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The increasing demand for new infrastructure developments has recently
led to an escalating trend to develop sites with inadequate ground
conditions that were previousy considered uneconomical to develop.
These situations have posed challenged that geotechnical engineers are
meeting by cultivating innovative techniques like stone columns to
overcome soft clay soil conditions. Among the various methods for
improving in situ ground conditions, stone columns are considered one of
the most versatile and cost-effective ground improvement techniques. Sone
columns reinforce cohesive soils and densify granular soils in order to
increase bearing capacity and decrease total and differential settlement.
The accuracy of the results obtained depends on the knowl edge of the input
data for the tunnel and the surrounding soil. Many geotechnical challenges
are expected to occur related to soft clay soil stability and tunnel lining.
One of these problems is expected to occur related to tunnel lining stability
and surrounding soil is the high values of settlement due to compressibility
of soft layer when it lies around or below tunnel lining.

This present study aims to improve the behavior of tunnel lining and
eliminate the effect of soft clay layer on this behavior by using vertical
stone columns. This study is carried out by using Finite Element Method.
The tunnel lining is meshed with two dimensional e ements, called BEAM 6
element. The soil and stone columns are meshed with another two
dimensional elements called LST, (Linearly Varying Srain Triangular
Element). In this study, the main parameters were taken into consideration
are the position and properties of stone columns. It can be concluded that
using of stone columns in tunnel opening zone has strong effect on the
improving behavior of tunnel lining. For application of this study, data of
Cairo Metro Tunnel- Line 2, was chosen. The results of this study were
compared with the initial values obtained from case of does not include
stone columns.

KEYWORDS: IMPROVE, SOFT CLAY, LAYERED SOIL, STONE
COLUMNS, TUNNEL, FORCES DEFORMATION, F.E.M.

1. INTRODUCTION

The development of tunneling projects under heapdpulated cites such as Cairo,
Riyadh, and ....etc. has been rapidly increasingratdbe world last decades. Since
tunnel construction can have disastrous effectunldibgs, neighboring structures, and
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utilities near the excavation, suitable construttimethods and precautions have
necessary to provide maximum safety inside andidmuthe tunnel. The increasing
demand for new infrastructure developments hasthcked to an escalating trend to
develop sites with inadequate ground conditiong there previously considered
uneconomical to develop. These situations havedyokallenged that geotechnical
engineers are meeting by cultivating innovativehtegues like stone columns to
overcome problematic soil conditions. Stone coluamasrelatively stiff with respect to
the surrounding ground. Stone columns are colursfe@nents of highly compacted
aggregate materials often installed in weak in-sibils or fills. So, stone columns
reinforce cohesive soils and densify granular soitsrder to increase bearing capacity,
decrease total and differential foundation settl#ingrovide vertical drainage
pathways to increase the time rate of consolidatsmtiement, greater slope
stabilization, reduce the potential for liquefanti@nd allow construction on fills and
soft soil layersAiban mentioned that, the fieldwork prior to and aftes installation of
stone columns consist of Cone Penetration Test JCBfandard Penetration Test
(SPT), seismic cross-hole test and full-scale Rlataling Test, and results have
shown that the rigidity of the plate for the futlade Plate-Loading is critical for the
evaluation of the efficiency of the ground improwarhtechnique [1]. Depty et al.
stated that, the influence of column material ia gerformance of stone column is
studied through laboratory experiments on modehestoolumns installed in clay,
where five reinforcement materials were studiednss, gravel, river sand, sea sand
and quarry dust. Load versus settlement respons@etarmined. The grain size of the
stone column material is one of the main contrgliparameters in the design of stone
columns. They found that stones are the most effecttone column material [2].
Also, they found that the degree of improvemera gbft soil by stone columns is due
to two factors, the first one is inclusion of dfsti column material in the soft soil, and
the second factor is the densification of the sumding soft soil during the installation
of the stone column itself and the subsequent dwolagimn process occurring in the
soft soil before the final loading of improved s@bpacing of the column also plays an
important role in the performance of stone colun8everal researchers have worked
on theoretical, experimental and field study ongwedr of stone columngmbily and
Ganndi (2006) carried out a detailed experimental stugypehavior of single column
and group of seven columns by varying parametkesdpacing between the columns,
shear strength of soft clay and loading conditif8js They presented improvement
factor without considering stress due to instadlatof stone column. Andrecat al.
studied the influence of the main controlling pagtens such as drainage conditions,
grain size and the confining pressure, in the aesfgtone columns through a series of
laboratory experiments [4]. They mentioned thatifstallation of group of columns,
some procedure was adopted. Enough care was takieeep the stone columns in
vertical position. In clay bed the stone columnsemerepared from edges towards the
centre. Also, they conductefdr two spacing; 2.5d and 3d (d is the stone column
diameter), and found that load carrying capacityréased as spacing between the
columns is decreaseddu et al. mentioned that the area replacement percent is
considered effective if it is between 10% to 30%d,dor the percent of less than 10%,
no significant improvement in the ground propertgachieved; whereas, there would
be installation difficulties for the area replacerpercent more than 30% [5].
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The construction of tunnels is a subject of comsidie importance to
geotechnical and structural engineers. The studph@fbehavior of these structures,
such as transportation tunnels, pipe lines, andc. irelayered soil including soft clay
layer is considered one of the most important @wbln geotechnical engineering,
thus due to construction of tunnel lining in layeésmil including soft clay layer which
considered one of the problematic soil. Many gdutaxal challenges are expected to
occur related to soft clay layer, especially, whhrs layer exists around tunnel
opening. One of these problems arises when theetusrconstructed in layered soil
due to compressibility of soft soil, especiallysifft soil lies around or below tunnel
opening. The critical position of soft clay layehew it lies at tunnel level and it has
been found that the wariest case when the wholeetumpening lies inside soft clay
layer [6]. To control and mitigate the potentiablplem, the national authority for
tunnels (NAT) has applied grouting to the soil axdihe tunnel lining. Consequently,
the measured settlement in the field when the turoestruction advanced was found
to be significantly less than the estimated valuthaut grouting and well within the
allowable limit of 10 mm,[7]. Many problems relatedthe soil and tunnel stability are
expected during the construction of the tunneldaiyered soil including soft clay.
These main problems include large settlements rohefiions and increasing in internal
forces (normal force, shearing force and bendinghent) and stresses in soil. In this
study, a technique to improve the behavior of tisww®nstructed in layered soll
including soft clay layer using stone columns hasrbpresented. This study has been
carefully conducted using a 2-D finite element mode

In this study, many cases of stone column positecamstructed in layered soll
have been considered to represent most expectewverpent possible cases were
studied. These cases depend on the horizontahdestzetween stone columns, (center
lines spacing). The major objectives of this resleare: (i) determination the effect of
stone columns to improve the behavior of tunnehdnconstructed in layered soll
including soft clay layer, (ii) determination th#éeet of the distance between stone
columns on the behavior of tunnel lining, (iii) denination the changes in internal
forces in tunnel lining due to existence of stoakimns in soft clay layer, and (iv) try
to know the critical cases of study to take intmsideration to improve soil-tunnel
behavior.

2. FINITE ELEMENT MODEL

The finite element computer program FINAL [8] haseb used in this study. This
finite element model takes into account the effetthe vertical overburden pressure
and the lateral earth pressure using two methodsokeftion, Dead Loads or Initial
Stresses, in this analysis, Dead Loads method dé&xs Bised. Also, this program takes
into account the nonlinear properties of the sailsl the linear properties of tunnel
lining. Figure 1 shows the layout of 2-D soil-tuhmeodel and the used boundary
conditions.

The model has a width of 54.0 m and a height 00 58.including tunnel
lining. The finite element model is shown in Fig@eln addition, the dimensions of
the 2-D model have been determined in order toiedite the size effect in the
prediction of the performance of tunnel lining. T8wls, tunnel lining and the grouting
are simulated using appropriate finite elementsfirdte element model for soil,
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grouting, and tunnel lining for soil-tunnel intetimn model was built. The soils and
grouting were modeled using the 2-D elements, dal&T elements, (Linearly

Varying Strain Triangular Element), whereas, a &inining was modeled using

another 2-D elements, called BEAM 6 elements. BBHAM 6 and LST elements

have six nodes, each having two translation degrersedom [9]as shown in Figure

3. Calculations are carried out on the assumptia the tunnel lining is perfectly

bonded to the surrounding grouting, which actualiyded to the surrounding soils.
BEAM 6 element provides an acceptable solution tfar finite element modeling

problem, as it considers all possible deformatiohtinnel lining. The advantages of
this element are that, (i) it can describe the bedlavior of the lining as an arched
frame, (ii) it can combine with LST finite elementsed for grouting, soils and
improved soil having stone columns, (in this casedmbines with LST grouting

elements), and (iii) the number of elements reqguite@ model the lining with an

acceptable accuracy is very small [10]. The modeiststs of 36 BEAM-6 elements,
72 LST elements for grouting, 2120 LST elementsstil outside the opening and 164
LST elements for soil inside the opening (beforeaation of tunnel). Many studies
have been presented to investigate the behavidiffefent structures in soft soil [11,

12, and 13].

Analysis of deformations or displacements in tudiméhg, grouting and soils,
also, internal forces in tunnel lining was carreat using a 2-D plane strain finite
element taking into consideration the linear etalséhavior of tunnel lining and plastic
behavior of the ground materials [14].
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Figure 2. Finite element model Figure 3: Combiaetion between BEAM 6 and
LST elements [9]

2.1 Study Cases

A cross section of tunnel opening is a circle meer diameter (D) of 8.35 m and 0.40
m concrete lining thickness. A tunnel opining is sumded with 0.20 m thickness

grouting material. Soft clay layer has 15.0 m thiegs and its center line is the same
that of t opening. A zone around the tunnel opemiag 1.5 times internal diameter of
tunnel has been improved using stone columns. is s$tudy, five cases were

investigated, first case concerned with the init@be which the original soil layers as
shown in Figure 1, do not include any soft clayelaysecond case concerned with sall
layers and include soft clay layer but without ioy@ment, then, three cases of
improvement zone around the tunnel opening witmestoolumns depending on its

columns intensity according to spacing betweenestmmlumns were investigated as

show in Figure 4 [15].
nd*/4=t.S
t. = md?/4S

Figure 4: Idealization of stone columns in plaraist[15]
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In this investigation, it was assumed that both skene columns and the
surrounding soft clay are the same amount of setthd. There are no interface
elements placed between the stone columns andusdirg soil and this is realistic
because the stone columns poured against theasoil & very rough interface. The
details of study case are presented in Table 1.
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Table 1. Details of the study cases
Soft clay layer Stone columns
Study case " :
Position | C.L.level | H (m) | d (m) Spacing S (m)
Case | Layers No stone columns
(initial case)| 3+4+5 (-17.5 m) 15.0 0.0 (orlsg(;gaélzglllz\i/\)//lg:)out
No stone columns
Casell | Layers | 41750 | 150 | 00| (original soil with
(soft layer) 3+4+5 soft clay layer)
Layers
Case lll 34445 (-17.5 m) 15.0 0.6 3.0 (Improved cas
Layers
Case IV 3+4+5 (-17.5 m) 15.0 0.6 2.4 (Improved cas
Layers
Case V 34445 (-17.5 m) 15.0 0.6 1.8 (Improved cas

H is the soil thickness of soft clay layer,
d is the inner diameter of stone column, and
Sis the centre line distanbetween stone columns (spacing).

2.2 Material Constants

Where C.L. is the center line of soft clay layer or tunnetpjng.

The material constants of tunnel line-2 of Cairotde Egypt, at Km 4.234, were
chosen for this study to represent the real pralcpcoperties of soil profile. These
properties such as modulus of elastici#), (Poisson’s ratio\), density {), angle of
internal friction @, cohesion €) and compressive strength.) for different elements
of the model [16], are tabulated in Table 2. Theperties and position of soft clay
layer are reasonably assumed to represent a triticse of study which may be
occurred in practical field, especially; soft ckgil always spreads in many regions in
Egypt, and makes many problems in underground amtgins

Table2. The material propertiesof model (Initial casel)

. . . . . . Conc. ;
: Sail Sail Sail Sail Sail Sail - Grouting
Material Lining
properties L ai/er L ager L ager L aXer L a%/er L a%/er Toh?(r:?( -|Qh2ICn|2
E (KN/mz) 6.0E6 | 9.0E6 | 36.0E6 80.0EG 95.0B6 16.0EB3.5E9 1.1E9
v 0.40 0.40 0.35 0.30 0.30 0.30 0.18 0.24
y (KN/m3) 18.0 18.5 19.0 20.0 20.0 20.0 25.0 22.0
7 20.0 20.0 30.0 35.0 35.0 37.0 - 00.0
C
(KN/mz) 50.0 00.0 00.0 00.0 00.0 00.0 - 00.0
F. (Mpa) - - - - - - 100.0 -
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In the case of any layer which is taken as soft ol#e, its properties will be
taken as shown in Table 3.

Table 3. Average properties of soft clay layer and improved soil.

Material properties (KNEmz) v (KNj;m3) @ | C(KN/m?
Soft clay layer 36.0E5 | 0.30 18.5 00.0 25.0
. Caselll 36.0E6 | 0.35 19.5 30.0 15.0
Soil improved
with stone CaselV 100.0E6| 0.37 20.0 35.0 10.0
columns
CaseV 160.0E6| 0.40 20.5 42.0 5.0

3. ANALYSIS OF RESULTS AND DISCUSSIONS

The behavior of tunnel lining due to existing oftsday layer around the opening (all
tunnel opening is passing through the soft clagidaas shown in Figure 1) has been
studies before It has been found that this case represents tinstwase of study. To
study the behavior improvement of the tunnel linitlge stone columns have been
installed vertically down in soil layers as borddshaving 0.6 m diameted)(reached
to below invert point of tunnel opening, then, #hdsore holes filled with stones.
Different three cases of stone columns have beessiigated depending on spacing
(S between stone columns. Three different spacimg three and four times diameter
of stone columnsdj have been taken into consideration. The defoonatand internal
forces including normal forces, shearing forces l@dding moments on tunnel lining
have been determined. There are critical pointsuonel lining should be carefully
studied. These critical points such as Crown, Sters| R and L, Spring lines_R and
L, Knees_R and L, and Invert which are correspagdinposition numbers 1, 2, 8, 3,
7,4, 6, and 5, respectively, are chosen as slmowigure 5.

Figure 5: Layout of tunnel lining and critical ptén
(R means Right, and L means Left)
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To analyze and illustrate the behavior of tunnahly, the obtained results are
plotted in the form of deformation shapes, vertid@placements, normal forces,
shearing forces, and bending moments.

3.1 Deformation Shapes and vertical Displacements

The deformation shapes for tunnel lining and addél vertical displacements for soil-
tunnel model due to excavation of tunnel in layesed including soft clay layer at
different positions are studied.

3.1.1 Defor mation Shapes

The deformation shapes of tunnel lining due to eatian of tunnel and soil improving
for all cases of study are illustrated as showRigure 6. Due to symmetry of loading,
the deformation shapes are symmetrically abouicatrtenter line axis of a model, so,
it considers only one half model of the tunnelrimi

(a)(lﬁ;;?éase) ' () casell " (c) Caselll

=
(d) Case IV (e) CaseV
Figure 6. Deformation shapes of tunnel liningdtircases of study.
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From the deformation shapes of tunnel lining shawfigure 6, in the cases
of layered soil without soft clay (initial casedhd with soft clay (case ll), it can be
found that, existing of soft clay layer leads torgase the deformation as mentioned by
authef. On the other hand, when stone columns were uséchgrove soft clay in
tunnel zone of distance approximately three tinfasiinel opening (cases I, IV and
V), it can be noticed that deformation decreaseklatk to initial case I. This means
that using of stone columns strongly affects orrelsing the deformations in tunnel
lining, and this effect depends on spacing betvaene columns. Also, it can be found
that, the deformations decrease as the spacingebetstone columns decreases as
shown in Figure 6 (lll, IV, and V).

3.1.2 Vertical Displacements

The displacements of soil-tunnel model for all caskestudy are illustrated as shown in
Figure 7. Due to symmetry of loading, the vertidadplacements are symmetrically
about vertical center line axis of a model, sa;absider only one half model of the
tunnel lining.

From the vertical displacements of soil-tunnel shawFigure 7, in the cases
of layered soil without soft clay (initial casedhd with soft clay (case Il), it can be
found that, the existing of soft clay layer leadsricreasing the vertical displacements
as mentioned by auttfeOn the other hand, when stone columns were asidprove
soft clay in tunnel zone of distance approximatihge times of tunnel opening (cases
I, IV and V), it can be noticed that vertical dlacement decreases and back to initial
case |. This means that using of stone columnsglyoaffects on decreasing the
vertical displacements in soil-tunnel model, and #ifect depends on spacing between
stone columns. Also, it can be found that, theie&rtdisplacements decrease as
spacing between stone columns decreases as sh&iguine 7 (c, d, and e).
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Figure 7. Vertical displacements of soil-tunneldebfor all cases of study.
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I nternal forces
Ny
N,
N
Ny
Ns
Ne
N
Nsg
Q1
Q>
Qs
Q4
Qs
Qs
Qy
Qs
M1
M,
M3
M4
Ms
Ms
M-
Mg

Table4. Internal forcesin critical tunnel lining pointsfor different studied
(KN) or (KN.m)
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3.2 Internal Forces in Tunnel Lining

For all studied cases considered, the internalefin tunnel lining, (normal forces,
shearing forces and bending moments), are plottethé following Figures. The
internal forces in critical nodes at tunnel liniage tabulated as shown in Table 4.

From Table 4, it can be noticed that, for the sawiat, compared with initial
study case |, value of internal force increaseslenreases according to location of
point at tunnel lining and intensity of stone cohgnAlso, it can be found that, in
some study cases, at the same point, the normnaddarhanged from compression to
tension and vice versa. Also, values of shear foared bending moments changed
from positive to negative and vice versa.

3.2.1 Normal Forces

For all considered study cases, the normal foroedllastrated as shown in Figure 8.
This Figure shows a comparison between the norarak$ in tunnel lining obtained
from initial case (Case |) and other cases.
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Figure 8. N.F.D in tunnel lining for different slyicases.

The effect of soft clay layer on the values of intd normal forces in tunnel
lining, (Figure 8 (b)). Whereas, the effect of impng of soft clay layer with
installation of stone columns on the values ofrimaé normal forces in tunnel lining is
shown in Figures 8 (c, d, e). From initial casedse Il which includes soft clay layer,
and other three cases which include improving éfcay layer with stone columns, it
can be noticed that, for case Il, the values ofmabiforces are strongly affected with
existence of soft clay layer compared with thostioled from initial case |, but a
dangerous problem appeared where at critical psmts asCrown andlInvert, the
values of normal forces are changed from compragsidension as shown in Figure
8(b). On the other hand, in the case of using stmhemns, it can be found that the
effect of improved soil with stone columns are syly appeared, where all normal
forces are approximately back to become compressidrits values are less than those
obtained from initial case as shown in Figure &(@nd €). Also, it can be found that,
due to increasing of a stiffness of enhancemeng,zanrmal forces decrease when
spacing between stone columns decreases as shéugune 8 (c, d, and e).

3.2.2 Shearing Forces

For all considered study cases, the shearing farcésnnel lining are illustrated as
shown in Figure 9. This Figure shows a comparisetwéen the shearing forces in
tunnel lining obtained from initial case (Casenypdhose obtained from other cases.

(b) S.F.D. (Case Il)

(a) Initial S.F.D. (Case 1)
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(e) S.F.D. (Case V)
Figure 9. S.F.D in tunnel lining for different diucases.

Figure 9 shows the effect of soft clay layer on ¥h&ies of internal shearing
forces in tunnel lining, (Figure 9 (b)). Wheredse teffect of improving of soft clay
layer with installation of stone columns on theues of internal shearing forces in
tunnel lining is shown in Figure 9 (c, d, e). Franitial case |, case Il which includes
soft clay layer, and other three cases which irelimaproving of soft clay layer with
stone columns, it can be noticed that, for caséhH, values of shearing forces are
strongly affected with existence of soft clay lagempared with those obtained from
initial case |, and the maximum value of shearioigéd in tunnel lining (at Shoulders)
is greater than and approximately 1.55 times thahe initial case | as shown in
Figure 9 (b). On the other hand, in the case ofgustone columns, it can be found that
the effect of improved soil with stone columns ateongly appeared, and the
maximum value of shearing force in tunnel liningyae to decrease and is smaller than
that of the initial case | as shown in Figure 9dcand e). Also, it can be found that,
due to increasing of a stiffness of enhancemeng,zshearing forces decrease as
spacing between stone columns decreases as sh&iguine 9 (c, d, and e).

3.2.3 Bending Moment

For all considered study cases, the bending monieritsxnel lining are illustrated as
shown in Figure 10. This Figure shows a comparistween the bending moments in
tunnel lining obtained from initial case | and thaxbtained from other cases.

Figure 10 shows the effect of soft clay layer om walues of internal bending
moments in tunnel lining, (Figure 10 (b)). Wherdas, effect of improving of soft clay
layer with installation of stone columns on theuesd of bending moments in tunnel
lining is shown in Figure 10 (c, d, e).
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(e) B.M.D. (Case V)
Figure 10. B.M.D in tunnel lining for differentugty cases.

From initial case | which does not include softyclayer, case Il which
includes soft clay layer, and other three caseshvhiclude improving of soft clay
layer with stone columns, it can be noticed that, dase Il, the values of bending
moments are strongly affected with existence of slafy layer compared with those
obtained from initial case I, and the maximum vabfieshearing force in tunnel lining
(at Spring lines) is greater than and approximadelytimes that of the initial case | as
shown in Figure 10 (b). On the other hand, in @éseof using stone columns, it can be
found that the effect of improved soil with stor@unns are strongly appeared, and
the maximum value of bending moments in tunnelntinbegan to decrease and is
smaller than that of the initial case | as showFRigure 10 (c, d, and e). Also, it can be
found that, due to increasing of a stiffness ofam@ment zone, bending moments
decrease as spacing between stone columns decasasie®vn in Figure 10 (c, d, e).
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4. CONCLUSIONS

The present study is concerned with the improvirghavior of tunnel lining

constructed in layered soil including soft claydayising stone columns installation

technique. In this study, the main parameters takém consideration are critical
position of soft clay layer corresponding to tunapéning level and spacing between
stone columns. The results obtained from this staidy compared with the initial
values obtained from a reference layered soil witlsoft clay layer.

Based on the above discussion and analysis ofr@utaiesults, the following
main conclusions are drawn:

(1) The danger of existence of soft clay layer in lagesoil around a tunnel opening is
that some of internal forces in tunnel lining hadween changed in sign from
compression to tension or from positive to negading vice versa.

(2) Using stone columns installation to improving tege causes increasing in a
stiffness of enhancement zone around tunnel opening

(3) Inclusion of stone columns considerably improves tiehavior of tunnel lining
constructed in layered soil including soft clayday

(4) Stone columns decrease vertical displacementsiltiusmel model, and decrease
deformations in tunnel lining.

(5) Stone columns are strongly effect in decreasingrtieenal forces in tunnel lining.

(6) Spacing of the columns plays an important role fiecing the deformation
characteristics and internal forces in tunnel lipikiso, effective increases as
spacing decreases.
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