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Chapter

Underground Excavations
Below the Water Table by the
Cut-and-Cover Method
Estanislao Pujades, Miao Jing, Chunhui Lu and Anna Jurado

Abstract

Most underground constructions, which are needed to improve mobility and
increase available space in urban areas, require excavations that are usually deeper
than the water table (e.g., for the construction of stations or underground parking
lots). A frequently used technique to develop excavations under these conditions
consists in combining the cut-and-cover method with a dewatering system based on
deep pumping wells. Retaining walls used for the cut-and-cover method allow exca-
vating between vertical walls and minimizes the inflow of groundwater, while deep
pumping wells provide dry and stable conditions. Despite this technique is widely
used, some aspects related with the presence of groundwater must be considered to
avoid accidents. Dewatering systems must be properly designed to guarantee suitable
conditions and to minimize the pumping settlements outside of the working area. In
addition, it is required to assess the presence of defects in the retaining walls because
the flow of groundwater through them may entail negative consequences. This chap-
ter explains procedures (i) to design efficient dewatering systems considering the
working conditions, the stability and the impacts generated in the vicinity of the
construction, and (ii) to evaluate the state of the retaining walls by using
hydrogeological tools.

Keywords: underground excavation, dewatering system, cut-and-cover method,
pumping settlements, bottom stability, weather tightness assessment test

1. Introduction

The 70% of the world’s population will be living in urban areas by 2050 [1]. Then,
new infrastructures are needed for the development of cities and to cover the
demands of the growing population. New infrastructures will improve the mobility
(i.e., railway or motorway tunnels, stations, etc.) and the available space (i.e., under-
ground parking lots). These new infrastructures must be constructed underground
due to space limitations on the surface of urban areas, thereby, developing urban areas
in the vertical direction. Most cities already have underground infrastructures and
thus, the new ones should be deeper than the previous ones. Consequently, new

1



infrastructures will probably be developed below the water table and will interact
with groundwater.

The interaction between groundwater and the construction of underground infra-
structures is bi-directional, meaning that the infrastructure may impact the natural
behavior of aquifers (during and after its construction) and that the presence of
groundwater hinders their construction, and in certain circumstances, even their
utilization. Thus, the interaction between groundwater and underground infrastruc-
tures must be properly considered.

There are different construction methods adapted to the different kinds of infra-
structures and the requirements of their construction. Among them, the cut-and-
cover method is one of the most used in urban areas for constructing linear or non-
linear infrastructures [2]. This method involves excavating between vertical retaining
walls that minimize the needed space for the construction because, in the absence of
retaining walls, the excavation walls must be inclined increasing enormously the
needed space in case of deep excavations. The cut-and-cover method must be com-
bined with dewatering facilities when excavations are developed below the water
table [3]. Despite this dry conditions can be reached by collecting water at the surface
by means of a system of trenches, and pumping it with a sump pump [4], stable
conditions at the strata below the excavation bottom can only be reached by using
deep pumping wells. The retaining walls (i) allow excavating between vertical walls,
(ii) minimize the inflow inside the excavation and (iii) mitigate the potential impacts
generated by the dewatering outside [5], whilst pumping wells reduce the piezometric
head, ensuring dry conditions and providing stability to the excavation bottom [6].
The main actions to develop constructions by the cut-and-cover method combined
with deep pumping wells (summarized in Figure 1) are: (1) to construct the
retaining walls, (2) to drill the pumping wells and reduce the piezometric head until
the required depth, (3) to excavate until the desired depth, (4) to construct the
infrastructure and (5) to fill the space between the top of the infrastructure and the
surface [7].

The presence of groundwater must be carefully considered during the execution of
underground infrastructures by the cut-and-cover method. Groundwater may pro-
duce instabilities at the bottom of the excavation giving rise to liquefaction or bottom
uplift events [8]. Then, the dewatering system, in addition to providing dry condi-
tions, must reduce the water pressure as much as necessary to ensure stable conditions
[6]. However, the hydraulic head should not be lowered more than necessary in order
to minimize the impacts outside of the enclosure. The potential impacts produced
outside the enclosure are: (i) the loss of hydraulic resources [9], which is relevant in

Figure 1.
Cut-and-cover method steps for the construction of an infrastructure below the water table (modified from [7]).
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areas where water resources are scarce, and (ii) the soil subsidence (i.e., settlements)
[10], which can endanger nearby buildings and infrastructures, either surface or
underground. Common practices to minimize the groundwater-related issues consist
of: (i) deepening the retaining walls until reaching an impervious layer and (ii)
injecting jet-grouting below the excavation bottom to avoid the groundwater flow.
However, both practices are risky since the stability of the excavation relies on
the permeability of the retaining walls and the jet-grouting block. On the one hand,
jet-grouting injection is complex and is difficult to reach a uniform and impervious
block of treated soil [11, 12], especially in unconsolidated granular materials. On the
other hand, defects in retaining walls, through which groundwater enters into the
excavation, are relatively common [13, 14]. Then, the use of deep wells seems to be a
more reliable option.

Faulty retaining walls do not block the groundwater and may endanger the con-
struction development because they increase the risk of bottom instabilities, excava-
tion flooding, sinkholes and soil deformations outside the enclosure [7, 15, 16]. Then,
it is of paramount importance to determine the hydraulic conditions of the retaining
walls before starting the excavation stage to adopt measures if needed (i.e., repair the
retaining walls or redesign the dewatering system).

This chapter aims at explaining in detail how to design the dewatering system of
deep excavations below the water table carried out by the cut-and-cover method
considering groundwater stability issues and the potential impacts generated
around the excavated area. In addition, this chapter exposes the consequences
of faulty retaining walls and how they can be characterized by means of
hydrogeological tools.

2. Dewatering system

The objective of a dewatering system is to provide workable conditions. Dry
conditions are reached by dropping the piezometric head, at least, up to the maxi-
mum excavation depth, while stable conditions are achieved by reducing the water
pressure in the soil located below the excavation bottom to guarantee that it is
lower than the total vertical stress. Then, dewatering systems must be designed
accounting for the piezometric head distribution above and below the maximum
excavation bottom. The impact produced outside the excavation by the lowering of
the piezometric head must be also considered when designing a dewatering system.
The induced drawdown to ensure working conditions must not be excessive to
minimize outer impacts such as (i) the loss of hydraulic resources, and (ii) soil
settlements [17].

Groundwater can be extracted by different techniques but deep wells are the most
appropriate in the context of urban deep excavations developed by the cut-and-cover
method. Sump pumps [4] remove water from the excavation and allow working in
dry conditions, but they do not drop enough of the water pressure below the excava-
tion and bottom instabilities may occur. Well points are more adequate for shallow
excavations because they extract water by suction and the maximum drawdown
produced is lower than 6 m. Then, for developing deep excavations, well points must
be installed in successive tiers or stages as excavation advances [18]. As a result, the
area occupied by the excavation is usually very large, which is not acceptable in urban
environments.
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2.1 Bottom stability

Deep excavations developed below the water table can suffer bottom stability
problems when pore water pressure (PW) is too high. Bottom instabilities arise when
PW below the excavation bottom exceeds the total vertical stress (σV), then, according
to Eq. (1) [19], when the effective vertical stress (σ0V) is lower than 0,

σ0V ¼ σV � PW , (1)

where σV and PW are defined as:

σV ¼ zγS, (2)

and

PW ¼ hγW (3)

where γS and γW are the specific weights of the soil and water, respectively, z is the
depth where σV is calculated, and h is the piezometric head at the same location. The
two types of stability problems that excavation may suffer are liquefaction and bottom
uplift (Figure 2) [8]. Liquefaction occurs when the excavation bottom is made of
unconsolidated materials and under unconfined conditions. If σ0V is lower than 0, the
soil completely loses its shear strength and starts to behave like a fluid. Bottom uplift
may occur when the excavation bottom is located above a confined aquifer whose PW

is not enough reduced [17]. Liquefaction and bottom uplift may also produce the
deformation of the soil outside the excavation since the soil may migrate towards the
centre of the excavation when they occur. In order to design dewatering systems to be
able to guarantee the bottom stability, a safety factor (SF) is calculated below the
excavation at different depths. Ideally, the depth of the points where SF is calculated
should increase gradually. SF is defined as:

SF ¼
σV

PW
(4)

Stability is guaranteed when SF > 1. However, given that errors in the
hydrogeological characterization are relatively common, it is advisable to consider

Figure 2.
Schematic description of bottom instabilities, liquefaction (left) and bottom uplift (right).
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values of SF larger than 1 [20, 21]. Theoretically, a value of SF equal to or larger
than 1.2 [22] should be sufficient as some strengths, like the friction between the
soil and the retaining walls, that are opposite to PW are not considered in Eq. (4).
Consequently, SF computed using Eq. (4) is conservative. The stability of the
bottom must be assessed for different dewatering schemes by numerically calcu-
lating the piezometric head and computing SF below the maximum excavation
depth.

2.2 Impacts outside of the construction area

Dewatering systems may induce groundwater drawdown outside the excavation
enclosure. Despite this impact is temporal, it must be considered in arid and semi-arid
regions where water scarcity is a source of concern. Thus, dewatering systems must
modify the piezometric head distribution outside of the enclosure as little as possible,
which can be reached by deepening the retaining walls and avoiding oversizing the
dewatering system more than needed to ensure stable conditions. Soil subsidence
outside the enclosure as a result of the groundwater drawdown is another conse-
quence of the dewatering. Soil subsidence (i.e., pumping settlement) is really feared in
urban areas, the reason for which dewatering systems consisting of deep pumping
wells are sometimes discarded. Instead, less efficient solutions are adopted like deep-
ening the retaining walls more than needed until reaching deep low conductive layers
[23] or using a jet-grouting bottom plug [24]. However, dewatering is not the only
cause of soil subsidence occurring outside excavation; there are other construction-
related actions that may induce larger soil deformations, like the digging of the
retaining walls [20, 25]. Anyway, soil subsidence associated with the dewatering must
be estimated during the design phase in order to choose the dewatering scheme that
ensures more stability and less settlements. Pumping settlements can be calculated by
using hydro-mechanical numerical models but they are time-consuming and a
wide variety of parameters (hydraulic and mechanical) are needed, which are
difficult to estimate. Therefore, analytical tools to predict the pumping settlements
during the design phase in a short period and with acceptable error are of paramount
importance.

Settlements can be computed by establishing the relation between the volumetric
strain in the vertical direction (εz) and the vertical effective stress (σ0z) as follows:

εz ¼
∆z

b
¼ α∆σ0V (5)

where ∆z is the length variation in the vertical direction (i.e., the settlement), b is
the aquifer thickness and α is the compressibility of the porous material. Assuming a
Biot’s coefficient equal to 1, which is realistic for soft soils [26], then Eq. (1) is valid
and σV can be considered constant. Thus,

∆z ¼ αb∆PW (6)

Eq. (6) is commonly used for the quantification of settlements caused by
groundwater variations [17]. The meaning of α depends on the mechanical boundary
conditions (i.e., displacement constraints). If the soil can only be deformed in the
vertical (i.e., it is laterally confined), then α is the vertical compressibility of the soil
[27] and is defined as [28–30].
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α ¼
1

λþ 2Gð Þ
¼

1þ νð Þ 1� 2νð Þ

E 1� νð Þ
(7)

where G is the shear modulus, λ is the lame constant (drained conditions), E is the
Young’s modulus and ν is the Poisson’s coefficient. If it is considered that displace-
ments produced by groundwater drawdown occur in the three dimensions (e.g., in the
presence of a pumping well [29, 30]), α can be defined as:

α ¼
1

λþ 2
3G

� � ¼
3 1� 2νð Þ

E
(8)

Settlements around a single pumping well in steady state assuming a flat porous
medium with axial symmetry can be computed from the solution proposed by Bear
and Corapcioglu (1981) [30] as:

∆z ¼
ρWg

λþGð Þ

Q

4πK
ln

R

r
(9)

where Q is the pumping rate, R is the influence radius of the pumping, r is
the distance between the well and the site where the settlement is computed and K
is the hydraulic conductivity of the porous medium (K ¼ T=b, where T is the
transmissivity of the aquifer. ρW and g are the water density and the gravitational
constant, respectively, and are needed to express the variation of the groundwater
head in Pascals. Note that Bear and Corapcioglu (1981) [30], defined α as 1= λþGð Þ
that is somewhat inconsistent with the common definition of compressibility shown
in Eq. (8).

Previous equations assume that pumping settlements are proportional to ground-
water drawdown, but this seems not to be true in the proximity of pumping wells as
pointed out by Pujades [29] who modified Eq. (9) to improve the estimation of
settlements occurring around pumping wells as follows:

∆z ¼
αρWgQ

4πK
¼

ln
0:3b

R

� �

ln
0:3b

R

� �

þ

ln
r

R

� �
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>

>
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>

>

>

>
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:

ln 2 70r
9b

� �

4 ln 7
3

� �

for r<
9b

70
for r≥ 9b=70 and r<0:7b

for r≥0:7b

(10)

Assuming elastic behavior for aquifers, which occurs in the case of overconso-
lidation, the term αρWg can be replaced by the specific storage coefficient (SS) by
considering the equation for elastic aquifers proposed by Jacob [31, 32]:

SS ¼ ρWgαþ ρWgθβ (11)

where θ is the porosity and β is the water compressibility coefficient. The first term
of Eq. (12) (ρWgα) is associated with soil deformation (SSE) while the second term
(ρWgθβ) is related to water (SSW). Considering that shallow-draining soils are much
more compressible than water [33, 34], SSW can be neglected. Thus,

SS ¼ SSE ¼ ρWgα (12)
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Using SS instead of ρWgα facilitates the computation of settlements since SS can be
easily derived from pumping tests. Parameters related to the compressibility of the
soil can be also obtained from laboratory tests, but results may not be realistic since
tested samples (i) cannot be representative of large volumes of aquifer and/or (ii) can
be altered during the extraction processes.

Two kinds of settlements can be differentiated depending on their spatial
distribution. If settlements are constant and their magnitude does not vary across
the space, they are known as ‘non-differential settlements’, whilst ‘differential
settlements’ occur when the soil deformation varies depending on the location.
Potential damage of pumping settlements increases as induced settlements are more
differential. Groundwater head distribution far from pumping wells is usually
nearly flat, and therefore, large differential settlements are not expected from its
variation. Largest hydraulic head variations are expected in the proximities of
pumping wells, but, as observed by Pujades [29], pumping settlements close to
pumping wells are constant and non-differential as a result of an arch effect that
develops around the well.

However, this fact does not mean that pumping settlements are always non-
differential and harmless because groundwater drawdown produces differential set-
tlements in several situations, for example, when the aquifer is heterogeneous, which
is relatively common. Variations in the hydraulic conductivity, the mechanical
parameters or the geometry of the pumped aquifer induce differential settlements that
can damage nearby infrastructures. This fact highlights the paramount importance of
performing a detailed geological, hydrogeological and geotechnical characterization
before designing dewatering systems.

3. Retaining walls

The objectives of the retaining walls are: (i) to allow excavating between vertical walls
[5], (ii) to prevent the groundwater entrance into the excavation [35] and (iii) to mini-
mize the impacts of the dewatering outside the enclosure [36]. There are different kinds
of retaining walls that can be used for developing deep urban excavations below the water
table such as retaining walls made up of concrete piles and panels or jet-grouting piles.
Sheet piles can be also used for urban excavations but they are not used to support very
deep excavations [37]. Retaining walls are made up of imperviousmaterials to prevent the
groundwater flow. However, construction defects in the retaining walls, through which
groundwater can easily flow, are relatively common [13, 14]. There are several factors
that may cause defects and they depend on the nature of the retaining walls. Defects in jet
grouting retaining walls may be related to deviations and variations of the column
dimensions [14], which is common in high vertical heterogeneity soils [38] because the
area affected by the treatment depends on the properties of the soil. In addition, the
presence of coarse sediments may produce shadow effects, leading to zones without
treatment and openings [11]. The permeability of retaining walls made up of concrete
piles or panels (i.e., diaphragm walls) can also be compromised by construction defects
[21, 39] that can lead to openings. Openings may occur when: (i) sediments made of large
boulders are drilled, (ii) the walls of the drilled space collapse or (3) the configuration of
the slurry wall excavator is not suitable. Note that faulty enclosures commonly have
numerous defects because, similar difficulties arise during the drilling of each one of the
individual structures (i.e., concrete piles and panels or jet-grouting piles) that constitute
an underground enclosure.
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3.1 Consequences of faulty retaining walls

Consequences of faulty retaining walls depend on the relative location of the
defects with respect to the bottom of the excavation (Figure 3). If defects are located
above the excavation bottom, groundwater inflow (i) may drag sediments from out-
side leading to the formation of sinkholes [22] and (ii) may flood the excavation
making it difficult for construction tasks. In addition, groundwater drawdown and its
associated consequences (i.e., settlements) will increase outside the enclosure. If
defects are located below the bottom of the excavation, drawdown and settlements
will also increase outside the excavation site. Moreover, the pore water pressure will
be higher than expected below the excavation leading to bottom instabilities (i.e.,
bottom uplift or liquefaction, structure instability and subsidence related to soil
migration [15]).

3.2 Detection of defects

If retaining walls have defects, corrective measures can be carried out such as: (i)
injecting a sealing substance to repair them, or alternatively, (ii) redesigning the
dewatering system considering their actual hydraulic condition. In any case, the state
of the retaining walls must be assessed before starting the excavation stage because
corrective measures must be carried out before starting the pumping. If the excava-
tion and the dewatering have started and there are attempts to repair the defects, the
sealing substance will be dragged towards the pumping wells. As a result, the defects
will not be repaired and the pumping wells may be damaged. If the dewatering system
needs to be redesigned, new pumping wells should also be drilled before the excava-
tion stage to minimize interference with the construction tasks and avoid bottom
instabilities. Pujades et al. [7] and Pujades et al. [16] proposed two methods to assess
the hydrogeological behavior of linear and non-linear underground enclosures and
locate isolated defects. Both methods are based on pumping tests carried out inside the
underground enclosure and their interpretation by using diagnostic plots. Both
methods are based on the premise that changes in the flow behavior between linear
and radial during the pumping depend on the characteristics of the retaining walls.
Two different types of retaining walls are considered depending on the number and

Figure 3.
Consequences of faulty retaining walls if defects are located above (left) and below (right) the bottom of the
excavation.
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distribution of defects (Figure 4). If there are isolated defects, retaining walls are
named ‘heterogeneous’, while if there are numerous defects more or less homoge-
neously distributed, retaining walls are named ‘homogeneous’.

3.2.1 Linear enclosures

Linear underground enclosures refer to underground excavations with a linear
shape surrounded by retaining walls. This kind of enclosure is used, for example, for
constructing tunnels. Figure 5 illustrates the flow behavior evolution during pumping
inside a linear underground enclosure. The flow is radial when the pumping starts
because groundwater flows from all directions (Figure 5a). The flow is radial until the
effect of the retaining walls reaches the pumping well, at this time, 0.1tL1, the behavior
of the flow starts to change from radial to linear. The flow is totally linear at a time
equal to tL1. tL1 is defined as:

Figure 4.
Example of (a) heterogeneous and (b) homogeneous retaining walls.

Figure 5.
Schematic description of the flow behavior during a pumping inside a linear enclosure.
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tL1 ¼
S ddwð Þ2

T
(13)

where S is the storage coefficient of the aquifer, T is the transmissivity of the
aquifer and ddw is the distance between retaining walls. After tL1, the flow is
totally linear since pumped groundwater only arrives from the inner part of the
enclosure that is drained linearly. If retaining walls are located at the edges of the
enclosure, the flow continues to be linear until the enclosure is totally drained.
However, if there are no retaining walls closing the edges of the enclosure,
groundwater coming from all directions of the aquifer (i.e., with a radial behavior)
enters the enclosure through them. Then, when the effect of the opened lateral
edges of the enclosure reaches the pumping well the flow behavior at the
pumping well changes from linear to radial. The behavior of the flow starts to change
from linear to radial at a time equal to 0.1tL2 and it is totally radial after tL2. tL2 is
defined as:

tL2 ¼
S 2Lð Þ2

T
(14)

where L is the distance from the well until the end of the underground enclosure. If
the behavior of the flow is observed in an observation point, tL2 is as follows:

tL2 ¼
S 2L� dp
� �2

T
(15)

where dp is the distance from the well until the observation point. The flow
changes faster from linear to radial if there are defects in the retaining walls. If there
are numerous defects and the retaining walls can be considered homogeneous
(Figure 4b), the behavior of the flow starts to change from linear to radial at 0.1tL2.1,
where tL2.1 is defined as:

tL2:1 ¼
S 1=λð Þ2

T
(16)

and

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2αdw=Tddw
p

(17)

where αdw ¼ Tdw=wdw is the leakage coefficient (conductance) of the retaining
wall and Tdw and wdw are the transmissivity and the thickness of the retaining walls,
respectively. The inverse of λ is the length of retaining walls affected by the pumping
when all pumped groundwater enters the enclosure through the defects [7]. Finally, if
retaining walls have very few defects and can be considered heterogeneous
(Figure 4a), the behavior flow changes from linear to a combination of radial and
linear. The radial component is related to the groundwater entering the enclosure
through the defect while the linear component is related to the groundwater coming
from the side of the enclosure where the defect is not located. In this case, the flow
does not behave as radial until a characteristic time equal to tL2. The change in the flow
behavior starts at a time of 0.1tL2.2, where tL2.2 is:
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tL2:2 ¼
S 2dOð Þ2

T
(18)

dO is the distance between the pumping well and the defect. If the head evolution is
measured in an observation point different from the pumping well, tL2.2 is:

tL2:2 ¼
S 2dO � dp
� �2

T
(19)

Identifying the changes in the flow behavior during a pumping test and applying
Eqs. 13 to 19, it is possible to know (i) if the retaining walls are faulty or not, (ii) if
they have numerous (homogeneous) or very few (heterogeneous) defects, (iii) their
effective hydraulic conductivity and (iv) the position of the defects. However,
flow behavior changes are really difficult to identify by observing the drawdown
evolution. In this context, the use of diagnostic plots is useful to differentiate the
changes in the behavior of the flow. Diagnostic plots are developed by calculating the
derivatives of drawdown with respect to the logarithm of time (s0) and plotting it
versus time. s0 is very sensitive to drawdown variations and, for this reason, diagnostic
plots allow us to detect variations that are difficult to observe in the drawdown
evolution [40].

Figure 6 shows the diagnostic plots calculated by considering infinite impervious
retaining walls (black line), finite impervious retaining walls (purple line), faulty
homogeneous retaining walls (red line), faulty heterogeneous retaining walls (blue
dashed line) and the absence of retaining walls (gray line). The characteristics of the
homogeneous and heterogeneous retaining walls have been chosen to ensure that their
effective hydraulic conductivity is the same, and thus, 0.1 tL2:1 and 0.1 tL2:2 occur at
the same time. In the beginning, the flow is radial for all scenarios since the retaining
walls have not affected the pumping well. When it occurs, the flow behavior becomes
linear and separates from the radial tendency (Figure 6, gray line). If the retaining
walls have no defects (Figure 6, purple line), the flow is linear until the pumping well

Figure 6.
Evolution of the logarithmic derivative of the drawdown (s’) assuming infinite impervious retaining walls (black
line), finite impervious retaining walls (purple line), faulty homogeneous retaining walls (red line), faulty
heterogeneous retaining walls (blue dashed line) and the absence of retaining walls (gray line).
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notices the effect of the end of the enclosure. At this time, s’ separates from the linear
tendency. If retaining walls have defects (Figure 6, red and blue dashed lines), the
separation from the linear tendency occurs before. The transition period between
linear and radial flow is shorter when retaining walls are homogeneous than when
they are heterogeneous. If the retaining walls are homogeneous, the effect of radial
flow starts to be observed at 0.1tL2.1 and s0 is maximum at 0.5tL2.1, when half of the
pumped flow is radial. This proportion increases with time and s0 as the flow behavior
becomes more and more radial. If the retaining walls are heterogeneous, the flow
behavior separates from the linear tendency at 0.1tL2.2, but s

0 decrease more slowly
than for homogeneous walls because the linear component of the continues being
relatively high as groundwater from the aquifer (i.e., from all directions) only reaches
the enclosure through the defect. The decrease rate of s0 increases when the effect on
the groundwater behavior of the lateral edges of the enclosure starts to be observed in
the pumping well, then at 0.1tL2. Figure 6 shows that s’ has a different evolution
depending on the kind of retaining walls. Once the retaining walls are classified as
homogeneous or heterogeneous, it is possible to calculate their effective hydraulic
conductivity (homogeneous retaining walls) or the position of the defect (heteroge-
neous retaining walls) only by identifying the times when s´ separates from the linear
tendency.

Diagram in Figure 7 aims at clarifying the changes in the flow behavior and the
times when they occur. Difference in the flow behavior when the retaining walls are
impervious or faulty occurs when the flow changes from linear to radial since tL1 is the
same in all situations.

3.2.2 Non-linear enclosures

Non-linear underground enclosures refer to underground excavations with a
non-linear shape surrounded by retaining walls. This kind of enclosure is used, for
example, for constructing stations or emergency shafts for deep tunnels. Figure 8a
illustrates the evolution of the groundwater flow behavior when pumping inside a
non-linear enclosure and Figure 8b shows the evolution of the logarithmic derivative
of the drawdown (s’) considering impervious retaining walls (black line), faulty
homogeneous retaining walls (red line) and the absence of retaining walls (gray line).
Groundwater flow behaves radially (stage 1) from the beginning of the pumping until
the effect of the retaining walls is noticed at the observation point (e.g., the pumping

Figure 7.
Diagram of the flow behavior evolution for impervious and faulty retaining walls.
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well), when the flow behavior changes from radial to linear. This change in the flow
behavior starts at 0.1tC1 and the flow is totally linear at tC1 defined as:

tC1 ¼
S 2rexcð Þ2

T
(20)

where rexc is the radius of the excavation. Note that tC1 may vary if the pumping
well is not located in the centre of the excavation, but this effect is too short and can
be neglected. In Figure 8b, 0.1tC1 occurs when the black and red lines separate from
the gray line (i.e., the scenario without retaining walls where the groundwater flow is
always radial). From tC1 to 0.1tC2, the flow is linear (stage 2) because the excavation is
drained vertically and groundwater only comes from the inner part of the enclosure.
The groundwater flow that crosses the retaining walls (QW) increases progressively as
the piezometric head inside the enclosure decreases. Given that QW represents the
portion of the groundwater crossing the retaining walls from the aquifer, it is a radial
component controlling the flow behavior. Stage 2 finishes when the groundwater
entering the enclosure through the retaining walls cannot be neglected and s’ separates

Figure 8.
a) Schematic description of the flow behavior during a pumping inside a circular (i.e., non-linear) enclosure. b)
Evolution of the logarithmic derivative of the drawdown (s’) assuming impervious retaining walls (black line),
faulty homogeneous retaining walls with a hydraulic conductivity of 0.5 m/d (red line) and the absence of
retaining walls (gray line).
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from the linear tendency (Figure 8b). After, there is a transition period until the flow
behavior is totally radial (stage 3). During the first part of the transition period from
stage 2 to stage 3, the pumped groundwater coming from inside the enclosure (QE) is
higher than QW, and then, s’ continues increasing. Note that QE is a linear component
of the flow, and then, the flow behaves linearly as the portion of QE increases. During
the second part of the transition period, QW is higher than QE and s’ decreases. The
inflection point in s’ occurs when QW is equal to QE at tC2. At this time, the maximum
value of s’ (s’MAX) is reached. tC2 and s’MAX are related to the effective hydraulic
conductivity of the retaining walls (Keff) as follows:

Keff ¼
SwWrexc
2tC2b

, (21)

and

Keff ¼
QpwW

2πrexcs0MAXb
ln 2:25 (22)

Stage 3 (Figure 8) is reached when all pumped groundwater comes from outside
the enclosure and QE is 0 m/d.

The application procedure to ascertain the state of the retaining walls in a non-
linear enclosure is as follows [16]:

1.To determine the hydraulic parameters of the subsurface before starting the
construction process.

2.To perform a watertightness assessment test (WTAT) [20, 41, 42] before
starting the excavation and after drilling the retaining walls. The pumping well
and piezometers must be located inside the underground enclosure, and at least,
one observation point is needed.

3.To calculate s’ from the observed drawdown and identify s0MAX and tC2.
Depending on the location of the pumping and observation points, the number of
observation points and the measured drawdown, different approaches can be
adopted:

a. Keff can be always estimated from tC2 by using Eq. (21). Only one
observation point is needed, but it is advisable to calculate Keff using
different observation points and compare the results.

b. Pumping well and observation points are randomly distributed
(Figure 9a): The pumping well is placed anywhere (i.e., it can be centred
or not) and the piezometers are located at different distances from it. In
this case, the retaining walls can be assessed from s’MAX by using data from
more than one observation point. If s’MAX is equal in all observation points,
the retaining walls behave homogenously and their Keff can be computed
by Eq. (22). If s’MAX varies within observation points, (i) the enclosure is
faulty and behaves heterogeneously or (ii) the retaining walls are
homogeneous and their Keff ≥ 0.01 K. In this case, Keff can only be
estimated from tC2 by applying Eq. (21).
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c. Pumping well and observation points are strategically distributed
(Figure 9b): The retaining walls can be assessed using s’MAX. In this case, it
is advisable to drill, at least, three piezometers and one centred pumping
well. Two of the piezometers should be located equidistant from the
pumping well whilst the other one should be drilled at a different distance.

i. If s’MAX is the same in all observation points, Keff can be calculated
by applying Eq. (22).

ii. If s’MAX is only equal in the observation points located at the same
distance, the retaining walls are homogeneous and Keff ≥ 0.01 K.
Thus, Keff cannot be estimated from s’MAX.

iii. If s’MAX is not the same at any observation point, even at those
located at the same distance from the pumping well, the retaining
walls behave heterogeneously and Keff cannot be estimated from
s’MAX. In the hypothetical and unlikely case that there is a defect
located at the same distance to the observation points equidistant
to the pumping well, s’MAX will be equal at both observation
points. Then, another piezometer at the same distance as the
previous ones would be needed to establish the behavior of the
retaining walls.

4. Conclusions

This chapter is focused on the interaction between deep excavations performed by
the cut-and-cover method and groundwater. The first part of the chapter explains
how to design dewatering systems to bring about workable conditions (i.e., dry and
stable conditions) and estimate settlements generated outside the excavation as a

Figure 9.
Schematic description of the pumping well and observation points needed to characterize the state of a circular
enclosure by a WTAT. Figure 9a Shows a random distribution while Figure 9b shows a strategic distribution of
all the required elements. S and L represent the distance from the well to the piezometers.
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result of lowering the piezometric head. Despite there being different kinds of
dewatering systems, deep pumping wells seem to be the most adequate in the context
of deep excavations. Deep pumping wells are useful to provide dry conditions, but
also to reduce the water pressure below the excavation bottom bringing about stable
conditions and avoiding liquefaction or bottom uplift events. The bottom stability
must be anticipated during the design phase of dewatering systems by computing, for
example, the safety factor as the ratio between the total vertical stress and the water
pressure. The chosen dewatering system must be the one that, providing adequate
conditions for the excavation, causes the minimum impacts outside of the construc-
tion area. Pumping settlements that occur as a result of lowering the piezometric head
are really feared, especially in urban areas, because they can damage nearby infra-
structures. Therefore, they must be estimated when designing dewatering systems.
Hydromechanical models allow for estimating soil deformations precisely, but they
are time-consuming and numerous parameters are needed. Thus, analytical equations
like those proposed in this chapter are really useful to approximate the magnitude of
the pumping settlements generated by a dewatering system.

The second part of the chapter describes how to ascertain the state of the retaining
walls before starting the excavation phase. Retaining walls are essential to develop
deep excavations in urban areas since they allow excavating within the enclosure of
vertical walls (minimizing the needed space) and obstruct the flow of groundwater
towards the excavation. However, defects in retaining walls are relatively common. If
defects are not detected and remediation actions are not taken before starting the
excavation phase, several issues may arise like the development of sinkholes in the
outer part of the excavated enclosure, bottom instabilities or excavation flooding
events. Here, two methods based on the interpretation of pumping tests are explained
for the assessment of linear and non-linear enclosures. The methods allow to deter-
mine if the retaining walls have many defects or not. In the case where there are many
defects, the hydraulic properties of the retaining walls can be known by identifying
times when the behavior of the groundwater flow changes and applying the proposed
equations. If there are few isolated defects, they can be located by analyzing the
evolution of the groundwater flow behavior and using the proposed equations.
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Appendices and nomenclature

PW Water pressure
σV total vertical stress
σ0V effective vertical stress
γS specific weight of soil
γW specific weight of water
z soil/aquifer depth
h piezometric head
SF safety factor
εz volumetric strain in the vertical direction
∆z settlement � length variation in the vertical direction
b aquifer thickness
α compressibility of the porous material
G shear modulus
λ lame constant (drained conditions)
E Young’s modulus
ν Poisson’s coefficient
Q pumping rate
R influence radius of a pumping
r radial distance from the pumping well
K hydraulic conductivity
T transmissivity of the aquifer
ρW water density
g gravitational constant
SS specific storage coefficient
θ (porosity)
β water compressibility coefficient
SSE portion of the specific storage coefficient associated with soil deformation
SSW portion of the specific storage coefficient associated with water
tL1 time at which the behavior of the flow changes from radial to linear in the

case of linear enclosures
ddw distance between retaining walls in liner enclosures
tL2 time at which the behavior changes from linear to radial in the case of linear

enclosures
L distance from the well until the end of the linear underground enclosure
dp distance from the well until the observation point
tL2.1 time at which the behavior of the flow changes from linear to radial behav-

ior in case of faulty homogeneous retaining walls
tL2.2 time at which the behavior of the flow changes from linear to radial behav-

ior in case of faulty homogeneous retaining walls
αdw conductance of the retaining walls
Tdw transmissivity of the retaining walls
wdw thickness of the retaining walls
dO distance between the pumping well and the defect
dp distance between the pumping well and the piezometer
s0 derivate of drawdown with respect to the logarithm of time
tC1 time at which the behavior of the flow changes from radial to linear in the

case of non-linear enclosures
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rexc radius of the excavation
QW pumped groundwater that reaches the inner part of the excavation by

crossing the retaining walls
QE pumped groundwater coming from inside the enclosure
s’MAX maximum value of s’
tC2 time when s’MAX occurs
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