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Abstract. The bi-layer diaphragm wall, a new slurry wall type designed to cope with the problem of watertightness is
studied in this paper. These walls consist of two bonded concrete layers, the first, a conventional Reinforced Concrete
(RC) diaphragm wall, and the second, a Sprayed Steel Fibre Reinforced Concrete (SFRC). The main objective of this
paper is to analyze the structural and sectional behaviour of these walls. A study in the form of an uncoupled structural-
section analysis based on various hypothetical cases of bi-layer diaphragm walls was performed to fulfil the objective. It
is concluded that there exists a potential of reduction in the reinforcement of the RC layer through the structural use of
the SFRC layer. However, when the reduction is quantified, even though a reduction of between 3.2% and 1.7% in the
RC reinforcement is confirmed, it appears insufficient to offer a cost-effective solution. Nonetheless, the system becomes

a promising solution when particular conditions are taken into account, such as basement space limitations.

Keywords: waterproof, diaphragm walls, fibre concrete, sprayed concrete, numerical analysis, FEM, PLAXIS.

Introduction

A widespread problem associated with diaphragm wall
construction is the occurrence of leakage whenever
erected in water-bearing ground. There are no techniques
to make diaphragm walls fully watertight, so a variety of
alternatives, all of which with different drawbacks, have
been developed to cope with the leakage problem (Puller
1994). The waterproof system in these solutions is added
to the wall after their construction is complete, so it is not
an integral part of the structure of the walls.
Considering the aforementioned points, one con-
ceivable solution would be a waterproof layer that also
assumes a structural function. The bi-layer diaphragm
wall, a new slurry wall type, designed to cope with
the problem of watertightness in these types of walls
has previously been presented by Segura-Castillo et al.
(2013). These walls consist of two bonded concrete lay-
ers poured and then sprayed, in separate stages. The first
is a conventional Reinforced Concrete (RC) diaphragm
wall. Once this wall attains the necessary strength, soil
within the perimeter is excavated and removed, and the
second layer, this time of Sprayed Steel Fibre Reinforced
Concrete (SFRC) and a waterproof additive, is applied.

This paper is part of an experimental and theoreti-
cal study on bi-layer diaphragm walls, which has been
structured into four main areas: a) Structural level analy-
sis; b) Sectional level analysis; ¢) Bonding between lay-
ers; and d) General design and optimization. Of these,
the structural level behaviour was partially reported in
Segura-Castillo et al. (2013), and the bond analysis in
Segura-Castillo and Aguado (2012).

The main objective of this paper is to analyze the
structural and sectional behaviour of the bi-layer dia-
phragm walls. The overall design method is presented.
With it, the contribution of each layer is quantified, plac-
ing special emphasis on the SFRC layer contribution.

1. Methodology

A study in the form of an uncoupled structural-section
analysis based on the hypothetical case of various bi-layer
diaphragm walls was performed to fulfil our objectives.
A 2D Finite Element Model (FEM) was selected
to analyze the structural behaviour. A numerical rather
than a simplified model is necessary, as the constructive
sequence is considered (Carrubba, Colonna 2000), which
includes the cross-section changes that take place when
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the SFRC is sprayed, together with general wall and soil
properties. The literature contains many studies that uti-
lize these models to analyze ground movements caused
by deep excavations, due to their importance in the pre-
diction of possible damage to adjacent buildings during
excavation process (e.g. Hsiung 2009; Khoiri, Ou 2013;
Kung et al. 2007; Kung 2009). On the other hand, fewer
studies (e.g. Carrubba, Colonna 2000; Costa et al. 2007;
Ou, Lai 1994) have evaluated the forces and stresses pro-
duced on the walls.

It should be mentioned that use of the elastic-
perfectly plastic “Mohr-Coulomb” model means that the
soil has to be discretized into several horizontal layers
and its elastic properties have to be changed as the depth
increases, before the model responds to any increase in the
soil modulus of elasticity, due to increased vertical pres-
sure (Khoiri, Ou 2013). The hardening soil model (HS)
(Schanz et al. 1999) was therefore chosen, as it models the
entire ground in the study with only one set of parameters.

The numerical simulation of the mechanical behav-
iour of the composite sections of the wall was performed
with the model “Analysis of Evolutionary Sections”
(AES) (de la Fuente et al. 2012a). This model simulates
the non-linear response of sections built with different
materials (concrete and steel) and the structural contri-
bution of the SFRC, when subjected to tension. In the
AES model, the concrete sections are discretized in lay-
ers of constant thickness (Fig. 1a), whereas steel rebars
are simulated as concentrated-area elements.

In this study, the procedure to design the reinforce-
ment of the concrete wall followed the basic design prin-
ciples for traditional reinforced concrete presented in BS
EN 1992-1-1:2004 (2004). According to these hypothe-
ses, the ultimate bending moment (/) is calculated and
compared with the maximum design bending moment
(M), calculated by the structural analysis, for the most
unfavourable construction stage and for each kind of sec-
tion.

The compressive behaviour of the concrete (Fig. 1b)
was simulated, on the one hand, by considering the con-
stitutive law proposed in EC-2 (EN 2004). On the other
hand, the tensile response of the SFRC was simulated
through constitutive law c.-¢,, as suggested in RILEM
(2003). Finally, the mechanical performance of the steel
bars was simulated with the bilinear diagram presented
in Figure 1c.

In addition to the internal equilibrium conditions, the
following hypotheses are also considered: (1) the sections
remain plane before the application of the external forces
or after imposing fixed strains; (2) failure of the compos-
ite section is achieved when there is either excessive com-
pressive strain in the upper concrete layer (eg¢, = —3.5%o)
and/or excessive elongational strain in the tensioned steel
bars (g; = 10.0%0); and (3) a perfect bond between the
concrete and the rebars, as well as between the RC and
the SFRC layers. Regarding the latter, it has to be men-
tioned that the suitability of this assumption has previ-
ously been studied in Segura-Castillo and Aguado (2012).
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Fig. 1. Sectional discretization (a); SFRC (b); and steel bar
constitutive equations (c)

2. Characteristics of the walls
2.1. Geometry and construction sequence

This study is based on the hypothetical case of the
construction of walls designed for use in a four level
basement. The comparison considers one conventional
diaphragm wall, referred as the mono-layer wall (ML)
for the sake of clarity, and two bi-layer walls (BL), dif-
ferentiated only by their thicknesses (all other properties
remaining constant):

- MLg,: Conventional RC diaphragm wall of 60 cm
thickness;

- BLgj.1o: Bi-layer RC wall with a thickness of 60 cm
onto which a 10 cm thick SFRC layer is sprayed,;

- BLss.o: Bi-layer RC wall with a thickness of
55 cm onto which a 10 cm thick SFRC layer is
sprayed.

The general characteristics of the walls used in this
study are similar to those used by Carrubba and Colonna
(2000), in order to contrast our results with others from
the technical literature. Apart from some minor differ-
ences, a major difference is the increase in the penetra-
tion depth of the walls. This change is because the one
in the reference is below the usual range for this depth
of excavation (Long 2001).

The selected diaphragm wall was 20.0 m high and
required an excavation depth of 12.5 m (with a 7.5 m
embedded footing), as illustrated in Figure 2a. During
the excavation process, the wall was supported by up
to 4 rows of ground anchors vertically spaced at 3.0 m
and horizontally spaced at 5.0 m in the two upper rows:
Superior Anchorages (S.A.); and at 2.5 m in the two
lower rows: Inferior Anchorages (I.A.).
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The “bottom-up” construction sequence of the three
alternatives is detailed in Table 1. The stages are divided
in 5 groups, the first 4 of which correspond to the Exca-
vation (Exc.) works required for each of the 4 Anchorage
(Anc.) installations. In the fifth group, apart from a small
final excavation, the slabs are built and the 4 anchorages
removed (Anc.Out).

The soil extraction process for the BLgj, 1o and
BLss. 1 bi-layers walls is sub-divided into shorter stages.
In addition, after each partial excavation stage, the SFRC
layer is Sprayed (Spray.), from the last sprayed level to
the lower excavated level, changing the cross-section
from the Simple Section (SS, see Fig. 2b) to the Com-
pound Section (CS, see Fig. 2c) in the sprayed stretch.

2.2. Material and model characteristics

The numerical model was calculated on the commercial
geotechnical finite-element software package PLAXIS
(Brinkgreve 2002). The FEM mesh used is shown in
Figure 3. Horizontal fixity was imposed for the vertical
boundaries as well as both horizontal and vertical fixities
for the bottom boundary, as shown in the same figure. A
fine global coarseness was taken for the general mesh
(automatically defined by the program), and refined in
the vicinity of the wall. A model with a more refined
mesh verified that the element size had no significant

Table 1. Construction stages sequence

Group  Depth* (m) MLy, Blggﬂo and
55+10
- Wall constr. Wall constr.
1 1.75 Exc.1 Exc.1
1.50 Anc.1 Anc.1
3.75 - Exc.2a
3.50 - Spray.2a
2 4.75 Exc.2 Exc.2b
4.50 - Spray.2b
4.50 Anc.2 Anc.2
6.75 - Exc.3a
6.50 - Spray.3a
3 7.75 Exc.3 Exc.3b
7.50 - Spray.3b
7.50 Anc.3 Anc.3
9.75 - Exc.4a
9.50 - Spray.4a
4 10.75 Exc.4 Exc.4b
10.50 - Spray.4b
10.50 Anc.4 Anc.4
12.50 Exc.5 Exc.5
5 12.25 - Spray.5
- slabs slabs
- Anc.Out Anc.Out

* Excavation base, Anchorage position, or Spraying base,
according to the respective stage.
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Fig. 2. (a) Model geometry: Anchorages and slabs positions;
(b) Simple Section (SS); (¢) Compound Section (CS)
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Fig. 3. Finite element model mesh and main elements

effects on the analytical results. Besides, no external
loads were considered in the model.

Plate structural elements (linear elastic) were used
to model the diaphragm walls, which were considered
wished in place (Bryson, Zapata 2012). A compressive
strength £, = 30 MPa, a Poisson ratio v = 0.2, and a
specific weight of 24 kN/m? were considered for the con-
crete of both layers. Its modulus of elasticity, according
to EC-2 (EN 2004), was E,, 53 = 33000 MPa.

The flexural (£7) and normal (EA) stiffness val-
ues calculated for the SS and the CS cross-sections, are
shown in Table 2. All stiffnesses have been reduced by
20% from the nominal value (uncracked cross-section)
to consider the existence of cracks in the wall (Khoiri,
Ou 2013). In the FEM model, the self-weight and stiff-
nesses were updated from the SS to the CS values for the
corresponding beam lengths that had been sprayed after
each of the spraying stages. As “it is very important that
the ratio of EI / EA is not changed” to avoid numerical
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Table 2. Flexural and normal stiffness of the different walls

MLy, BLgy+19 BLss.9
El SS 4752 4752 366.0
(MN'm?) Ne 754.6 604.2
A SS 15840 15,840 14,520
(MN) sc* 25,153 23,967

+ Value calculated to keep the EI/EA ratio unchanged.

inconsistencies (PLAXIS 2010) and our main interest
centres on the bending moments, the EA values of the
bi-layer were calculated to maintain a constant EI/EA
ratio. It can be seen that the flexural stiffness of the CS
for both bi-layer alternatives increased by about 60% in
comparison with that of the SS.

The soil elements were 15-node triangular finite ele-
ments under plane strain. A sandy soil was chosen for
this analysis, as water filtration problems are more likely
in a permeable soil.

The soil parameters and the values used for the
selected model correspond to the “Lake sand layer”,
taken from an experimental case reported in the litera-
ture (Hashash et al. 2010). The coefficient of lateral earth
pressure at rest (K,) was automatically estimated by the
program using the expression of Jaky (Terzaghi et al.
1996). A total unit weight of y = 20.0 kN/m?> was selected
for the soil. Interface elements were set out for the soil in
contact with the plate elements (with a strength reduction
factor for soil-structure interface of R,,,,.,. = 0.66 (Khoiri,
Ou 2013)) and continued 1.0 m below the bottom end of
the walls, as suggested by PLAXIS (2010). A Drained
analysis was used, even though the phreatic level was
below the model boundaries and therefore no water flow
was considered.

The permanent wall supports were modelled with
fixed-end anchors. Anormal stiffness of E4=7.26:10kN/m
(equivalent to a 22 cm thick massive slab) with an
equivalent support length of 10 m (the length from the
walls to the axis of symmetry of the model) was used
for the upper slabs. A stiffness of E4 = 1.65-107 kN/m
(equivalent to a 50 cm thick massive slab), also with
an equivalent support length of 10 m was used for the
bottom slab.

Geogrid structural elements and node-to-node
anchor elements were used to model the body and the
free length, respectively, of the ground anchors. The fol-
lowing properties were used. Initial tensile load: 50 kN/m
for “S.A. 1 and 2” and 100 kN/m for “I.A. 1 and 2”’; Hori-
zontal distance: 5.0 m for “S.A. 1 and 2” and 2.5 m for
“LLA. 1 and 2”. The rest of the properties are equal for both
types of anchorages. Total length: 20 m; Bulb length:
14 m; Cross-section area: 450 mm?; Elastic modulus:
200 KN/mm?; and Angle: 30°.

A fibre content of 25 kg/m3 was used in the SFRC.
The post-cracking behaviour of the SFRC may be defined
by the expressions given in de la Fuente ez al. (2012b).
The nominal cover used for the RC bars was 70 mm.

3. Structural results

The displacement plot of the three wall types correspond-
ing to the final stage (“Anc.Out”) are shown in Figure 4.
The upper part of the plot is enlarged for clarity. In gen-
eral terms, the displacement of each wall type is similar,
with differences in the maximum displacement value of
less than 0.8 mm (4.6%), and within the order of mag-
nitude of displacements of the reference case (Carrubba,
Colonna 2000).

Displacements at depths of between —5 m to —20 m
of the walls with a RC width of 60 cm (“ML¢,” and
“BLgy+10”) are practically identical. The reduced influ-
ence of the second layer is, on the one hand, due to the
stiffness of the two types of walls, which are the same
at depths of between —12.5 m and —20.0 m. On the other
hand, increased stiffness at depths of between —6.0 m and
—12.5 m following spraying of the SFRC layer is noted
during the final excavation stages, after most of the soil
pressure had been already mobilized.

The displacements of the “BLss, " wall type are
slightly higher than the previous ones. This behaviour,
which coincides with data reported in (Segura-Castillo
et al. 2013), is due to the fact that the stiffness of the
RC layer determines the overall displacement behaviour.

Larger displacements than in “MLg,” wall at
depths of between 0.0 m and —5.0 m can be seen in the
“BLgg+19” Wall. Although it might appear contradictory,
this is reasonable because the flexural stiffness of the bi-
layer wall increases after spraying of the SFRC layer.
Therefore, the curvature increase of the bi-layer wall is
smaller than in the mono-layer alternative as the bend-
ing moment increases. In this instant, as the wall is more
restrained in the lower part (at depths of below —5.0 m)
owing to the embedded end of the wall and the stiffer
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Fig. 4. Wall displacements: “Anc.Out” stage for the three
walls
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lower anchors, the upper free end of the wall is dragged
outwards at greater extent.

The envelope of flexural design moments (M)
obtained for all three wall types, for both the SS and
for the CS sections, are shown in Figure 5a. A partial
factor of y = 1.5 was applied to the actions of the ground
on the wall. The positive moments of the envelope
are the same for both kinds of sections. In turn, while
there is a single envelope for the negative moments of
the mono-layer wall, the envelope is broken down into
two envelopes for the bi-layer walls. The envelopes of
maximum moment, until the CS was completed (i.e. until
the SFRC was sprayed) are shown by a continuous line
(M55) and the envelopes where the CS was completed
by a dashed line (M §5). The way these envelopes were
generated is explained below in greater detail. In general
terms, the envelopes are qualitatively similar and within
the order of magnitude of the reference case (Carrubba,
Colonna 2000).

Comparing the bi-layer walls, it can be seen that
the “BLgg119” shows larger moments than the “BLss. 1"
along the whole length of the wall. This is a consequence
of the greater stiffness of the RC layer and, therefore,
greater stiffness both in the SS and in the CS cross-
section.

The “MLgy” and “BLgg.q,” wall types show prac-
tically identical envelopes in the embedded section
of the wall (between depths —12.5 m and —20.0 m). In
this section, both walls have the same cross-section (i.e.
the RC layer) for all the stages. The biggest differences
between these wall types was registered in the centre of
the walls, between depths —5.0 m and —12.0 m, in which
the “BLgy1o” envelope was larger. As the SFRC layer is
sprayed, the upper stretches become stiffer, diminishing
any relative collaboration of the embedded part of the wall.
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The bending moments of the “BLgy. (o wall type
are detailed in Figure 5b, in which light-grey lines
indicate the moment of the representative stages of each
excavation stage. The interval between the envelopes
previously introduced in Figure Sa (M5 and M$5) is
highlighted with slanting lines. This area represents the
increase in the moments after spraying the SFRC layer
(i.e. where the CS cross-section is working).

As stated in Segura-Castillo ef al. (2013), the high-
lighted area represents the potential use of the bi-layer
wall, since it is possible to cover these moments with
the resistance of the CS section. It can be seen that for
the depths where the CS section is present, a significant
portion of the bending moments are developed after the
SFRC layer has been sprayed. These increases range
from 30% to 269% at depths of between —2.5 m and
—11.0 m, with an average increase of 123% in the design
moment of those depths after the SFRC layer is sprayed.

The value of the area within the SS cross section
envelope is represented with a solid bar graph to com-
pare the three wall types, in Figure 5c. The value of the
area of the CS cross section (as shown in Fig. 5b) is also
plotted (slanting lines). It may be noted that the potential
of use of the SFRC layer covers approximately 25% of
the area of moments.

The bending moments plots of the “BLgy.qq”
wall type at depths of between 0.0 m and —5.0 m, for
the stages from “Exc.2a” to “Spray.2b” are shown in
Figure 6. For each plot, dark lines indicate the moments
of the stage and light-grey lines indicate the moments of
the previous stages. The envelopes of moments already
shown in Figure 5 are obtained when the following pro-
cess explained below is applied to all the stages.

It can be seen that the bending moments of the exca-
vation stage (Fig. 6a) are identical to those of the stage
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Fig. 5. Bending moments: a) envelopes for the three wall types; b) representative stages and envelopes for the “BL60+10” wall

type; ¢) envelope areas for all three wall types
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Fig. 6. Diagrams of moments at stages prior to the second anchor installation

where the SFRC is sprayed (Fig. 6b). This is because,
immediately after spraying, all the SFRC layer adds is
its own-weight, which is considered in the model by
updating the weight of the beam element. This implies a
small change in the normal stresses of the element and an
insignificant change in the bending moments. The exter-
nal loads on the wall remain constant until a new excava-
tion stage takes place.

The differential time-dependent strains between
RC and SFRC layers are left out of the model, bearing
in mind that the RC layer, as a slurry wall, has a high
confined water content (before excavation) and that the
sprayed SFRC layer, with a waterproofing additive, has
a greater capability of withholding moisture.

After the spraying stage, the wall has the CS cross-
section at depths of between 0.0 m and —3.0 m. There-
fore, until this stage is complete, the bending moments
are resisted exclusively by the SS cross-section. The
envelope of these moments is represented with an unbro-
ken bold line.

The changes in bending moments of stage “Exc.2b”
are shown in Figure 6¢. The increase in bending moments at
depths of between 0.0 m to —3.0 m can now be withheld by
the CS cross-section. The maximum moments that develop
once the CS cross-section is completed are referred to as
M$®, and its envelope is represented with a bold dashed
line, as shown in Figure 6d. This figure represents the
situation after spraying the second stretch (Spray.2b), in
which the two kinds of envelopes may be seen.

4. Sectional results

The design criteria set the ultimate moment resistance
as equal or greater than the design moment of each
cross-section (My; > M,). This particular criterion is
used for the dimensioning of the main vertical reinforce-
ment, which accounts for the differences introduced by
the various wall types analysed in this study. Therefore,
secondary reinforcements (e.g. for transversal stresses
or time-dependant effects) are neglected in this study
as they are considered the same for all three wall types.
The shear force, and its reinforcement, is also neglected
as it is not usually a determinant in the design of the
walls.

Reinforcement of the RC layer involves: a) a sym-
metric reinforcement on both sides of the wall with the
minimum mechanical reinforcement “4g,,;,” (accord-
ing to the EHE-08 code (CPH 2008)); and b) one extra
reinforcement per side of the Wall, one for the positive
moments “A,,”, and another one for the negative ones
“AS’_”, to cover the extra moment that the minimum
reinforcement does not cover. The addition of both areas
“Ay” was used in the calculations for cross-sections in
which both reinforcements were present. Only tensioned
bars were used in the calculation.

Two ultimate moment resistances, whether or not
we consider the SFRC layer, were obtained for the bi-
layer wall types, one for the SS (“M SS”) and another
for the CS cross-section (“MSS”). In this way, the
design condition for the bi-layer walls can be differen-
tiated according to the type of section that is active at
each instant, establishing that every cross-section must
at every instant simultaneously satisfy both relationships
given by the following inequalities:

Mg 2 M )
MES > MSS. )

The values of the reinforcements obtained for the three wall
types are shown in Table 3. The following information is
given for each alternative: bar diameter “d” and bar spac-
ing “s” expressed in the form “¢d/s”; the position of the
reinforcements “z"* and “z**7” (Fig. 7) and the ultimate
moment resistance of the SS and the CS cross-sections.

The ultimate resistance of the CS cross-section
where the positive moment reinforcements were placed
was not calculated, since this reinforcement is placed at
depths lower than 12.5 m, where there is no second layer.
The ultimate moments obtained with the aforementioned
reinforcements cover the design moments in the whole
wall (Ec. 1 and 2).

The increase in the ultimate moment resistance,
given by the contribution of the SFRC layer, ranges
from 14.5% (“Ag_" of the BLss, o wall type) to 21.0%
(“Ag i of the BLssijo wall type) in relation to the
resistance of the SS cross-section.
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Table 3. Reinforcements and My of the different wall types

Reinforcement Position ¢ My,
Wall Sinf  sup MSS MCS
Type U U
[mm]/[cm] [m]  [m] [kN'-m] [kN-m]
Ag pin
’”&;’16/24 -20.0 0.0 186 -
MLeo Agyr ¢12/16  —17.5 —12.0 337 -
Ag: ¢1022  -11.5 -5.0 263 -
AS, Pl .
m$’16/24 20.0 0.0 186 223
Bleoro y o gl012 175 120 326 -
Ag: ¢1024 115 5.5 257 294
Ag pin
”’&;’16/25 -20.0 0.0 161 195
Blssio 4 g16/28 -175 —115 300 -

Ag: 01228  —11.5 -5.5 240 275

@ Anchorage length not included.

01 ' p
11 : / \
1
.24 . /
Ep 1 /
1 /
-4 4 ' 7/
1
5 ED SR e
64 1
.
74 '
sf |
—_ "
E "1 n
£ ] i
‘;I). aq 0 & Ziensf . sup
O p - : ......... g .. ‘FZAS.+
13 4
144
154
416 1 s
—] inf
vl oiomes || & ZAs +
-18 4 MES
199 ----- MG
20 |

T —r—r—r—r—r
-350-300-250-200-150-100 -50 0 50 100 150 200 250 300 350

Fig. 7. Ultimate and design moments for the “BLgq,” wall

In the wall types with a 60 cm thick RC layer, the
above percentages are barely superior to the moment
increase following the application of the second layer,
i.e. the increase in the cross-section resistance, when the
SFRC layer is added, is barely higher than the increase in
the design moments when the second layer is considered
in the structural calculation. In turn, the reduction of the
maximum positive moments in the bi-layer wall type also
implies a small reduction in the given reinforcements.

As the BLss, o wall type has a thinner cross-sec-
tion, it requires, on the one hand, a smaller minimum
reinforcement but, in the other hand, stronger local rein-
forcements to carry the design moments, even though
these are smaller than in the BLg, o alternative. As an
example of design, the ultimate moment resistance for
the “BLgo11o” wall type is shown in Figure 7. The previ-

ously introduced design moments (“M,;”) are also shown
in the same plot. It can be seen that inequalities of Eqns
(1) and (2) are satisfied in every instance.

It can be seen that at depths of between 0.0 m and
—5.5 m the wall contains the SFRC layer although it is
not strictly necessary, as the resistance of the SS cross-
section itself is sufficient to cover the design moments.
It would be possible to optimize the use of the fibres,
placing them only in the stretches where they are needed
for the ultimate resistance of the cross-section. This is,
to place the SFRC layer at depths of between —5.5 m
and —12.5 m, and to place just sprayed concrete with
the waterproofing additive at depths of between 0.0 m
and —5.5 m (for waterproofing purposes and to even the
surface).

5. Discussion

Besides the structural solutions that have been presented,
different systems to deal with leakages on diaphragm
walls are compared in this section.

Two standard systems aiming to ensure a dry inner
wall after building a conventional mono-layer wall are:
a) Drained cavity (“DC”): a second inner wall separated
from the diaphragm wall. The cavity between them is
drained and the water accumulated at the bottom is later
pumped out; b) Waterproof mortar layer (“WML”): con-
sists of casting a second layer of waterproof mortar over
the inner face of the diaphragm wall. This layer is usually
about 5 cm width, and is cast after the diaphragm wall
has been finished, without structural function.

Additionally, an optional modification is added to
each of the bi-layer wall types. The Optimized fibres
(“Opt.”) system utilizes the idea introduced at the end of
Section 4, where the fibres are only placed where strictly
necessary (i.e. at depths of between —5.5 m and —12.5 m,
using a sprayed concrete without fibres for the rest of the
spraying layer). The system where fibres are uniformly
placed all along the second layer are called “Unif.” to
differentiate it from the preceding option.

The main differences between these systems are
summarised in Table 4. It includes the basic material
required for the construction of the complete systems;
the maximum displacement registered; the final thickness
of the system; and its waterproofing if any.

The different materials are grouped below in accord-
ance with their class. Thus, the volume of the two types
of concrete (RC and SFRC) and the mortar used in the
“WML” system are grouped under the heading “concrete”
and the conventional steel bars used in the RC layer and
the steel fibres used in the SFRC layer under “steel”. In
both cases (concrete and steel), cast and sprayed materi-
als were differentiated. The consumption of extra materi-
als of the “DC” system, as it is of a different class, is not
considered in the table. Although the dosages, placing
procedures and costs are not the same for the different
types of materials, this simplification allows a simple first
approach to compare the different systems.
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Table 4. Comparison of different waterproofing systems
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Mono-layer Bi-layer
ML, MEeo* ML+ BLgor1o BLssiio BLgoiyg BLssiq9
DC* WML “Unif.”  “Unif.”  “Opt.” “Opt.”
Concrete Cast layer (m3/m) 12.00 12.00 12.00 12.00 11.00 12.00 11.00
volume ISprayfd (m3/m) - - 0.63 1.25 1.25 1.25 1.25
ayer
Total (m3/rn) 12.00 12.00 12.63 13.25 12.25 13.25 12.25
Cast layer  (kg/m) 391 391 391 382 381 382 381
Steel weight g ved layer (kg/m) - - - 31 31 18 18
Total (kg/m) 391 391 391 414 412 400 399
Maximum displacement (mm) -17.3 -17.3 -17.3 -17.6 —-18.1 -17.6 —-18.1
Final thickness™ (cm) 85 65 70 65 70 65
Waterproof system NO YES YES YES YES YES YES

* corresponds to the volume of the mortar layer in the “MLg, + WML” system;
* the theoretical thickness is considered, without taking accidental deviations into account;
# the consumption of extra materials of a different class is not considered in this system.

With regard to material consumption, the ML, wall
type is the one with minor outlay in every material cate-
gory. Considering that maximum displacements are simi-
lar for all systems and that this one, in particular, has the
smallest ones, and finally, that this system has the smaller
thickness, this system is undoubtedly the most appropri-
ate whenever waterproofness is not required.

The bi-layer wall types achieve a reduction in the
RC layer steel reinforcement. The percentage of reduc-
tion in this layer compared with the MLy, alternative is,
2.1% for the BLgy, o wall type and 2.5% for the BLss.
wall type. However, the steel increment in the SFRC
layer exceeds the reduction reached in the RC layer. The
percentage increment compared with the ML, wall type
is 8.0% for the “Unif.” system, and 4.5% for the “Opt.”
bi-layer system. As the material and labour costs per
cubic meter of sprayed SFRC are higher than the cost of
RC, the structural system of the bi-layer solutions is not
favourable in this case.

Comparing the complete systems, including both
the structural and the waterproof system, the “Opt.” sys-
tems are more efficient than the “Unif.” systems and will
therefore be used in all subsequent comparisons.

The MLg, + DC system is nowadays one of the
more commonly used for waterproofing the wall surface.
The material required for the drained cavity (leaf wall
and extraction pump) is assumed to be relatively low.
The main drawbacks of this system are: a) Reduced inte-
rior space (crucial in the basements of buildings designed
for underground parking and other economic activities);
b) Need to activate a pump as excess water accumulates;
and c) It hides the source and the extent of the leakages,
or any other possible structural problem that the walls
may have (Puller 1994).

If the use of materials of the MLg, + WML system
is compared with the BLgy, 1o (“Opt.”), the latter registers
an increase of 5.0% in concrete use and 2.3% in steel.

Considering that the thickness of the BL system is also
larger, the BL alternative is not favourable in this case.

If the MLy, + WML system is compared with the
BLss. 1o (“Opt.”), it should first of all be noted that both
have the same final thickness and are also the slender-
est of all the waterproof systems under study. Regarding
the materials, it can be seen that a reduction of 3.0% in
the amount of concrete (the only material-related value
favourable to the bi-layer systems). Finally, an increase
in the total amount of steel (2.0%) is still registered.

Conclusions

A design method for the bi-layer diaphragm walls, a new
type of slurry wall, has been presented. It allows two
levels of comparison, the first of which is based on the
structural analysis and the second on the final design,
where the comparison includes final material use. The
structural behaviour of a conventional ML wall (60 cm
width RC layer) has been compared with two BL alterna-
tives (60 cm and 55 cm width RC layer plus 10 cm width
SFRC layer). Furthermore, starting with these wall types,
several systems to deal with leakages have been added to
the comparison. The main conclusions are summarized in
the following points.

There exists a potential of reduction in the
reinforcement of the RC layer of the diaphragm walls
through the structural use of the SFRC layer. This potential
is measured by the area of moments envelope covered by
the simple section (M’ E,S). This area is reduced 21% and
26% in both BL alternatives, compared with the ML wall.

However, it is not possible to take advantage of all
this potential in the design process for two reasons that
are explained as follows. The increase from the M5 to
the M55 is, on average, 123% of the MG (at depths
of between —2.5 m and —11.0 m). Besides, the increase
from the MUS,S to the MSS are, in this case, between 15%
and 20% of the M ©°. This means that, if the SS section
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is designed to cover only the SS design moments, the
second layer does not provide the additional bending
strength to the CS cross-section to cover the moments
developed after the second layer is sprayed. Therefore,
the SS sections should be designed to cover the M%
and part of the M$® moments. The second reason, is
that the minimum M gs’ given by the minimum rein-
forcement, already covers a part of the M55 design
moments.

Even though a reduction in the RC reinforcement is
confirmed for both wall types (2.1% and 2.5%), it appears
insufficient to compensate for the extra technologies and
consumption of materials to build the bi-layer solutions.
Nonetheless, the complete waterproof system becomes
an interesting solution when particular conditions are
taken into account, such as basement space limitations
or if continuous maintenance wants to be avoided.

Future work should include a parametric study to
evaluate, by means of the two level comparison presented
in this study, the influence of the general condition and
wall design on the profitability of the bi-layer wall type.
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