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ABSTRACT: Ground improvements methods such as mixed-in-place and jet grouting techniques have proven
to be efficient auxiliary measures for deep excavations constructed in poor ground conditions. Although the
design is primarily based on empirical rules, numerical methods are frequently employed in order to assess the
deformation behaviour of these structures, but increasingly also to evaluate the stress state in the treated soil.
This requires the use of appropriate constitutive models capturing the main features of the mechanical behaviour,
notably their limiting tensile strength and initiation of cracks. In this paper a newly developed constitutive model

is applied to simulate the behaviour of a jet grout panel supporting a deep excavation against uplift pressure. It
could be shown that a reliable estimation of the stress distribution and crack patterns in the slab can be obtained
providing a basis for optimization with respect to tension piles or geometry of the jet grout slab.

1 INTRODUCTION the CASM (Clay and Sand Model) developed by Yu
(1998). Although this approach has proven to be suc-
Ground improvements methods such as stoneessful it is not well suited to model concrete-like
columns, cemented stone columns, mixed-in-placenaterials such as jet grout and mixed-in-place columns
and jet grouting techniques have proven to be effibecause these materials behave like weak concrete
cient for improving the mechanical behaviour of softwhere modelling of tensile strength and tension soft-
ground. Although the design of ground improve-ening becomes important. For this reason strength
ment techniques is primarily based on empirical rulescriteria based on the Mohr-Coulomb failure criterion
numerical methods are frequently employed in order tavith tension cut-off,occasionally enhanced to include
assess the deformation behaviour of these structuregscous effects (e.g. Kudella et al., 2003), or empir-
but increasingly also to evaluate the stress state in theal formulations (e.g. Fang et al., 1994) have been
treated soil. One of the key aspects of this type of analroposed in the past.
ysis is the constitutive model employed for describing In this paper a newly developed constitutive model
the mechanical behaviour of the improved groundfor shotcrete is applied for modelling jet grout mate-
Simple elastic-perfectly plastic failure criteria arerial. It could be shown that with the appropriate choice
often applied in practice (see e.g. Borchertetal., 2013)f parameters this model is well capable of modelling
but these models cannot capture important aspects ohportant features of the mechanical behaviour of jet
the mechanical behaviour of such materials, in particgrout material. One of the key features of the model
ular when the tensile strength is exceeded. Thereforig the capability of accounting for tension softening.
either significant engineering judgement is requiredt is well known that this type of behaviour cannot
to interprete the results or the model parameters hadge modelled in a standard finite element approach
to be changed manually during the analysis to take intand therefore fracture energy regularization is sug-
account e.g. the development of cracks. It should bgested. Only a brief summary of the model is presented
emphasized that in general cemented, mixed-in-pladeere because the emphasis of this paper is to prove
and jet grout columns are not reinforced. the applicability to practical geotechnical engineering
With respect to modelling the mechanical behaviouby solving a, slightly simplified, problem of a deep
of cemented materials some researchers have develxcavation involving a jet grout slab and tension piles.
oped models utilizing concepts employed for mod-The influence of various modelling assumptions is dis-
elling structured soils (e.g. Gens & Nova, 1993).cussed and the potential of the model for optimizing
These models are usually extensions of Cam Clay typgne design is shown. For the post tension region only
models (e.g. Horpibulsuk et al., 2010) or modifica-very limited data is available and therefore the con-
tions of it, see e.g. Arroyo et al. (2012) who employsequences of different assumptions are highlighted.
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Table 1. Parameters of the “shotcrete” model.

Name  Unit Remarks

=) [kN/m?] Young's modulus after 28d
—] Poisson’s ratio
fe,28 [kN/m?] uniaxial compressive strength after 28d

fi 28 [kN/m?] uniaxial tensile strength after 28d
[1] angle of dilatancy
Ei/Exs  [-] ratio of Young's modulus after
1d and 28d

fealfeos [-] ratio of f; after 1d and 28d Gt f -fcy -f. -¢'
feon [-] normalized initial yield stress (compr.)
fern -] normalized failure strength (compr.) Figure 1. Yield surfaces and failure envelope.

cun -] normalized residual strength (compr.)

Ep -] plastic peak strain in uniaxial

compression at shotcrete ages of Gslfc“
1h,8hand 24h
Gc2s  [KN/m] fracture energy in compression after 28d 1

frun [-1 normalized residual tensile strength f / G
Gi2s  [kN/m] fracture energy in tension after 28d cfn .
°r [ ratio of creep vs. elastic strains
tsp [ time at 50% of creep >
shr [ final shrinkage strain
[ time at 50% of shrinkage
cOn

Emphasis is placed on the development of crack pa * >
terns. Although this usually does not have a sever 1.0 He H. H,
impact on the global safety of the structure it is worth-

while to take these effects into accountinthe numericdfigure 2. Normalized stress—strain curve in COmprESSiOn.
analysis in order to have additional information for

designing the required thickness of the jet grout panefMPI0Ys @ Mohr-Coulomb yield surfaég for devi-

atoric loading and a Rankine yield surfa€gin the
tensile regime (Fig. 1). In this study constant values of
2 CONSTITUTIVE MODEL FOR JET GROUT ~ max= 37 and = 0 are employed. .
Strain hardening in compression follows a quadratic
MATERIAL . -
function up to the peak strength, with subsequent

P s i bi-linear softening, but compression softening is not
The constitutive model applied in this study to model . - ; X :
the mechanical behaviour of jet grout material isesserf“:ons'dered in th's. study (Fig. 2.)' Due to the time
tially the same as presented in detail by Schaedlich &€Pendency of the involved material parameters, anor-
Schweiger (2014) for modelling the behaviour Ofmahsedl hagd_e”'ﬂg’s‘)fte”!”g pqramdﬂ%r: o opis
shotcrete, whereas a few features, available in th#S€d With 3= minor plastic strain.
model but not required for the purpose of this study,. The. model behawour In tension Is I|ne§1r elas-
are switched off. As mentioned previously, emphasis i%'é‘.: until the tensile strengtif is reached (Fig. 3).
put here on the development of cracks once the tensife"¢f strain soitening follows, governecil) b})' the nor-
strength is exceeded. The model has been impldialized tension softening paramektr= 3/ , with
mented in the finite element software PLAXIS 2D 1~ rpajor principal plastic strain (calculated frdfy)
2012 (Brinkgreve etal. 2012) and only the key featureénd w = plastic ultimate strain in uniaxial tension.
are briefly described in the following.It is noted that a :
compression negative notation is employed throughOLf’y =11+ (fun =1)-H,) O
the paper.
b, is derived from the fracture energy in tensi@,
and the characteristic length of the finite elemégg,
2.1 Model parameters which provides the necessary regularization to avoid
|mesh dependency of the numerical resultg.is cal-
culated from the size of the finite elemer,, and
the number of stress points per elemewg (Polling,

The complete list of input parameters for the mode
is summarised in Table 1.

2000).
2.2 Yield surfaces and strain hardening/softening
. . . . A4,
Plastic strains are calculated according to straill,, =2 e 2)
hardening/softening elastoplasticity. The model ﬁwm
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01/f:‘ Table 2. Parameters for the jet grout panel.
1.0 Name Unit Value
Ezs [GPa] 15
G -] 0.2
fe28 [MPa] 8
fi 28 [MPa] 0.8
feon -] 0.7
ft:fn [—] 1.0
feun [-1 1.0
fun : fun [ 0.05
i Ge,28 [kN/m] 0.01 and 0.05

H,=10 H,

Figure 3. Normalized stress—strain curve in tension.
jet grout panels under uplift pressure as compared to
10 kN/m? 10 kN/m? analyses where the jet grout material is modelled as
linear elastic or perfectly plastic material without ten-
sion softening. Therefore the influence of different

& o layer 1 assumptions such as the fracture energy, the thick-
= = aver 2 ness and the shape of the slab on the results has been
g 20m Y examined. Some consideration is also given to the
behaviour of the slab in the vicinity of the diaphragm
c% Diaphragm Wall ” 5 h d H
g EI |~ (hickness=1m) wall supporting the deep excavation.
—§— Jet grout Slab
e 3.2 Material parameters
o 2

As mentioned previously the focus of the paper is on
Tension Piles the mechanical behaviour of the jet grout slab and
therefore only material parameters relevant for the slab
are discussed here in detail. For soil layer 1 a simple
Mohr-Coulomb failure criterion is assumed and for
Figure 4. Layout of example analysed. soil layer 2 the Hardening Soil model, a standard model
in the Plaxis material models library is employed. The
2-G, 3) reason for choosing this model is that it takes into
U+ S S Ly, account the difference in stiffness between primary
loadings and unloading/reloading, which is important
. . in this particular case because a constant stiffness
Once the residual strength = fun - ft is reached, no yoy1q overestimate the heave of the excavation base
further softening takes place. _leadingto higher bending momentsin the slab and con-

All other feature_s, which es_sentlally controlthe t'mesequentlythe developments of crack patterns predicted
dependent behaviour, are switched off for the purposg,oy 4 pe unrealistic. For soil layer 2 a primary loading
of this study and therefore from the parameter lisk;iftness of 20 MPa and an unloading stiffness of 60
given Table 1 only the Young's modulus, the Poisson§ypa has been assumed. The effective friction angle is
ratio, the compressive strength, the tensile strengthyy 5 anq effective cohesion is 0. The diaphragm wall
the residual tensile strength and the fracture energy i assumed as an elastic material. As mentioned above
tension are required for the analysis. the time dependent development of strength and stiff-

ness of the jet grout slab is not considered in this study
because itis not relevant (the slab is stressed only after
3 APPLICATION TO PRACTICAL EXAMPLE curing) but emphasis is put on the behaviour under
. tensile stresses. The relevant parameters are listed in
3.1 Geometric layout Table 2. The analysis steps follow the usual procedure,
The problem considered is a deep excavation with €. initial stresses, walls wished-in-place, groundwater
jet grout slab constructed below excavation level. Thdowering and excavation in steps.
slab is subjected to uplift pressure and thus additional
tension piles are required (Fig. 4).

The main purpose of this contribution is to show
that the newly developed constitutive model, originallywhen constructing a slab with jet grout technology
proposed for modelling the mechanical behaviour ohigh pressures are involved and it can be expected that
shotcrete, can be applied to solve this kind of probany residuals of slurry cake resulting from diaphragm
lems, providing a better insight into the behaviour ofwall construction will be cleaned off and therefore the

3.3 Results-influence of connection slab/wall
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Figure 5. Crack pattern for reduced tensile strength near
wall. Figure 7. Crack pattern for slab with 1.5 m thickness.

kN
[ 1800.00

400.00

Figure 6. Crack pattern for full tensile strength near wall.

strength of the “interface” slab/wall will be relatively

high and no distinct interface is created. To account

for that in the numerical analysis no interface is placedrigure 8. Contour plot of principal stresg (0-800 kPa)

between wall and slab but a small cluster is introducedPr slab with 1.5 m thickness.

where the tensile strength is reduced to 250 kPa. It fol-

lows from Figures 5 and 6 that this assumption ha:

an influence on the crack development near the wa

but the overall behaviour of the remaining slab is noj

affected significantly, keeping in mind that a numeri- 7

cal procedure involving tension softening is in genera L —

sensitive and therefore one should not put too muc | el

of interpretation on the exact position of individual ” S

cracks. It is also noted that this preliminary study has¢

been performed with a slab thicknesslom which

is not realistic from a practical point of view but has Figure 9. Contour plot of principal stresg (0—800 kPa)

been chosen here to look at extreme conditions. for slab with 1.5 m thickness — Mohr Coulomb criterion for
slab.

[

0.00

. . plotted in Figure 9 for the analysis employing a Mohr-
3.4 Results-comparison with MC-model Coulomb criterion for the slab. It is clearly observed
In th|s Section the performance Of a s|ab Wlth 15 mthat stresses in the Slab are Significantly diﬂ:erent
thickneSS’ WhICh is more rea“stic from a practicajbecausein astandard MOhr-COUIOmb Critel‘ion theten'
cluster near the wall has been reduced to 250 kPa, othal value with the consequence that tensile stresses
erwise the parameters listed in Table 2 apply, wherea@nly develop through half of the slab thickness but
Gy 2is assumed to be 0.01 kN/m. Ideally, this value is@main at 800 kPa in a significant part of the slab. This

determined from experiments (direct tension or bendiS also reflected in Figure 10 where normal stresses are
ing test) but in practice this parameter will not beplotted in a cross section of the slab where a crack is

read”y available in most cases. However, it can bé)resent. With the new model the stress is zero but with

assumed that the behaviour of jet grout material in tenthe Mohr-Coulomb  criterion the stress is 800 kPa
sion is rather brittle, i.e. the stress strain curve show§naximum tensile strength specified) and the depth
a rapid loss of strength once the peak tensile streng®f tensile stresses and cracks is much deeper with
is reached, i.e. the fracture energy is small. Howevethe new model. The same conclusion can be drawn
this will depend at least to some extent on the groundfom Figure 11 where bending moments are shown.
conditions. The consequences of this assumption afé is evident that the bending capacity of the slab
further discussed in section 3.5. In order to compare thaPPlying the Mohr-Coulomb criterion is significantly
results obtained with the new constitutive model withhigher and is most probably overestimated.
current practice, some analyses with a Mohr-Coulomb
strength criterion without considering softening in the
tensile regime for the slab have been performed.
Figure 7 depicts the obtained crack pattern andn this section the influence of the assumed fracture
it follows that in the middle part of the slab cracks energy in tension, which is required as input into the
develop through about 2/3 of the thickness of the slabmodel, is investigated. Based on sparse available data
Figure 8 shows a contour plot of the principal stregs from projects and experiments (mainly for concrete
whereas only tensile stresses are shown. The sametiwugh) values for &g can be suggested to be in

3.5 Results-influence of Gg
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Figure 13. Contour plot of principal stresgS Gy 2s=
0.05.

Slab thickness (m)

FaWaYal
o100 T
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Normal stress (103 kN/m?2)

Figure 10. Comparison of normal stresses across slab.
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Figure 14. Crack pattern — no tension piles.

_———
-

RN/
~1800.00

Bending moment (kNm/m)

Figure 11. Comparison of bending moments in slab. Figure 15. Contour plot of principal stress — no tension
piles.

the center of the slab, very similar to the analysis with
G[yzg: 0.01 kKN/m.

3.6 Results-influence of slab geometry

All analyses presented so far are with tension piles
Figure 12. Crack pattern G = 0.05kN/m. in place as indicated in Figure 4. As construction of

these tension piles is a significant cost factor it is

investigated whether or not a different geometry of
the range of 0.01 to 0.05 kN/m, the lower value beinghe jet grout slab, namely in form of a staggered arch,
more likely to be representative and therefore this hagould be a feasible alternative. The individual sec-
been assumed as basis for results presented in the ptigns have a thickness of 2m, i.e. the overlap at the
vious chapter. If the input for the fracture energy isboundary of the sections is 1.5m (see Figure 14).
increased to 0.05kN/m, representing a very ductile'he numerical analysis shows that it is indeed possi-
behaviour, the crack pattern obtained is shown in Figble to achieve equilibrium with this system. The crack
ure 12 which has to be compared to Figure 7, whergattern obtained follows from Figure 14 and the con-
the same is plotted for Gg= 0.01kN/m. Figure 13, tour plot of 3 from Figure 15. Cracks develop at the
to be compared with Figure 8,shows a contour plot oboundary of the sections and near the wall.
the principal stress; and again only tensile stresses Because of the high compressive forces in the
are shown. The differences are obvious. Although thepper part of the slab at the connection to the wall
maximum tensile stress is reached towards the centah additional analysis has been performed, not only
in the upper third of the slab, cracks do not develogeducing the tensile strength in a cluster adjacent to
deeper because softening is less severe and equilithe wall (to 250 kPa) but also the compressive strength
rium can be established. However significant crackingto 2500 kPa). The effect follows from Figures 16
occurs at the connection to the diaphragm wall and imnd 17 which show the distribution of normal and
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panel, constructed below the base of a deep excavation
to provide resistance against uplift pressure. Empha-
sis was put on the behaviour after reaching the tensile
strength of the material. It could be shown that sig-
nificantly different results with respect to the stress
distribution in the slab are obtained as compared to
modelling the behaviour of the slab with a simple
Mohr-Coulomb failure criterion with tension cut-off.
Although no direct comparison with measurements is
possible it can be postulated that qualitatively realistic
crack patterns are obtained. The influence of differ-
ent assumptions such as the value chosen for fracture
energy has been addressed. It could be shown that for a
favorable geometry of the slab the tension piles could
be omitted.
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follows from Figure 18.

4 CONCLUSIONS
In this paper a constitutive model, originally developed

for modelling the mechanical behaviour of shotcrete,
has been applied to model the behaviour of a jet grout
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