundwater. The difference in the mechanical performance of surrounding rocks below and above the glutenite layer generates an uneven load on the primary support (as evinced by the larger deformation in the lower side walls than in the upper part). This also induces local buckling of the streel arch at the glutenite layer.





7. Conclusions


Based on the comprehensive analysis of field surveys, deformation monitoring data, laboratory tests, and numerical simulations, the following conclusions can be drawn regarding the significant large deformation and damage to support observed during the excavation of a tunnel in Tertiary soft rocks in China.




	(1)

	
The large deformation of the surrounding rocks in the tunnel is primarily caused by two factors: plastic flow induced by tunnel excavation under low rock strength and the softening effect of groundwater on the surrounding rocks.




	(2)

	
The occurrence mechanism of the large deformation in the rocks surrounding the tunnel is closely related to the strata structure, lithological distribution of the tunnel section, and water recharge from the gully.




	(3)

	
The damage to the support structure in the tunnel is primarily driven by the combined effects of squeezing and swelling deformation of the surrounding rocks and non-uniform deformation between different rock layers.









In conclusion, the findings from this study highlight the importance of considering the strata structure, lithological distribution, and groundwater influence when assessing the potential for large deformation and damage to support during tunnel excavation in Tertiary soft rocks. These insights can inform future tunnel construction projects and help mitigate the risks associated with such geological conditions.
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Figure 1. Geological profile of the water-conveyance tunnel (A part of the water conveyance tunnel section from K3 + 700 to K5 + 500). 
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Figure 2. Lithology revealed by excavation at the K4 + 923 cross-section. 
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Figure 3. Real picture of gully. 
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Figure 4. Tunnel cross-sectional dimensions. 
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Figure 5. Large deformation of surrounding rock and support failure during tunnel excavation. (a) Large deformation in the horizontal direction; (b) Tunnel bottom lifting; (c) Cracking at the bottom of tunnel; (d) Steel arch bending. 
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Figure 6. Horizontal deformation curves of surrounding rocks at monitoring points on the cross-section at K4 + 923. 
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Figure 7. Horizontal deformation rate curves of surrounding rocks at monitoring points on the cross-section at K4 + 923. 
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Figure 8. Specimens of standard size: (a) Mudstone interbedded with marl and (b) Sandy mudstone. 
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Figure 9. Uniaxial compression failure form of rock samples in the natural state: (a) Mudstone interbedded with marl with UCS of 0.84 MPa and (b) Sandy mudstone with UCS of 3.72 MPa. 
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Figure 10. Appearances of the two types of rocks after being immersed in water for 24 h: (a) Mudstone interbedded with marl and (b) Sandy mudstone. 
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Figure 11. Seepage of groundwater from the inverted arch near K4 + 914. 
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Figure 12. Numerical simulation model and the mesh: (a) Numerical simulation model and (b) The mesh around the tunnel. 






Figure 12. Numerical simulation model and the mesh: (a) Numerical simulation model and (b) The mesh around the tunnel.



[image: Buildings 13 02262 g012]







[image: Buildings 13 02262 g013] 





Figure 13. Horizontal deformation of surrounding rocks of the tunnel when not considering the softening effect of groundwater. 
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Figure 14. Plastic zones after excavation of the tunnel. 
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Figure 15. Horizontal deformation of surrounding rocks of the tunnel when considering the softening effect of groundwater. 
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Figure 16. Tunnel outlines before and after the deformation of the surrounding rock. 
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Figure 17. Diagrammatic sketch for the mechanism of large deformation in the tunnel. 
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Table 1. Rock support measures.






Table 1. Rock support measures.





	
Support Stage

	
Support Measures

	
Detailed Parameters






	
Advance support

	
Forepole: advanced steel pipe

	
Location: upper 160° range of tunnel roof; Diameter of pipes: 42 mm; Length of pipes: 5 m; Spacing of pipes: 0.35 m




	
Primary support

	
Steel arch

	
HW150-type; 0.5 m spaced steel bars with 22 mm diameter are used to connect the steel arch; feet-lock bolts are used to fix the steel arch




	
Anchor bolt

	
Hollow grouting anchor bolt at 1.25 m × 1.25 m spacing and 3.5 m length




	
Shotcrete

	
0.2 m thick with steel net




	
Secondary support

	
Reinforced concrete lining

	
0.6 m thick











 





Table 2. Results of the uniaxial compression tests on mudstone interbedded with marl and sandy mudstone.






Table 2. Results of the uniaxial compression tests on mudstone interbedded with marl and sandy mudstone.





	
Lithology

	
Treatment

	
Water Content CW (%)

	
Elastic Modulus E

(MPa)

	
UCS

(MPa)






	
Mudstone interbedded with marl

	
Untreated

	
15.48

	
88

	
0.84




	
Air-dried for 4 days

	
9.48

	
149

	
1.44




	
Immersed in water for 1.5 h

	
26.96

	
12

	
0.24




	
Sandy mudstone

	
Untreated

	
18.03

	
654

	
3.72




	
Air-dried for 4 days

	
6.99

	
835

	
8.54




	
Immersed in water for 2 h

	
18.21

	
432

	
2.76




	
Immersed in water for 4 h

	
26.10

	
219

	
1.40




	
Immersed in water for 24 h

	
36.65

	
126

	
0.58











 





Table 3. Mineral compositions of mudstone interbedded with marl and sandy mudstone.
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Lithology

	
Mineral Content CM (%)




	
Montmorillonite

	
Quartz

	
Illite

	
Calcite

	
Feldspar






	
Mudstone interbedded with marl

	
34

	
30

	
16

	
15

	
5




	
Sandy mudstone

	
30

	
10

	
10

	
45

	
5











 





Table 4. Results of the swelling test on mudstone interbedded with marl and sandy mudstone.
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	Lithology
	Free Swelling Percentage PEs (%)
	Swelling Pressure Ps (MPa)





	Mudstone interbedded with marl
	4.07 to 6.38
	0.41 to 0.55



	Sandy mudstone
	1.31 to 1.51
	0.22 to 0.34










 





Table 5. Suggested mechanical parameters of the rock masses.
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Lithology

	
Unit Weight γ (kN/m3)

	
Shear Strength

	
Tensile Strength ts (MPa)

	
Elastic Modulus E (GPa)

	
Poisson’s Ratio ν




	
Cohesion c (MPa)

	
Friction Angle φ (◦)






	
Sandy mudstone

	
21.0

	
0.30

	
26.56

	
0.15

	
0.65

	
0.39




	
Glutenite

	
21.0

	
0.20

	
28.81

	
0.10

	
0.50

	
0.39




	
Mudstone interbedded with marl

	
21.0

	
0.28

	
24.23

	
0.14

	
0.09

	
0.39
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