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ABSTRACT

Excavation works in urban areas are often performed in compartments enclosed
by means of grouting or structural walls that provide hydraulic isolation and mechanical
stability. These functions are sensitive to the presence of discontinuities (apertures in
the enclosing wall), which may cause flooding of the excavation and dragging of soil
particles. The objective of this work is to develop a methodology to evaluate the
hydraulic efficiency of the manmade low-permeability barrier and to identify possible
discontinuities, so as to repair them. To this end, we consider the drainage of a circular
excavation enclosed by an annular low-permeability barrier that may present an
aperture. We solve the problem numerically in dimensionless form. The hydraulic
effectiveness of the enclosing system can be easily characterized by monitoring
pumping rate and drawdown. However, several piezometers are usually needed to
localize an aperture. The proposed method for characterizing the effectiveness of a low-
permeability barrier is applied to several cases. Although little information was
available in one case, the method presented here gives results that agree well with those
obtained from a numerical model. In another case, in which data from several
piezometers was available, the region of an existing aperture in the low-permeability

barrier was localized.



1. INTRODUCTION

Several underground infrastructures have been constructed in the Barcelona
urban area in the last decade. Most of them have been excavated below the water table.
The present study was motivated by the hydrogeological monitoring on the final section
of a High Speed Train tunnel construction entering Barcelona and on the metro stations
of line L-9 placed South of Barcelona in the Llobregat Delta (Figure 1). The High
Speed Train tunnel was excavated in mine, following mainly the Belgian method of
tunneling (Tatiya, 2005). Jet-grouting treatment was conducted to improve the
heterogeneous soil which the tunnel passes through (Vilarrasa et al., 2009). The metro
line L-9 is excavated with a Tunneling Boring Machine (TBM) and presents circular
stations that are excavated within diaphragm walls (Jurado-Elices et al., 2009). The
excavation was drained to work in dry conditions in both cases.

Deep excavations should be drained in the presence of groundwater. These
excavations are usually delimited by grouting or structural walls forming closed
compartments in densely populated urban areas. Theoretically, closed compartments
allow an effective drainage by pumping so as to excavate in dry conditions (Pickles et
al., 2003; Shaqour & Hasan, 2008; Xu et al., 2009) and minimize settlements outside
the excavation zone (Knight et al., 1996; Forth, 2004). However, the enclosure
frequently contains discontinuities or apertures (Mihalis et al., 2004; Candeias et al.,
2007; Croce & Modoni, 2007; Flora et al., 2007). For instance, overlapping jet-grouting
columns will create a tight enclosure. However, the columns may display diameter
variability and/or vertical deviation (Croce & Modoni, 2007), which can ultimately
cause apertures in the jet-grouting curtain. Modoni et al. (2006) indicate that different
jet-grouting propagation mechanisms exist during execution, depending on the soil

material, i.e. gravel, sand or clay. High permeability gravel should lead to large column



diameters, while the diameter decreases with the square root of its shear strength for
sand and clay. Cementing or large boulders may cause “shadow” effects, leaving soil
portions groutless. Heterogeneity of the soil will lead to variability of the jet-grouting
diameter along the vertical direction, which may lead to apertures. Other construction
techniques, such as diaphragm walls, pile walls and sheet piles, although made of
reinforced concrete, may also present apertures in the joints, allowing the groundwater
to enter in the closed compartments (Knight et al., 1996).

Apertures may facilitate dragging of soil particles. Caving outside the
excavation may result if the dragged soil volume is large. This could eventually cause
ground collapse, as happened in the construction of the high speed train in Barcelona or
a metro station in Cologne on 3 March 2009 (Rowson, 2009), where the Archive was
destroyed. The probability that these undesired events occur can be evaluated using risk
assessment analysis (Bolster et al., 2009).

To avoid disasters, the quality of the grouting or structural walls should be
quantified. The jet-grouting column diameter can be determined using the jet-sounding
technique (Fang et al., 2006), which confirms the diameter of the columns by sound
propagation within the jet-grouting. Alternatively, it can be estimated by means of
temperature measurements, which allow the determination of the diameter of columns
by matching the measurements to a cement-based materials model that accounts for the
hydration process (Pichler et al., 2003; Brandstatter et al., 2005). Knowing the jet-
grouting column’s diameter permits the determination of whether the soil treatment
coincides with the designed one, thus evaluating the probability that apertures exist.
Geophysical techniques, such as vertical seismic profile, tomography and
electromagnetics, can be employed to quantify the degree of continuity of structural

walls made of concrete. However, these techniques are not widely applied.



Instead, hydraulic methods can be used to determine the presence of apertures in
a low-permeability barrier. Unfortunately, the topic is not well developed. Numerical
models are useful to predict and interpret the groundwater response to pumping
regardless of the geometric complexity of the study area (Rienzo et al., 2008; Thierry et
al., 2009; Vilarrasa et al., 2009), but they cannot be generalized and have to be specially
elaborated for each site. Alternatively, well hydraulics provides with some analogues
that might be of interest for civil works, in which determining the efficiency of a man-
made low-permeability barrier is crucial. For example, a tunnel can be represented as a
linear strip, or a circular metro station can be approximated as a disc. The former case
has been studied by Butler & Liu (1991), who found that changes in drawdown depend
on the linear strip transmissivity for a limited duration of time. The latter case has been
analysed both by pumping in the center of the disc (Butler, 1988), and outside the disc
(Wheatcraft & Winterberg, 1985; Butler & Liu, 1993). Butler (1988) found that the
hydraulic properties of the disc, when pumping in its center, can only be determined
before the cone of depression moves across the discontinuity, similarly to the linear
strip case. This suggests that the effective transmissivity of a low-permeability barrier
can be determined by pumping tests. It also suggests that measuring the drawdown at
the beginning of the pumping test is of crucial importance to characterize the
heterogeneities that are present in the aquifer. Nevertheless, none of the previously
studied geometries describes an annular low-permeability barrier, which would
represent, for instance, a circular low-permeability barrier created so as to excavate in
its interior.

The objective of this study is to develop a methodology to: (1) determine the

hydraulic effectiveness of an annular low-permeability barrier, which can present an



aperture, while pumping inside, and (2) identify and delimit the possible existence of

apertures, so as to repair them.

2. METHODOLOGY
2.1. Problem Setup

A perfectly confined homogeneous aquifer, with an annular low-permeability
barrier around the excavation zone and a fully penetrating well in the center (Figure 2c)
are considered to solve the problem in a generalized form. The aquifer is assumed
infinite. Figure 2 displays an outline of the geometry, both for the case without aperture
(Figure 2a) and with aperture in the low-permeability barrier (Figure 2b). Here, for the
sake of simplicity, we assume that only one aperture exists. Unlike the case of the
closed ring, when an aperture in the low-permeability barrier exists, the drawdown is
not the same in all orientations. For this reason, three orientations have been chosen to
present the results: orientation 1 coinciding with the aperture, orientation 2 opposite to
the aperture and orientation 3 perpendicular to the previous orientations.

Two alternatives have been considered regarding the pumping well: constant

flow rate and constant head.

2.2. Governing Equations
Drawdowns caused by pumping are governed by the flow equation, which in

dimensionless form and radial coordinates reads (Bear, 1972)
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and either prescribed flow in the well
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The dimensionless variables considered are
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where r is the radial distance [L], R is the inner radius of the low-permeability barrier
[L], t is time [T], € is the angular aperture, y is either T or S, T is the aquifer
transmissivity and 7 is that of the low-permeability barrier [L2T], S is the aquifer
storage coefficient and S’ is that of the low-permeability barrier [-], h is the piezometric
head [L], e is the thickness of the low-permeability barrier [L], a is the semi-aperture

length, h, = Q/(Z;zT) or h, =s, isthe characteristic head for a constant pumping rate or
a constant head in the pumping well respectively [L], Q is the pumping rate [L3T], s,
is the drawdown in the well, and t, = SR*/T is the characteristic time [T]. Q, =h.T is

the characteristic pumping rate for a constant head in the pumping well. The suffix D
indicates a dimensionless variable, w the well and ¢ indicates a characteristic variable.
The storage coefficient of the low-permeability barrier is very small compared

with that of the aquifer, as well as the transmissivity. In addition, the thickness of the



barrier is small compared to the inner radius of the enclosure. This leads to a pseu-
stationary flow across the barrier. Thus, the Thiem (1906) solution for drawdown
applies in the low-permeability barrier, and the dimensionless head drop across it,
assuming that e/R is small, becomes (see Appendix A)
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This drawdown in the low-permeability barrier can be related to the skin effect
concept (Agarwal et al., 1970). If the enclosure did not exist, the dimensionless
drawdown between both sides of the barrier would be Ah, =e/R. Thus, the presence of
the enclosure produces an additional drawdown of

(T-T')k
TR

, (8)
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where o is the skin effect defined by Agarwal et al. (1970). Note that for a
transmissivity of the low-permeability barrier much smaller than that of the aquifer, the

skin effect o and y defined in Equations (7) and (8) are almost identical.

In addition to the skin effect, the excavation zone acts as a large diameter well
and will have a well-bore, i.e. the excavation zone, storage effect (Papadopulos &
Cooper, 1967). However, here the well-bore is filled with soil, so the storage is
proportional to the storage coefficient. This modifies the dimensionless parameter Cp

given by Papadopulos & Cooper (1967), resulting in

Cp =255, )

where r¢ is the casing radius and ry that of the well screen. In this case, both radii are the
same, yielding Cp=1/2. These two concepts apply only for the case of an enclosure

without aperture.



2.3. Numerical Simulation

The problem of pumping in the center of an annular low-permeability barrier
that presents an aperture does not have an analytical solution. For this reason, the
problem is solved using numerical models.

The models are circular and dimensionless. The outer boundary is placed at a
dimensionless distance of 2000 from the pumping well. The thickness of the low-
permeability barrier is constant and equal to 0.2. The mesh in the outer boundary has an
element size of 150. This size progressively decreases towards the center of the model.
The barrier is discretized with 4 rows of elements of 0.05 and the 6 elements, n, forming
the pumping well have a size, Re, of 0.01. This means that the apparent radius, rap, of the
pumping well is (see Appendix B)
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Several numerical simulations, considering different aperture angles and
transmissivity ratios, were carried out using the finite element method (FEM) code
TRANSIN IV (Medina et al., 2004). The hydraulic parameters were introduced
accordingly to the dimensionless form of the problem. The storage coefficient of the
low-permeability barrier is considered to be very small in comparison with that of the
aquifer (30 orders of magnitude smaller). The considered angles of aperture in the
barrier go from 0.0 to 1.0 rad with 0.1 rad increments, and also the angles of aperture
2.0, 3.0, 5.0 and 10.0 rad. The transmissivity ratio ranges from 1, homogeneous aquifer,
to 10, a barrier with very low-permeability. To analyze the drawdown curves, we use

the dimensionless head drop across the low-permeability barrier y :Te/(T 'R) defined in

Equation (7), which captures all the relevant parameters of the problem.



3. RESULTS AND DISCUSSION
3.1. Prescribed Pumping Flow Rate
3.1.1. Low-Permeability Barrier without Aperture

Drawdowns for the case of perfect enclosure, i.e. without an aperture, are shown
in Figure 3 (inside the enclosure, rp=0.9) and 4 (outside the enclosure, rp=1.25).
Drainage evolution can be divided into three periods. At early times (tp<0.ltc),
drawdown evolves as if the barrier was not present. Usually, this period will not last
very long. From there on, the excavation zone behaves as a large diameter well
(Papadopulus & Cooper, 1967) with a skin effect (Agarwal et al., 1970). That is,

drawdown evolves linearly with time as the enclosure is emptied
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where s, is the drawdown at the beginning of the period (s, = (Q/(22T))In(R/r,)) and
t, is the time when this period starts (t, =0.1SR?/T ). For practical purpose, both s,
and t, can be taken as zero. Expressing Equation (11) in dimensionless form yields
S, =2t . (12)

Thus, the drawdown evolves with a slope of 1 in log-log scale during the
emptying of the enclosure (Figure 3b). This period continues until drawdown inside the
barrier is sufficient to cause a flow rate across it (Equation 7) equal to the pumping rate.
Combining Equation (7) with Equation (12) gives

Te
t2D _tOD = 2T!R (13)

where t, is the dimensionless time at which the second period ends. Eventually, for

tp >t, , drawdown evolves as Jacob’s curve with
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which displays a straight line in the semilog plot of slope m=1.15 (Figure 3a).

Outside the enclosure, drawdown does not respond in the first period since it
only affects the excavation zone. After this, the change of head between both sides of
the barrier increases as the excavation zone empties. Thus, the flow across the low-
permeability barrier progressively increases until it becomes significant and drawdown
outside the low-permeability barrier starts. The flow that crosses the low-permeability
barrier equals the pumping flow rate once the second period finishes, i.e. the

dimensionless time in Equation (12). After a transient period, the drawdown cone

stabilizes in the whole geometry, evolving as Jacob’s drawdown with

1, (2.25Tt t
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which displays a straight line in the semilog plot of slope m=1.15 (Figure 4a).

Note that in this third period the drawdown equals the homogeneous case
(Figure 4). This fact coincides with the results presented by Butler (1988), who found
that the effect that a circular heterogeneity has on the drawdown, when pumping in its
centre, can only be detected for a limited time. Thus, to determine the hydraulic
properties of the low-permeability barrier is necessary to measure the drawdown at early

times once the pump starts.

3.1.2. Low-Permeability Barrier with Aperture

In general, an aperture in a low-permeability barrier can be considered
significant when the flow through it is equal or greater than that across the rest of
barrier. The effect of a significant aperture can be observed in Figure 5. Figure 6 shows

that the drawdown outside the enclosure, at a dimensionless distance of 1.25, for an
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aperture of 0.0017 rad is almost identical in all orientations to the case without aperture.
Instead, drawdown varies significantly depending on the orientation for apertures
greater than 0.0035 rad. Thus, the critical aperture is in the range of 0.0017 to 0.0035
rad (Figure 6).

The slope of the drawdown in the semilog representation for long times is the
same for all orientations, coinciding with the slope of the case in which there is no
aperture in the barrier (Figure 6a). These results agree with those obtained by Meier et
al. (1998), who found that the effective transmissivity of the aquifer can be estimated
using the Jacob’s method for long pumping times and that the orientations that are
better connected with the pumping well have greater drawdown. Thus, if only one
piezometer is available and no previous pumping test exists, it cannot be said whether
the enclosure is open or not. However, making two pumping tests, one previous to the
construction of the low-permeability barrier and another afterwards, give enough
information to determine whether there is a significant aperture and how close it is from
the observation point. If the observed drawdown is bigger than those previous to the
existence of the enclosure, there is an aperture and is close to the observation point.
However, if the drawdown is lower, it means that an aperture exists but its situation
cannot be determined. Therefore, more observation points should be drilled to localize

the aperture, so as to repair it.

3.2. Prescribed Head in the Well
3.2.1. Low-Permeability Barrier without Aperture

In civil works, the groundwater table should remain at least one meter below the
excavation level. The process of dewatering the excavation zone with a constant head in

the well is similar to the case in which the pumping rate is constant. Nevertheless, as the
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head in the well is fixed, the amount of water that will be able to flow through the

barrier depends on the dimensionless head drop across the low-permeability barrier »
and will change with time (Figure 7). Thus, for low-permeability barriers with high

the excavation zone is rapidly emptied, but outside the barrier, the drawdown is
insignificant and the pumping rate decreases rapidly to very low values. This is of
especial interest because a well designed and constructed low-permeability barrier will
allow to easily dewatering the excavation zone, and will have a negligible impact on the

aquifer, as the water table would not be significantly affected by the pumping.

3.2.2. Low-Permeability Barrier with Aperture

Figure 8 shows that the drawdown outside the barrier is no longer negligible
when the low-permeability barrier presents apertures. Furthermore, drawdown is
significantly greater than the case without aperture in all orientations. Thus, the water
table will be affected by the drainage of the excavation, which may have negative side
effects on the surrounding environment. The magnitude of the aperture has a great effect
on the drawdown. Thus, one piezometer can give valuable information about the
magnitude and location of the aperture. For long times, the slope of the drawdown curve
in the semilog representation is the same for all orientations (Figure 8a). This slope
corresponds to the effective transmissivity of the aquifer, and increases for increasing
angle of aperture. This is because for higher angles of aperture, the pumping flow rate in
the well increases to maintain the prescribed head (Figure 9). Furthermore, the pumping
rate for a given angle of aperture decreases with time. Figure 9 can be helpful in
designing the drainage system because it gives the range of flow rate that has to be

pumped.
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4. APPLICATION PROCEDURE

We propose the following procedure to detect and localize apertures in low-
permeability barriers when dewatering its interior for excavation purposes:

1) Perform a pumping test previous to the construction of the low-permeability barrier,
at least with one piezometer outside the future location of the enclosure.

2) Start the drainage of the excavation zone as if it were a pumping test, controlling
pumping rate and drawdown with a high frequency.

3) Evaluate the existence of apertures by curve fitting. If apertures exist, delimit their
situation and drill more piezometers if necessary, so as to repair them.

4) Monitor pumping rate and drawdown periodically, and repeat step (3).

However, in some situations there is little information available. Then, the
efficiency of the low-permeability barrier can be determined by knowing at least the
hydraulic head on both sides of the low-permeability barrier and the pumping rate.
Assuming long times, i.e. the pumping rate is the same as the flow that crosses through
the low-permeability barrier, the effective transmissivity of the low-permeability

barrier, 7’, can be determined from
TI
Q, =aAh, = LzAhb (16)

where Qp is the flow that crosses through the low-permeability barrier, o is the leakage

coefficient of the low-permeability barrier, Ah, is the change of head between both

sides of the low-permeability barrier, L is the length of the low-permeability barrier, and

e is the low-permeability barrier thickness.
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5. EXAMPLES
5.1. High Speed Train Tunnel Construction

An application of this method has been performed on the final section of the
High Speed Train tunnel construction entering Barcelona. The geology is formed by
quaternary alluvial fills placed above a substrate of Pliocene very low-permeable marls
(Figure 10a). In this zone, the tunnel is placed below the water table, and is excavated
intersecting a high-permeability gravel-sandy clayey layer that needs to be drained.
Furthermore, a low-permeability clay layer is placed just above the tunnel and acts as an
aquitard, giving additional groundwater to the layer placed below the aquitard when it is
dewatered (Hart et al., 2005; Trinchero et al., 2007).

Due to the characteristics of the soil, a jet-grouting treatment was decided to be
performed to improve its mechanical properties and reduce its permeability. The jet-
grouting treatment was formed by rectangles of 20.0 m long and 10.1 m wide, with a
thickness, e, of 2.5 m (Figure 10b) crossing the whole thickness of the aquifer. One of
these rectangles was monitored. For long times, in which a steady-state has been
reached, the pumping rate was 2.9 I/s, and the head inside and outside the enclosure
were -5.0 and 0.8 m above sea level respectively. Assuming that the pumping rate in the
wells coincides with the flow that passes through the jet-grouting curtain, the
transmissivity of the jet-grouting can be obtained substituting values in Eq. (16),
resulting in a transmissivity of the jet-grouting of 3 m?d. In contrast, the aquifer
transmissivity is 300 m?/d (Vilarrasa et al., 2009), which means that the » =31. This
value is lower than expected for a well performed jet-grouting treatment. Thus, it
suggests the existence of apertures in the jet-grouting treatment. However, the apertures
could not be localized due to the lack of available data. Apertures permit the flow of a

significant amount of groundwater towards the excavation. This implies redesigning the
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drainage system and a head drop greater than expected outside the barrier. The latter
gives rise to larger settlements than predicted initially in the surrounding of the
excavation. If the new settlements are not acceptable (e.g. damage to buildings), some
mitigations measures have to be carried out.

Additionally, a numerical model of the aquifer through which the High Speed
Train tunnel is excavated, including the jet-grouting treatment, was created to support
decision making (Vilarrasa et al., 2009). The calibration of this model gave a
transmissivity of the jet-grouting of 1 m?/d and of the aquifer of 305 m?/d, which agrees
with the interpretation of pumping test and field measures. Despite the fact that the
geometry of the jet-grouting treatment is rectangular, instead of annular like the
geometry presented in this paper, the agreement with the calibrated parameters suggests

that this simplification is in the order of the approximations made in equation (16).

5.2. Metro Stations of Line L-9

The vast majority of the stations in the metro line L-9 are circular and some are
rectangular. To excavate them, a circular diaphragm wall of reinforced concrete of 26 m
in diameter is build. Not only has this wall a structural function, but also acts as a
hydraulic barrier to prevent groundwater from entering inside the excavation zone. The
hydraulic gradient across the low-permeability barriers when dewatering the excavation
zone becomes very high (a head drop in the order of 30 m in a 1 m thick diaphram
wall). Thus, open joints in the concrete walls may be critical for excavation purposes.
We show two examples of stations. One of a circular station with constant pumping
flow rate and an observation point outside the low-permeability barrier (Figure 11), and
another of a rectangular station with constant hydraulic head inside the excavation and

several observation points outside the low-permeability barrier (Figure 12).
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Geologically, the circular station (Foc Cisell) with a constant pumping rate (6.8
I/s), presents a shallow confined aquifer, an aquitard and a deep confined sandy aquifer,
overlaying a clayed low-permeability Miocene substrate (Figure 11). The excavation
level reaches the deep aquifer. The structural walls penetrate the low-permeability
substrate, to minimize the groundwater entering the closed compartment that is drained.

Figure 13 displays the dimensionless drawdown measurements at an observation
point outside the low-permeability barriers of this L-9 station. The daily measurements

are compared with the drawdown curves shown in Figure 3b. It can be seen that y =

2-10% which means that the low-permeability barrier is effective and presents no
apertures. Note that although the drawdown measurements are daily, there is no data for
small dimensionless times, showing the necessity of measuring with a high frequency at
the beginning of pumping.

In another station (Placa Catalunya) (Figure 12), a constant head was maintained
over three months in the excavation area. The geology is similar to the previous case,
but with just one aquifer, and the structural walls penetrating into the underlying low-
permeability layer (Figure 12b). This station is rectangular, with an equivalent radius of
39 m. The hydraulic head drop inside the enclosure was of 10.5 m. Several observation
points were measured daily inside and outside the excavation zone. The dimensionless
drawdown of the external observation points is compared with the drawdown curves
(Figure 14). Drawdown measurements from all observation points lay in the range of

the » =100 curve, except E8, which lay on the =40 curve. This slightly higher

drawdown indicates that an aperture in the low-permeability barrier exists in the
surroundings of the piezometer E8.
Figure 15 shows the dimensionless pumping rate, which compares well with the

drawdown measurements. The measurements adjust to the =80 curve, which is
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coherent with the results obtained from the drawdown measurements. To maintain a
constant head inside the enclosure a high pumping rate is necessary at early times. As
the excavation zone is emptied over time, the pumping rate decreases until it reaches a
steady state (Figure 15) in which the pumped water equals the amount of water entering

through the barrier.

6. DISCUSSION

Deep excavations below the groundwater table should be drained. These
excavations are usually delimited by grouting or structural walls, of low-permeability,
forming closed compartments. However, these low-permeability barriers may contain
apertures, letting the groundwater to flow easily towards the excavation zone. Well
designed and constructed low-permeability barriers enable easy dewatering of the
excavation zone and have a negligible impact on the groundwater table of the aquifer
(Figures 3 and 4).

The effect of a low-permeability barrier without apertures on the drawdown, in
response to a constant pumping rate, is detected for a limited time at an observation
point outside the barrier (Figure 4). Afterwards, the drawdown is the same as the
homogeneous aquifer. To characterize the hydraulic properties of the low-permeability
barrier, drawdown and pumping rate have to be measured since pumping starts,
especially at early times.

If the low-permeability barrier presents an aperture, the drawdown significantly
varies depending on the orientation (Figure 5). When the pumping rate is constant, all
the orientations have the same effective transmissivity for long pumping times, and the
regions with better connection with the pumping well present greater drawdown (Figure

6).
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The pumping rate depends significantly on the effectiveness of the low-
permeability barrier when the head is fixed in the well (Figure 7). The effective
transmissivity measured at the observation point increases with the angle of aperture
when fixing the head in the well, because the pumping rate also increases (Figures 8 and
9).

The effectiveness of a low-permeability barrier can be easily characterized with
a piezometer if the pumping rate and the drawdown are measured since pumping starts.
If a pumping test previous to the construction of the low-permeability barrier is
performed, apertures may be localized with just one piezometer. However, in general
several piezometers are needed to localize an aperture.

This method was applied to several real cases. In one case in which little
information was available, the method gave results that agreed well with the results
obtained from a numerical model (Figure 10). In the cases where more data was
available, a good characterization of the hydraulic effectiveness of the low-permeability
barrier was obtained and it was even possible to localize the region of an existing
aperture (Figures 12 and 14).

When there is evidence that apertures exist, the drainage system and the
settlements outside the excavation zone should be recalculated. This is because more
water will enter the enclosure and the head drop outside it will be greater than expected
from the initial design. Then, the necessity of carrying out mitigation measures should

be evaluated.

7. CONCLUSIONS

We study the drainage of a circular excavation enclosed by an annular low-

permeability barrier that may present an aperture. We present a methodology for
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characterizing the hydraulic effectiveness of this barrier and determining the location of
possible apertures.

We solve the problem numerically in dimensionless form. The hydraulic
effectiveness of the enclosing system can be easily characterized by performing two
pumping test, one before and another after the construction of the low-permeability
barrier, and monitoring pumping rate and drawdown in one piezometer placed outside
the barrier. However, to localize an existing aperture, several piezometers are usually
needed.

We apply the proposed method for characterizing the effectiveness of a low-
permeability barrier to several cases. Although little information was available in one
case, the method presented here gives results that agree well with the results obtained
from a numerical model. In another case, in which data from several piezometers was
available, the region of an existing aperture in the low-permeability barrier was

localized.
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FIGURES

Figure 1: Location of the civil works, the Spanish High Speed Train and the Barcelona

metro line L-9, placed South of Barcelona in the Llobregat Delta.

Figure 2: Geometry of the problem, in which a flow rate Q is pumped in the centre of an

annular low-permeability barrier (shadowed area), with inner radius R, thickness
e, transmissivity 7~ and storage coefficient S’, and aquifer transmissivity T and
aquifer storage coefficient S for (a) a closed ring, (b) a ring with an angular
aperture @ with three orientations (O1, O2 and O3), and (c) a vertical cross
section showing the drawdown, s, and the change of head in the low-

permeability barrier, Ah, .

Figure 3: Dimensionless drawdown versus time in (a) semilog and (b) log-log scales, at

a dimensionless distance of 0.9 from the pumping well (inside the excavation
zone), in response to a constant pumping rate. Results are presented for several
values of the dimensionless head drop across the low-permeability barrier

y =Tel(TR) without aperture. The phases correspond to (a) =20 and (b)

y=2-10°.

Figure 4: Dimensionless drawdown versus time in (a) semilog and (b) log-log scales, at

Figure

a dimensionless distance of 1.25 from the pumping well (outside the excavation
zone), in response to a constant pumping rate. Results are presented for several
values of the dimensionless head drop across the low-permeability barrier
y =Te/(T'R) without aperture. The phases correspond to y = 2-10°.

5: (@) Dimensionless drawdown when pumping in the center of the low-
permeability barrier, which presents an aperture in Orientation 1. A pumping

cone is formed outside the low-permeability barrier and a dome inside it around
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the aperture. (b) Cross-section showing the dimensionless drawdown versus
distance for the three orientations compared to the case without aperture.

Figure 6: Dimensionless drawdown versus time in (a) semilog and (b) log-log scales, at
a dimensionless distance of 1.25 from the pumping well (outside the excavation

zone), in response to a constant pumping rate. Results are presented for several
apertures and orientations fora y =2-10°.

Figure 7: Dimensionless pumping rate versus time in (a) semilog and (b) log-log scales,
with a constant head in the pumping well. Results are presented for several
values of the dimensionless head drop across the low-permeability barrier
y =Tel(TR) without aperture.

Figure 8: Dimensionless drawdown versus time in (a) semilog and (b) log-log scales, at
a dimensionless distance of 1.25 from the pumping well (outside the excavation
zone), when fixing the head in the pumping well. Results are presented for
several apertures and orientations for a y = 2-10°.

Figure 9: Dimensionless pumping flow rate as a function of the aperture for several
dimensionless times for a y = 2-10°.

Figure 10: (a) Cross section of the High Speed Train in its arrival to Barcelona, showing
the geology, the tunnel and the jet-grouting treatment, and (b) a plan view of the
jet-grouting treatment.

Figure 11: Outline of the geometry and geology, with the hydraulic properties of each
layer, of the metro station of the L-9 Foc Cisell.

Figure 12: (a) Plan view of the Placa Catalunya L-9 metro station, showing the
geometry of the low-permeability barrier and the position of the piezometers and

(b) a cross section showing the geology and geometry.
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Figure 13: Dimensionless drawdown versus time in log-log scale for an observation
point outside the low-permeability barrier at the Foc Cisell L-9 station, where a
constant flow rate is pumped.

Figure 14: Dimensionless drawdown versus time in log-log scale for several observation
points outside the low-permeability barrier at the Placa Catalunya L-9 station,
with a constant hydraulic head inside the enclosure.

Figure 15: Dimensionless flow rate versus time at the Placa Catalunya L-9 station for a

constant hydraulic head inside the enclosure.
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APPENDIX A
Applying the Thiem (1906) solution for drawdown in the low-permeability

barrier yields a head drop across the barrier equal to

A, =2 ln(RJrej. (A1)
2. | R

Equation (A.1) can be expressed in dimensionless form as
T e
Ah, =—In[1+—|. A2
L1 g ] (a2)

Recalling the following property of the logarithm when x is small
In(1+x)~ X, (A.3)

And assuming that e/R is small, equation (A.2) gives equation (7).

APPENDIX B

When solving the flux equation by means of numerical methods, a certain error
is introduced due to spatial discretization of the media. This appendix shows the effect
of the mesh discretization in the pumping well and its apparent radius, which gives the
same drawdown as the given by the numerical simulation, is calculated. Figure B.1
shows an isosceles triangular element that forms the well (node 1), where a flow rate Q
IS pumped.

The flux equation is solved using the finite elements method

T-h=b (B.1)
where
T, = [ VN,KVN,dv (B.2)
\
and
b= [ Ng,dA +[Nrdv (B.3)
v, v

o1



where T and K is the transmissivity and hydraulic conductivity tensors respectively, h
is the head vector, which is unknown, b is the independent term, N are the shape
functions, V is volume, Ay is area, qn is flux perpendicular to the surface and r is a
source/sink term. The suffixes i and j refers to the nodes that form the triangular
element.

The shape functions for each node are calculated as

N; (X, y) :ﬁ(ai +bx+cy) (B.4)
where,
8 =X Yk = XY, (B.5a)
b =Y, ~ Y. (B5b)
C =X —X, (B.5¢)

where i, j and k refer to the nodes of the triangular element ordered in counter-clockwise

direction, and

2
A® :%ZResin aR,cosa = RZsinacosa :R—zesin 2a, (B.6)

where A°® is the area of the triangle, R, is the size of the element and « = A

Calculating the shape functions in the nodes gives

X
N, (% y) =1-o——. (B.72)
XSina — yCcosa
Na(xy) = R sinyZa | (B.7b)
XSina + ycos o
N, (x,y)= =2, (B.7¢)

R, sin 2a

The elements of the transmissivity tensor are calculated as
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(B.8)

1
T, :W{Txxbibj +T,, (e, +cjbi)+Tyycicj}.
The boundary conditions are a pumping rate Q in the well (node 1)
Q Q Q 0 j Q
=|N;rdV=—"|N,o(x—x)dV =—=N,(x,y,)=——| 1— =——,(B.9
[N, 3] NS XAV == (%, ;) n( — == (B9)
and the other two nodes have prescribed head, which is fixed to 0
b,=H,=0
2 (B.10)
b,=H,=0

Imposing he boundary conditions and solving the system B.1 gives
(B.11)

Tllhl = b1
Solving A1.8 for i = j =1, and recalling B.9, the drawdown in the well given by
the numerical simulation, hy, is given by
ho Q L
n T tan(z/n) (B.12)

To determine the apparent radius, rap, of the well that gives the same drawdown

as the one given by the numerical model, hnum, the analytical expression for the

drawdown given by Thiem (1906) is used

Q R
—h =—_|n| —=|. B.13
hun =y 2T [rapJ ( )
And operating from (B.13) gives the apparent radius
(B.14)

Re
2z
entan(;r/n)

lp =

Note that for n tending to infinity, the apparent radius reaches an asymptote

equal to
R (B.15)

Finally, the numerical error due to the spatial discretization is
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h _p Qi R__ 1
£ = P =P T [27; n r ntan(;z/n)] (B.16)

w

where R is the radius of influence and rw the actual radius of the pumping well.

_ 3
% (R, cos(zz/n),R_sin(z/n))

2
(R, cos(z/n),—R,sin(z/n))

Figure B.1: One of the n isosceles triangular elements that form the well (node 1), of

size Re, where a flow rate Q is pumped.
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