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Abstract


This paper presents a simplified methodology for the design of jet-grouted bottom sealing barriers (temporary water-tightness structures) for deep excavations that was undertaken in deep aquifers. The bottom sealing barriers are usually required to prevent uplift failure against the water head below. Additionally, jet-grouted bottom sealing barriers are never perfect due to the uncertainties of jet grouting columns at the site, so the design must carefully consider the analysis of seepage. For these reasons, the proposed calculation procedure focuses on two different failure mechanisms (i.e., “instability failure” and “seepage failure”) of massive bottom sealing barriers. Subsequently, the design parameters of the jet-grouted bottom sealing barriers (e.g., depth and thickness) for an excavation case were determined while using the proposed design procedure. The field pumping test results show that the water-tightness performance of bottom-sealing barriers performed at site is good, which ensures that the water level inside the excavation can reach the desired level and the groundwater drawdown outside can be minimized. The leakage flow rate of bottom-sealing barriers is lower than the designed maximum allowable seepage when the water level inside stabilizes at the final period of the pumping test.
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1. Introduction


The development and utilization of underground space engineering (such as subways, underground stores, and underground parking, etc.) has become an important way of urban construction in China to achieve sustainable urban development. Deep excavations are an important part of urban underground space engineering construction, which is usually high-risk construction project because of great difficulty and danger during excavation. Even worse, there are Marine and Continental sediments of Quaternary Period with a large thickness that is below the water table in China’s coastal areas (e.g., Tianjin, Shanghai, and Fuzhou, etc.), which are mainly composed of miscellaneous fill, silt, clay, sand, and gravel, etc. Occasionally, the aquitards (e.g., silt, clay, etc.) are discontinuous, which results in close hydraulic relation among the aquifers. Besides, the confined aquifers usually have a high piezometric head in these areas. In these cases, groundwater control is a rather difficult work for deep excavation in these coastal areas. Dewatering must be carried out prior to the excavation in order to prevent water inflowing towards the excavation during the excavation. Water-isolation techniques are generally applied to reduce the adverse impact caused by excavation dewatering when dewatering may cause damage to the surrounding environment (e.g., buildings, roads, underground pipelines). The water-isolation techniques are mainly the use of waterproof curtains (completely or partially penetrating curtains) to cut off groundwater around the excavation, such as deep cement mixing piles, steel pipe sheet piles (SPSP), diaphragm walls, jet grouting columns, and steel cement–soil mixing walls (SMW) [1,2,3,4,5].



The issue on the calculation and design of excavation dewatering has attracted the attention of many researchers [6,7,8,9], especially a great deal of literature on dewatering for deep excavations with partially penetrating curtains has been published in recent years [10,11,12,13,14,15,16]. Deep excavations are conducted in China’s coastal cities, where the aquifers have a very large thickness (sometimes as large as 60–70 m). For such deep excavations surrounding complex urban environment where land subsidence needs to be strictly controlled, the partially penetrating curtains are perhaps not able to effectively cut off groundwater. In this case, sometimes the success of dewatering is difficult to be achieved, and simultaneously large-scale dewatering may also induce adverse effect on the environment around the excavation. However, when the completely penetrating curtains are employed for these deep excavations, the construction cost is very expensive and the construction is also difficult. Although, in this way, groundwater can be completely blocked, defects in underground enclosures at construction site are frequent [17,18,19,20], which result in groundwater inflow towards the excavation and inevitably induce high drawdowns and settlements (or even collapse sinkholes) outside the excavation.



In order to solve the problem on groundwater control for a deep excavation in deep aquifers, sometimes massive horizontal bottom-sealing barriers made of partially overlapping jet grouting columns [21,22,23] are performed for the excavation. When combined with the partially penetrating curtains (diaphragm walls), a waterproof curtain system that is enclosed on all the sides and at the bottom is formed. In this way, groundwater inflow towards the excavation can greatly decrease, so as to reduce or eliminate the drawdown outside during pumping groundwater inside an excavation. In spite of playing an effective role of jet-grouted bottom sealing barriers to groundwater control for deep excavations, there is still considerable uncertainty in the design phase in China, owing to the lack of reliable methods for the design of jet-grouted bottom sealing barriers. In most cases, the relevant design parameters (e.g., depth and thickness) of jet-grouted bottom sealing barriers are still determined based on the engineering experience or referring to stability checking of upper confining bed of confined aquifer. As a result, the design tends to be conservative or unsafe. Thus, it is necessary to establish a simple approach to determine the design parameters of massive jet-grouted bottom sealing barriers, so as to provide theoretical basis for the design in the future to satisfy the need of design and construction safety of deep excavations. The objective of this paper is to propose a simplified approach to design jet-grouted bottom sealing barriers that are employed for deep excavations in deep aquifers.




2. Methodology


2.1. Problem Statement


The problem is formulated, as shown in Figure 1. A deep excavation is undertaken below the water table using the “top-down” or “bottom-up” method in deep aquifers. The underground enclosures that are composed of diaphragm walls or similar support techniques were partially penetrated in the aquifers. Overlapping jet-grouting columns are performed with the aim of forming massive bottom-sealing barriers for the excavation. A couple of basic geometric variables for the problem are defined in Figure 1, where B is the excavation width, hexc is the excavation depth, hu is the depth of underground enclosures embedded in the aquifers, hw is the groundwater head with regard to the excavation bottom, hg is the thickness of jet-grouted bottom-sealing barriers, and hs is the depth of untreated soils with regard to the excavation bottom.




2.2. Failure Mechanism


The major role of jet-grouted bottom sealing barriers is to prevent or minimize water inflow towards the excavation bottom, so as to ensure that the effect of excavation dewatering on the surrounding environment can be reduced to a lower degree. In general, when considering the design of jet-grouted bottom sealing barriers, on the one hand, sufficient depth hs is needed to meet the anti-uplift requirement; on the other hand, the thickness of massive horizontal bottom sealing barriers hg should be kept as small as possible to save on construction cost. When considering the mechanical properties of jet-grouted bottom sealing barriers, the two failure mechanisms that are presented in Figure 2 have been considered in the following:



(1) Instability failure:



The whole jet-grouted bottom sealing barriers become unstable and may vertically slip along the underground enclosures when the sum of the self-weight of the untreated soils that are below the excavation bottom and the shear force at the interface between the jet-grouted bottom sealing barriers and the underground enclosures are not enough to resist the uplift action of the groundwater below bottom sealing barriers (Figure 2a).



(2) Seepage failure:



By in large, the after soil is improved by conventional high-pressure rotary jet grouting, the strength of the soil increases by several orders of magnitude, and the permeability will also be greatly reduced [24,25,26]. Ideally, the jet-grouted bottom sealing barriers can be regarded as almost impermeable materials. However, due to many uncertain factors, such as heterogeneous geology, inappropriate construction equipment, and operation technique, the jet-grouted bottom sealing barriers are still permeable. Thus, groundwater with a high head may induce seepage failure of the jet-grouted bottom sealing barriers (Figure 2b), which results in a large amount of groundwater inflowing towards the excavation. This will bring difficulties to the excavation dewatering, and even cause flooding hazards inside the excavation when it is serious.




2.3. Calculation of Jet-Grouted Bottom Sealing Barriers Considering Instability Failure


For the instability failure mechanism (shown in Figure 2a), the limit equilibrium equation for the assessment of the instability of jet-grouted bottom sealing barriers can be expressed as:


  V = G + R  



(1)




where V is uplift action of the groundwater pressure acting at the bottom of jet-grouted bottom sealing barriers, G is stabilizing action that is provided by the self-weight of both untreated soils below the excavation bottom and jet-grouted bottom sealing barriers, and R is stabilizing action because of the shear force acting at the interface between the jet-grouted bottom sealing barriers and the underground enclosures. It is noted that stabilizing action of the shear force acting at the interface between untreated soils below the excavation bottom and underground enclosures is herein conservatively neglected.



The water pressure acting on the bottom of jet-grouted bottom sealing barriers can be written as:


  V =  γ w   h u   A p   



(2)




where γw is unit weight of water, hu is head height of water acting at the bottom of jet-grouted bottom sealing barriers, Ap is the area of jet-grouted bottom sealing barriers, for the long rectangle excavation, which can be computed as    A p  = L · B  , and L and B are the length and width of the long rectangle excavation, respectively.



The structures’ self-weight includes the self-weight of both untreated soils below the excavation bottom and jet-grouted bottom sealing barriers, the stabilizing action being provided by the structures’ self-weight G can be computed as:


  G =  (   γ s   h s  +  γ g   h g   )   A p   



(3)




where γs is unit weight of natural soil, γg is unit weight of jet-grouted bottom sealing barriers, hg is the thickness of jet-grouted bottom-sealing barriers, and hs is the depth of untreated soils with regard to the excavation bottom.



The total shear force acting at the interface between the jet-grouted bottom sealing barriers and the underground enclosures R can be expressed as:


  R = p      ∫   h  e x c   +  h s     h  e x c   +  h s  +  h g     τ d z    = 2  (  B + L  )     ∫   h  e x c   +  h s     h  e x c   +  h s  +  h g     τ d z     



(4)




where p is perimeter of long rectangle excavation, which can be written as   p  = 2  ·  (  L + B  )   , hexc is the excavation depth, and  τ  is the shear stresses acting at the interface between the jet-grouted bottom sealing barriers and the underground enclosures.



Herein, neglecting the frictional effect between jet-grouted bottom sealing barriers and the underground enclosures, the shear strength of the jet-grouted bottom sealing barriers is considered via the Tresca yield criterion. The shear strength  τ  acting at the interface between the jet-grouted bottom sealing barriers and the underground enclosures can be assumed to coincide with the cohesion cg of the jet-grouted bottom sealing barriers. Besides, the cohesion cg can be expressed as a function of the unconfined compression strength qu of the jet-grouted bottom sealing barriers, namely, the shear strength  τ  acting at the interface between the jet-grouted bottom sealing barriers and the underground enclosures can be written as:


  τ =  c g  = δ  q u   



(5)




where δ is a constant, which typically ranges between 0.2 and 0.3 [27].



Combined Equations (1)–(5), the limit equilibrium equation for the assessment of the instability of jet-grouted bottom sealing barriers can be expressed as:


   γ w   h u  L B =  (   γ s   h s  +  γ g   h g   )  L B   + 2  (  B + L  )  δ  q u   h g   



(6)







For the long rectangle excavations (  L ≫ B  ), the jet-grouted bottom sealing barriers can be analyzed as a plane problem, and the limit equilibrium Equation (6) can be approximately computed as




    γ w   h u  B =  (   γ s   h s  +  γ g   h g   )  B   + 2 δ  q u   h g    



(7)





In common practice, the jet-grouted bottom sealing barriers need to be considered with safety allowance in the design. Taking into account of safety factor Fs, the limit equilibrium Equation (7) for the long rectangle excavations (  L ≫ B  ) can be written as




    F s   γ w   h u  B =  (   γ s   h s  +  γ g   h g   )  B   + 2 δ  q u   h g    



(8)





Dividing all terms by    γ w   B 2    and grouping all terms in Equation (8), the dimensionless relation between hs and hg can be expressed as:


     h s   B  =    γ w     γ s     [   F s     h u   B  −  (     γ g     γ w    + 2 δ    q u     γ w  B    )     h g   B   ]   



(9)







Based on the quantitative relationship among geometric dimensions in Figure 2a, the depth of underground enclosures that are embedded in the aquifers hu is expressed as    h u  =  h w  +  h s  +  h g   . Substituting it into Equation (9), the dimensionless relation between hs and hg further becomes as:


     h s   B  =    F s     h w   B  −  (     γ g     γ w    + 2 δ    q u     γ w  B   −  F s   )     h g   B     (     γ s     γ w    −  F s   )     



(10)







Figure 3 presents the calculation procedure of jet-grouted bottom sealing barriers when considering instability failure.




2.4. Calculation of Jet-Grouted Bottom Sealing Barriers Considering Seepage Failure


Ideally, jet-grouted bottom sealing barriers are considered to be almost impermeable materials that have a very low hydraulic conductivity, but in fact jet-grouted materials in the field still have permeability. The hydraulic conductivity of jet grouting in the field is far larger than that obtained by the laboratory test under an ideal condition. When the hydraulic conductivity of the jet-grouted bottom sealing barriers in the field exceeds a certain value, groundwater with high head can induce seepage failure. Therefore, it is necessary to propose a calculation method of the jet-grouted bottom sealing barriers when considering seepage failure. For the seepage failure mechanism, the following assumptions are considered:



(1) The water table is horizontal without considering the fluctuation of groundwater level during pumping inside the excavation.



(2) Groundwater seepage follows Darcy’s law, and it is based on the principle of flow balance; the flow of any cross-section is equal.



(3) The equivalent hydraulic conductivity of multi-layer soils can be expressed as the weighted hydraulic conductivity   k =   ∑ i      k i   M i     M i       , where ki and Mi are the hydraulic conductivity and average thickness of each soil layer, respectively.



Followed Darcy’s law, the flow rate Q of any cross-section can be expressed as:


  Q = k L B   d H   d z    



(11)







Because of the effect of vertical waterproof curtains (underground enclosures), groundwater outside the excavation needs to flow over the underground enclosures and flow towards the excavation through the jet-grouted bottom sealing barriers. By introducing hydraulic boundary conditions of multi-layer soils outside the enclosures:   z =  h g  +  h s  −  h u   ,   H =  h w   ;   z =  h g  +  h s   ,   H =  h 2   ; the flow rate Q of groundwater outside that flows into the jet-grouted bottom sealing barriers can be calculated based on Equation (11) as


  Q =  k u  L B    h w  −  h 2     h u     



(12)




where ku is the equivalent hydraulic conductivity of multi-layer soils outside the enclosures and h2 is the hydraulic head of groundwater below the jet-grouted bottom sealing barriers.



By introducing hydraulic boundary conditions of jet-grouted bottom sealing barriers:   z =  h g  +  h s   ,   H =  h 2   ;   z =  h s   ,   H =  h 1   , the flow rate Q of groundwater flows from the jet-grouted bottom sealing barriers (hg) can be computed based on Equation (11), as


  Q =  k g  L B    h 2  −  h 1     h g     



(13)




where kg is the effective hydraulic conductivity of jet-grouted bottom sealing barriers and h1 is the hydraulic head of groundwater at the top of the jet-grouted bottom sealing barriers.



By introducing hydraulic boundary conditions of untreated soils below the excavation bottom:   z =  h s   ,   H =  h 1   ;   z = 0  ,   H =  h 0   , the flow rate Q of untreated soils (hs) below the excavation bottom based on Equation (11) as


  Q =  k s  L B    h 1  −  h 0     h s     



(14)




where ks is the effective hydraulic conductivity of untreated soils below the excavation bottom and h0 is the hydraulic head of the excavation bottom.



Generally, the water level inside the excavation should be lowered below the excavation bottom, so as to provide dry working space for the excavation. The hydraulic head at the excavation bottom is herein assumed zero after dewatering (h0 = 0), Equation (14) becomes as




   Q =  k s  L B    h 1   /   h s      



(15)





By combining Equations (12), (13) and (15), the hydraulic head of groundwater at the bottom (h2) and top (h1) of the jet-grouted bottom sealing barriers as well as the flow rate Q can be, respectively, written as




    h 2  =    k u   k s   h g  +  k u   k g   h s     k s   k g   h u  +  k u   k s   h g  +  k u   k g   h s     h w    



(16)






    h 1  =    k u   k g   h s     k s   k g   h u  +  k u   k s   h g  +  k u   k g   h s     h w    



(17)






   Q =    k u   k g   k s     k s   k g   h u  +  k u   k s   h g  +  k u   k g   h s    L B  h w    



(18)





Ideally, the expected hydraulic conductivity (kg) of the jet-grouted bottom sealing barriers is quite low, but the hydraulic conductivity (kg) of the jet-grouted bottom sealing barriers in the field is obviously different from the expected value [20,28]. In addition, it is impossible to accurately estimate the hydraulic conductivity of the jet-grouted bottom sealing barriers in advance during the design stage of the jet-grouted bottom sealing barriers, because it is influenced by geological conditions, construction technology, operation methods, and other factors.



For this reason, the maximum acceptable seepage volume per unit area of jet-grouted bottom sealing barriers is taken as the performance control index during the design. When the actual seepage of jet-grouted bottom sealing barriers is less than the designed index, it can be considered that the jet-grouted bottom sealing barriers meets the design requirements. Thus, the following mathematical equation can be obtained based on the criterion of the allowable seepage of jet-grouted bottom sealing barriers:


   Q  L B   =    k u   k g   k s     k s   k g   h u  +  k u   k s   h g  +  k u   k g   h s     h w  ≤  [ q ]   



(19)




where    [ q ]    is the designed maximum allowable seepage of jet-grouted bottom sealing barriers per unit area.



By substituting the quantitative relation among hu, hw, hs and hg (i.e.,    h u  =  h w  +  h s  +  h g   ) into Equation (19), the limit equation for the allowable seepage of jet-grouted bottom sealing barriers can be expressed, as follows:


   [ q ]  =  1   1   k u    +  (   1   k u    +  1   k g     )  ·    h g     h w    +  (   1   k u    +  1   k s     )  ·    h s     h w       



(20)







When grouping all terms and dividing all terms by B/hw in Equation (20), the dimensionless equation between the thickness (hg) of jet-grouted bottom sealing barriers and the thickness (hs) of untreated soils below the excavation bottom can be expressed, as follows:


     h s   B  =    (   1   [ q ]    −  1   k u     )     (   1   k u    +  1   k s     )    ·    h w   B  −    (   1   k u    +  1   k g     )     (   1   k u    +  1   k s     )    ·    h g   B   



(21)







Safety factor Fs can be expressed as the ratio of the total effective gravity to the sum of seepage force (including jet-grouted barriers (hg) and untreated soils (hs)), i.e.,


   F s  =    γ g ′   h g  +  γ s ′   h s     γ w   J g   h g  +  γ w   J s   h s     



(22)




where    γ g ′    is effective unit weight of jet-grouted barriers,    γ s ′    is effective unit weight of untreated soils, in the case of multi-layered soils, the value can be computed with a weighted value, and Jg is average hydraulic gradient of jet-grouted bottom sealing barriers, which is expressed as    J g  =    (   h 2  −  h 1   )   /   h g     , Js is the average hydraulic gradient of untreated soils, which is expressed as    J s  =    h 1   /   h s     .



By combining Equations (13), (15) and (22), safety factor Fs can be expressed as




    F s  =    γ g ′   h g  +  γ s ′   h s     γ w   Q  L B  k g     h g  +  γ w   Q  L B  k s     h s      



(23)





For this seepage failure mechanism, the designed index ([q]) of the maximum allowable seepage of jet-grouted bottom sealing barriers per unit area is a given variable. Grouping all the terms in Equation (23), the following equation can be obtained as




    1   k g    =  1   F s    ·  1   [ q ]    ·    γ g ′     γ w    +  1   F s    ·  1   [ q ]    ·    γ s ′     γ w    ·    h s     h g    −  1   k s    ·    h s     h g      



(24)





Combining Equations (21) and (24), and eliminating the unknown term kg (hydraulic conductivity of the jet-grouted bottom sealing barriers), the dimensionless equation between thickness hg and the depth hs of jet-grouted bottom sealing barriers can be ultimately expressed, as follows:


     h s   B  =    (   1   [ q ]    −  1   k u     )     (   1   k u    +  1   F s    ·  1   [ q ]    ·    γ s ′     γ w     )    ·    h w   B  −    (   1   k u    +  1   F s    ·  1   [ q ]    ·    γ g ′     γ w     )     (   1   k u    +  1   F s    ·  1   [ q ]    ·    γ s ′     γ w     )    ·    h g   B   



(25)







Figure 4 presents the calculation procedure of jet-grouted bottom sealing barriers when considering seepage failure.





3. Parametric Analysis and Design Procedure


3.1. Parametric Analysis


This part mainly discusses the influence of important parameters on the calculation results for two different failure mechanisms. The deep excavations for urban subway station in China are usually long rectangle excavation (  L ≫ B  ). The excavation depth of underground two-story station is 15–20 m and the width of the excavation in standard segment is 16–18 m. The regular size of a deep excavation of underground two-story station is considered in the calculation. The excavation width is set as 17.5 m. The homogeneous sandy soil is selected as the representative soil material for discussion. The unit weight of water, jet-grouted material and sandy soil is 10, 22 and 18.16 kN/m3, respectively.



Figure 5a,b display the relation curves of the dimensionless thickness hg/B versus the dimensionless depth hs/B of jet-grouted bottom sealing barriers when considering “instability failure” under the different water table and the unconfined compression strength. As can be seen from Figure 5a,b, when the dimensionless depth hs/B is fixed, for meeting the requirement of the stability, the dimensionless thickness hg/B should increase with the dimensionless water table hw/B, and vice versa. When the dimensionless depth hs/B is fixed, the dimensionless thickness hg/B decreases as the dimensionless term δqu/γwB increases, and vice versa. This suggests that the unconfined compression strength qu of the jet-grouted bottom sealing barriers play a crucial role in the design of the thickness of jet-grouted bottom sealing barriers. The greater the unconfined compression strength qu, the smaller the thickness hg of jet-grouted bottom sealing barriers.



Figure 6a–c display the relation curves of the dimensionless thickness hg/B versus the dimensionless depth hs/B of jet-grouted bottom sealing barriers when considering “seepage failure” under the different water table, the equivalent hydraulic conductivity of soils and the allowable seepage of jet-grouted bottom sealing barriers per unit area, respectively. As can be seen from Figure 6a–c, when the dimensionless thickness hg/B is fixed, to prevent from seepage failure the dimensionless depth hs/B should increase with the dimensionless water table hw/B, and vice versa. When the dimensionless thickness hg/B is fixed, the dimensionless depth hs/B should increase as the equivalent hydraulic conductivity of soils ku becomes large, and vice versa. When the dimensionless depth hs/B and the equivalent hydraulic conductivity of soils ku are fixed, the dimensionless thickness hg/B decreases as the allowable seepage of jet-grouted bottom sealing barriers per unit area [q] increases, but the allowable seepage of the jet-grouted bottom sealing barriers per unit area [q] varies between 0.01 and 0.3, the effect of which plays on the dimensionless thickness hg/B or the dimensionless depth hs/B is not significant.




3.2. Design Procedure


Generally, the design parameters of the jet-grouted bottom sealing barriers often involve the two important parameters of thickness hg and depth hs (or called the thickness of untreated soils). If the terms hs is quite large, field construction of jet-grouted bottom sealing barriers may not be achieved; otherwise, if jet-grouted bottom sealing barriers is relatively thick, the construction cost will be expensive. Therefore, comprehensive comparison between the two important parameters hg and hs is needed in the design, so as that a set of optimized design parameters are determined for the design of jet-grouted bottom sealing barriers.



The calculation methods of jet-grouted bottom sealing barriers considering instability failure and seepage failure mechanism are proposed in Section 2.3 and Section 2.4, respectively. Based on these different calculation methods, the optimum design procedure for the determination of the parameters of jet-grouted bottom sealing barriers can be further formed, including:



(1) According to the actual geology and hydrology condition of a deep excavation as well as excavation size, the values of variables that have been known (e.g., B, hw, [q], hw, etc.) are determined in advance. When substituting these values into Equations (10) and (25), the quantitative relation between the dimensionless thickness of jet-grouted bottom sealing barriers (hg/B) and the dimensionless thickness of untreated soils (hs/B) can be given when considering instability failure and seepage failure mechanism, respectively.



(2) When considering specific safety factor Fs, the relation curves of hg/B versus hs/B are plotted in view of instability failure and seepage failure mechanism, respectively. Based on the plotting charts, the design parameters of jet-grouted bottom sealing barriers can be reasonably determined.





4. Application


4.1. Case Study


The proposed design procedure has been applied to a case study of a deep excavation of metro station in Fuzhou City, China. The excavation is carried out by “bottom-up” construction method. The length and width of the excavation is 200 m and 19.7 m, respectively. The underground enclosures are composed of 80 cm thick diaphragm walls. The geology at site is mainly composed of miscellaneous fill, silt, silt with sand, fine-medium sand with silt, silty clay, medium-coarse sand, silt with sand and gravel. The typical geology profile is presented in Figure 7. Table 1 lists the physico-mechanical properties of soils from the laboratory test.



The hydrogeology at the site is a multi–aquifer–aquitard system (MAAS). The groundwater system is mainly composed of a phreatic aquifer and two confined aquifers (I and II). The confined aquifer I consists of fine-medium sand with silt, which has a piezometric head of 4.0–5.0 m below he ground surface (BGS). The confined aquifer II consists of medium-coarse sand and gravel, and the piezometric head of confined aquifer II is 3.0–4.0 m BGS. The aquitards (e.g., silt with sand, silty clay) are discontinuous at the excavation site. Due to the partial presence of skylights of the upper confining bed in confined aquifers at the central area of the excavation site, there is a very close hydraulic relation between confined aquifer I and II, resulting in a great challenge for groundwater control during excavation. Massive jet-grouted bottom sealing barriers are applied for the excavation to lower the water lever inside the excavation and simultaneously minimize the effect of pumping on adjoining buildings and utilities outside the excavation.




4.2. Design of Jet-Grouted Bottom Sealing Barriers


Table 2 lists the calculating parameters that have been known for the design of jet-grouted bottom sealing barriers. Considering such factors for importance of the excavation, uncertainty of jet grouting and safety allowance, safety factor Fs is set as 1.2 for the design of jet-grouted bottom sealing barriers. Figure 8 presents the relation curves of hg versus hs under the condition of both instability failure and seepage failure. The intersection of the two curves of hg versus hs plotted in Figure 8 should be a set of optimum solutions for the design of jet-grouted bottom sealing barriers, namely, hs is 14 m and hg is 1.8 m. On the one hand, it can prevent “instability failure” and “seepage failure” of jet-grouted bottom sealing barriers, so as to avoid the occurrence of, and on the other hand, the thickness of jet-grouted bottom sealing barriers is not very large, so that the excavation cost is not expensive.



However, when considering the safety allowance and uncertainty factors during construction, the thickness of jet-grouted bottom sealing barriers is conservatively designed as 5 m (larger than the calculated thickness 1.8 m). Finally, the depth of untreated soils and thickness of jet-grouted bottom sealing barriers are determined to be 14 m and 5 m, respectively, as shown in Figure 9. The designed diameter and center spacing of the jet grouting columns is 1.1 m and 0.75 m, respectively.



The double high-pressure jet grouting technique that develops on the traditional triple-rod method is used for the construction due to the deep depth of jet-grouted bottom sealing barriers that are below the ground surface. Table 3 lists the construction parameters of the jet grouting columns.




4.3. Pumping Test Results And Analyses


4.3.1. Pumping Test Scheme


Field pumping tests were performed prior to the excavation to assess the effectiveness of massive jet-grouted bottom sealing barriers to groundwater control for the excavation. Figure 10 displays the location of all the pumping wells and observation wells installed inside and outside the excavation, respectively. 23 pumping wells (labelled W1 to W23) were screened at the depth of 24–25 m BGS in three excavation zones (West zone, Central zone, and East zone). A total of 21 observation wells (labelled Q1 to Q14 and S1 to S7) were screened at different depths to measure the drawdown outside. Table 4 illustrates the detailed procedure of the field pumping tests.




4.3.2. Pumping Test Results and Analyses


(1) Groundwater drawdown



Figure 11a,b display the variation of groundwater drawdown in observation wells that were installed inside and outside the excavation during pumping test. As can be seen from Figure 11a, the stabilized drawdown of well W9 inside the West zone was about 8.4 m after the 24 h pumping test. The maximum drawdown of observation wells installed inside the Central zone is up to 14.9 m, being located at well W15 after the 48 h pumping test. The stabilized drawdown of well W23 inside the East zone was about 6.8 m after he 80 h pumping test. Due to the lower water level at both the West and East zone from the results of the initial observation, the water table inside the excavation could be lowered to the excavation bottom. As shown in Figure 11b, the maximum groundwater drawdown outside the West zone, Central zone, and East zone was 0.16 m, 0.18 m, and 0.1 m when the water level inside stabilized.



(2) Pumping rate of wells



Figure 12 displays the evolution of the pumping rate of operative wells installed inside the excavation during the pumping test. It can be seen that the total pumping rate of operative wells gradually decreased as the pumping test went. After the stabilization of water level, the total pumping rate of all operative wells in the West zone, Central zone, and East zone was 270.24, 169.92, and 109.68 m3/d, respectively. When compared with the data measured at the initial period of pumping test, the total pumping rate of wells obviously decreased, especially the total pumping rate of wells in the central zone declined by more than 75%.





4.4. Discussion


In fact, when the water table inside stabilizes, the total pumping rate of all operative pumping wells will be approximately equivalent to the leakage of jet-grouted bottom sealing barriers in case of neglecting the leakage of the underground enclosures. From the results of the field pumping test, the daily water inflow towards the excavation is about 550 m3 when the water table inside stabilizes. To some extent, this proves the truth that, although jet-grouted bottom sealing barriers can greatly reduce the water inflow, it still has permeability and it is not able to completely cut off the groundwater below. Therefore, it is necessary and practical to propose a design method of jet-grouted bottom sealing barriers when considering seepage failure.



Furthermore, the variation of groundwater drawdown measured outside the excavation is less than 0.2 m. This suggests that the jet-grouted bottom sealing barriers play a crucial role for cutting off groundwater, resulting in dewatering inside having little impact outside the excavation. This paper proposes the calculation method of jet-grouted bottom sealing barriers considering seepage failure mechanism, which is based on the hypotheses without considering the fluctuation of groundwater level during pumping inside the excavation. The results of groundwater drawdown measured outside the excavation during pumping inside also prove the validity of this hypothesis to some extent.



The area of jet-grouted bottom sealing barriers that were applied for the excavation case is about 3600 m2, that is, the seepage flow rate per unit area of jet-grouted bottom sealing barriers (1 m2) is 0.15 m3/d, which is less than the maximum allowable seepage flow rate per unit area of jet-grouted bottom sealing barriers (0.25 m3/d). This implies that the performance of jet-grouted bottom sealing barriers applied for the excavation case is good, which meets the requirements of design and safety.





5. Concluding Remarks


The calculation method of jet-grouted bottom sealing barriers applied for deep excavations in deep aquifers are proposed when considering the two different failure mechanisms (“instability failure” and “seepage failure”). The design procedure for the determination of the parameters of jet-grouted bottom sealing barriers is also proposed when considering both of the failure mechanisms. The proposed design procedure is applied to an excavation of a metro station in Fuzhou City, China.



The field pumping tests prove that the performance of jet-grouted bottom sealing barriers is good. On the one hand, it ensures that the water level inside the excavation can reach the desired level (the maximum drawdown inside up to 14.9 m); on the other hand, it minimized the groundwater drawdown outside (the maximum drawdown outside less than 0.2 m). In the later stage of the stabilization of pumping inside, the leakage of the deep horizontal bottom sealing curtain per unit area of foundation pit is lower than the maximum allowable seepage designed.



The design procedure that is proposed in this paper provides a scientific theory for the determination of the parameters of jet-grouted bottom sealing barriers. In this way, the design of jet-grouted bottom sealing barriers can be more scientific and reasonable. Unfortunately, this design procedure herein proposed in this paper can only design the depth and thickness of jet-grouted bottom sealing barriers that are used for a deep excavation. In fact, both the spacing and diameter of jet grouting columns are quite critical in the design of jet-grouted bottom sealing barriers. The problem will be discussed in depth in future work.
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Nomenclature










	L
	length of rectangular excavation
	B
	width of rectangular excavation



	p
	perimeter of long rectangle excavation
	Ap
	area of jet-grouted bottom sealing barriers



	hexc
	depth of rectangular excavation
	hw
	groundwater head with regard to excavation bottom



	hg
	thickness of jet-grouted bottom-sealing barriers
	hs
	depth of untreated soils with regard to excavation bottom



	hu
	depth of enclosures embedded in the aquifers
	γw
	unit weight of water



	γs
	unit weight of natural soil
	γg
	unit weight of jet-grouted bottom sealing barriers



	    γ s ′    
	effective unit weight of untreated soils
	    γ g ′    
	effective unit weight of jet-grouted barriers



	qu
	unconfined compression strength of jet-grouted materials
	cg
	cohesion of jet-grouted materials



	ki
	hydraulic conductivity of each soil layer
	Mi
	the average thickness of each soil layer



	ku
	equivalent hydraulic conductivity of multi-layer soils
	ks
	effective hydraulic conductivity of untreated soils



	kg
	effective hydraulic conductivity of bottom sealing barriers
	  τ  
	shear strength of jet-grouted materials



	h1
	hydraulic head at the top of the jet-grouted barriers
	h2
	hydraulic head at the bottom of the jet-grouted barriers



	h0
	hydraulic head of the excavation bottom
	Q
	flow rate of bottom sealing barriers



	Jg
	average hydraulic gradient of jet-grouted barriers
	Js
	average hydraulic gradient of and untreated soils



	V
	uplift action of the groundwater pressure
	R
	stabilizing action of the shear force



	G
	stabilizing action provided by self-weight of both untreated soils and jet-grouted barriers
	
	



	[q]
	designed allowable seepage of bottom sealing barriers per unit area
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Figure 1. Plan view of jet-grouted bottom sealing barriers. 
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Figure 2. Failure mechanisms of jet-grouted bottom sealing barriers: (a) Instability failure; (b) Seepage failure. 
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Figure 3. Calculation procedure of jet-grouted bottom sealing barriers considering instability failure. 
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Figure 4. Calculation procedure of jet-grouted bottom sealing barriers considering seepage failure. 
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Figure 5. Relation curves of hg/B versus hg/B when considering “instability failure”: (a) water table; and, (b) unconfined compression strength. 
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Figure 6. Relation curves of hg/B versus hg/B considering “seepage failure”: (a) water table; (b) equivalent hydraulic conductivity of soils; and, (c) allowable seepage of jet-grouted bottom sealing barriers per unit area. 






Figure 6. Relation curves of hg/B versus hg/B considering “seepage failure”: (a) water table; (b) equivalent hydraulic conductivity of soils; and, (c) allowable seepage of jet-grouted bottom sealing barriers per unit area.



[image: Applsci 09 02307 g006a][image: Applsci 09 02307 g006b]







[image: Applsci 09 02307 g007] 





Figure 7. Typical geology profile at site. 
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Figure 8. Relation curve of depth hs versus thickness hg of jet-grouted bottom sealing barriers. 
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Figure 9. Design of jet-grouted bottom sealing barriers. 
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Figure 10. The location of the pumping and observation wells. 
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Figure 11. Variation of the drawdown measured in observation wells: (a) inside the excavation; and, (b) outside the excavation. 
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Figure 12. Time-history curves of pumping rate of wells in different excavation zone. 
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Table 1. Physico-mechanical properties of soil at the site.
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Soil Layer

	
Average Thickness

(m)

	
Hydraulic Conductivity

	
Void Ratio

e

	
Unit Weight

γ (kN/m3)

	
Compression Modulus

Es (MPa)




	
kh (m/d)

	
kv (m/d)






	
miscellaneous fill

	
2.8

	
8.64 × 10−2

	
-

	
18.5

	
4.0




	
silt

	
4.2

	
0.00085

	
0.00046

	
1.71

	
15.6

	
1.6




	
silt with sand

	
4.3

	
0.13

	
1.60

	
15.9

	
4.0




	
fine-medium sand with silt

	
10.0

	
8.5

	
-

	
18.5

	
6.0




	
silty clay

	
3.0

	
0.004

	
0.003

	
0.71

	
19.2

	
7.0




	
medium-coarse sand

	
11.0

	
15

	
-

	
19.0

	
13.0




	
silt with sand

	
2

	
0.13

	
1.1

	
17.4

	
3.5




	
gravel

	
8.0

	
40

	
-

	
18.0

	
40.0











 





Table 2. Calculating parameter.
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	Variables
	B (m)
	γs (kN/m3)
	γw (kN/m3)
	γg (kN/m3)
	ku (m/d)
	hw (m)
	hexc (m)
	[q] (m/d)
	cg (kPa)





	Value
	18.1
	19
	10
	22
	11.5
	13
	16
	0.25
	200







Note that unit weight of natural soil γs and the hydraulic conductivity of multi-layer soils ku are taken a weighted value.













 





Table 3. Construction parameters of jet grouting columns.
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Properties

	
Grout

	
Water

	
Air

	
Rod Lifting Rate

(cm/min)

	
Rod Rotation Rate

(rpm)




	
Pressure

(MPa)

	
Flow Rate

(L/min)

	
Water-Cement Ratio by Weight

	
Pressure

(MPa)

	
Flow Rate

(L/min)

	
Pressure

(MPa)

	
Flow Rate

(m3/min)






	
Range value

	
35

	
100

	
1:1

	
25–35

	
70

	
0.8

	
6

	
12

	
10











 





Table 4. Procedure of pumping tests.
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Test

	
Subsection

	
Pumping Wells

	
Observation Wells

	
Pumping Time (d)




	
Inside

	
Outside






	
①

	
West Zone

	
W1, W3, W4, W5, W6, W7, W8

	
W9

	
Q2, Q4, Q6, P2, P4

	
5




	
②

	
Central Zone

	
W10, W12, W13, W14, W16, W17

	
W15

	
Q6, Q8, Q10, Q12, P4, P5, P6

	
4.5




	
③

	
East Zone

	
W18, W19, W20, W21, W22

	
W23

	
Q12, Q14, P6, P7

	
4












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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