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ABSTRACT: Common ground mmprovement technigues fike desp vibration compaction, vibro replacement stone colurns, dynamic compac-
tion or vibratory rolling are zhll a sui:ujett of rezearch. Research fields are for example optimized lavouts or estimation of main influencing
parameters: A lot of successful scientific research 15 conducted on piles and piling using vanous numerical methods. Therefore, it 15 sssumed
that numerical models can be uzed fo improve ground improvement methiods. In this contribution. different ground improvernent techniques
and rmmerical models to simnlate the influence of these techmiques on the sirrounding 301l are prezented. Furthermore, optisvi=afion methods

and potentials of ground mprovement techniques are shown

KEYWORDS: Ground improvemeant,
columng, Dyvnamme compaction, Vibratory reflers

1. INTRODUCTION

Often zoilz present on constraction sites are not suitable for stacture
loads. To mcrease the bearms capacity of those soils and to reduce
settlemients a2 well 2z the nisk of liguefaction, pround mprovement
methods are uyed. Different techmgues for ground improvemsnt ex-
izt These methods are suitable for different soils. Deep vibration
compaction iz widely usad for noncohesive soilz, whereas wibro re-
placement stone columns are utilized in-sodft; cohesive soils.

Due to the variety of existing soils and sround improvement tech-
migues and & possibly large extent of the construction ste 1t iz pecas-
zary o choose the right growmd improvement method and to planan
ophmized lavout dunng the design process of 2 construction. Scisn-
tific rezearch works can provide methods and datz to obtain mam -
fluencing parameters a= well az optimized deszipn layouts repardmg
for examiple costz or construction time.

For different fields of applications like piles, spudcans, dikes and
bank= sumerical methods are uzed to investigate influshcing param-
eters ar well &z bearmg capacity and leadime behavior (Qm, 2012;
Henke, 2013; Rudolph, 2013; Hamann 2013), Therefore; it iz as-
sumed that ground improvement methods and the processes tzking
place in the zoil during improvement can be apalvzed using mmernical
simmlatioms.

Thiz paper analyzes four different pround ivprovement metheds:
desp vibration compaction, wibre replacement stone columns
(VRSE), dvnamic compaction and vibratory rollers. These methods
are mvestigated with different techmiques for numenical modelling:
Finite Element Method (FEA) and Materiz]l Pomt hiethod (WPRE

Additionally, a numerical optimization is carried out for the design of

2 VRSC layvont

With theze simulations and additional mathematics] optimization
demonztrated exemplarily on the design of stone columns the poten-
tial of ground improvement methods is shown

1. MODELLING TECHNIQUES AND XNUMERICAL
METHODS

Ground improvement methods involve large deformations of the sml.
To analyze these methods uzine numerical simulations the chozen nu-
merncal methods have to be 2ble to process large deformstions. Fur-
thermore. constitutive medels, which are zble to model the highty
nonlinear behaviour of soils, are needed, and also anabysiz proce-
dures, which can take the hvdro-mechanical couplng into- account,
ghould be developed and applied.

2.1 Finite Element Method (FEM)

FEM involves two formulations to describe the movement of & con-
ooy The Eulenan and the T.zerangian formmlation

Numerical modeling, Mathematieal optimization, Diesp vibration compaction, Vibre replacement stone

The contimum movement 3z 3 Lagranpian formuolation 1z de-
aeribed as & funchion of tome and matenal coordinates, which means
that a FE-node 1z always fized to the same matenis] node: A precize
udentification of surfaces iz posaible. Mesh deformations may cecur.

A function of ime z2nd s:.‘uattal cogrdinates charactenizes the move-
ment of & contimumn az part of an Fulerian formulation. The mesh is

considerad to be fized. Each element can be filled either completely
with material contain no matenal at all (void) or be partially filled.
Therefors, each element can contain more than one matensl. The Eo-
lerian matenial moves throngh the mesh Hepce, no mesh distorfion
oCouTs.

Omne techmque to model large deformations numencally iz the
Coupled Eunlenian Lagrangian (CEL) approach. Here the advantages
of both formulstions of FEM areused. An object descnbed with La-
prangian formulation penetrates mto 2n Eulenan region. The contact
formmlation starts to act once the contact between Eulenan material
and I agrangizn object iz established

1.1 Material Point Method (MPA)

The Materizl Pomt Method 1z an extension of the classic FEMA and
was orignally developed 25 the Particle-In-Cell method for flnd dy-
namies (Harlow, 1964). An application of MPM to geotechnical prob-
lems was performed by Wiegkow:k and can be found m Wieckowski
et al. (1999 and m Wieckowsla (2004). To simulate larse defos-
mations of sasturated and partially satorated =01l a two- and three-
phaze formulstion was diserstized uvzing the MPM (Jassim et al.,
2013, Abe et al 2014},

In the MPML each time step is caleulated m the well-lmown frame
of the Laprangian FEM. In addition the mash is reset to 1fs tnitial po-
sition-after each [ sgrangian step: The deformed matenial 1z prezented
by z0 called material point: which are followmns the deformstion
through the mesh and contam their position i confrast to the mesh
after a time step. This approach allows to simulate large deformations
without the drawbacks of integration 3zues dus o mesh distortions.

For this paper the joint MPM code of the MPM Research Com-
mumity 1z used, which 1z bemg developed by the Unmversity of Cam-
bridge, UPC Barcelona, Hmmurg University of Technology, Univer-
sity of Padova, Delft University of Technology and Deltares.

1.3 Mathematical Optimization

Mathematics] optumzation can be uzed to determine most efficient
geotechnical designs and can be used in combination with numerical
simulationz. Applications of mathematical desipn optimizations are
shown for a piled raft foundation (Kim et al | 1999; Grabe and Puclker,
2011}, for apile grillage (Ciems et al.. 2006; Kmnzler, 201 1) fora guay
wall construction (Grabe et al.. 2010) and for an underpmning (Seitz
et al., 2013).
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In order to use mathematical optimization, a numerical model has
to be zet up. Then it is possible to automatically determine the best
paramester combimation for a given optimization objective. A desipn
optimization ‘preblem usually ha: several objectives, ez minirms]
coxtz, mimimal construction time, mimimal respurce use and maxim-
ized ground improvement Therefore, the optimization problem: 1z
multicriterisl Additionally the relation between the variable parame-
ters and the opfinnzation objective iz usually nonlnear

In order to solve nonlimear multicnitena optimization problems,
heumshic optimization methods are suited zuch as simulated annealing
{Kirkpatrick et al., 1985, tabu search (Glover. 19848). particle swarm
ophmization (Eberhart and Kemmedy, 19935}, ant colony optimization
{Donigo et al, 2006) and evolutionary algorthms (Deb, 2001).

Thiz paper presents =n application of an evelatronary slzonthm to
& multicriterial optimization problem; which iz described 1n section
4 3. Evolutionary optimization iz an iterative procedure. All the ane-
lyzed parameter zets in one rerafion form a 3o called generation of
imdividuals. The objectives. such as cost minimization; are evaluated
and the best mdividuals are identified. The best mdividuals peraist for
the cenmesiz of the next generation Additionally recombination end
mutation of arbitraniy chozen individuals complement the peneration
fior the next iteration: The iterative procedure of an evolhationary al-
gorithm 12 shown m Figure 1.

Initialisation result

R,

of critarion
function

recombination

Figure 1 Iferative procedure of evolutionary multicnitenial optiniza-
tion algonthm (Heins et al. 20138)

3.  DEEP VIBRATION COMPACTION

Noncohesive soils will reach - higher relative denmty due to grain
redistmbution. Thiz charactenistic can be nsed for ground improve-
ment (Witt, 2009).

For the deep vibration compaction method 2 deep vibrator con-
sizting of a stay tube and 5 vibrator 13 used. The vibrator has 2 length
of 2.0tc 45 no Both tube and vibratorhave a diameter of 0.3 t0 0.3 m.
The stay mbe prolonzed to oz dezived length i3 attarhed to 2 crane
The depth vibrator iz installed to iz dezigned depth. Eccentrically ar-
rangsd masses inzide the vibrator will cause ozcillations of the vibrz-
tor and a honzontz] dizplacement of the tip of the vibrator. These o3-
cillations canze 2 horizomtal force on the soil which leads to compac-
tion of the soil. Usually 2 vibration frequency of 20 to 60 Hz iz-ap-
plied and a force of 130 1o 700 kKN az well az & honizonta] displace-
ment of the tip of the wbrator of 3.0 to 30.0 mm are cansed (Fellin,
2000 Witk 2009).

31 Numerical Model

A three dimensional CEL-model as shown in Figure 2 12 nied to sim-
ulate the deep vibrafion compaction method. The soil 13 modelled &3

acylinder with a keight of 27.0 m and a radims of 13.0 m, where only
the Jower 25.0'm are filled with material to allow for zod displace-
ment. Siress-straim behavier of the sotl which 1= azsumed to be *Miai-
Liao-Sand” 13 degenibed with the hich clazz hypoplaste model ac-
cording to ven Wolffersdorff (1996) with the extension of mrtersran-
nlar strain by Niemmmniz and Herle (1997). Neceszary matenz] param-
etars takeem from Qiu et 2l (2011) are listed in Table | with additions
to-account for partizlly drained conditions for the soil azwell 2z ma-
terial parameters for hvpoplast constitutive model for filling material
In addition to drained conditions of the a0l partially dramed condi-
tions for the goil are considered. This iz done using the approach from
Hamann (2013}

The steel depth vibrator iz modelled a= 2 Lagrangian object with
a diameter of 0.3 m The vibrator Bas & length of 2. 30 m. The say
tube iz fixed for vertical and horizontal movement at its top. The depth
vibrator is. modelled 10.0m preinstalled mte the soil wsmg the
wizhed-in-place-techmique. The osciflation of the wibrafor i3 cauzed
bz 20t horizontal displacement of 12.0 mm  Thevibrahon fequency
1z vanied. Hence, a dizplacement controlled simulation 1z conducted.

The friction between vibrator and zoil 1z aszomed fo be negligible.
Therefore, a frictionless contact definition 13 used. Further details
about the numerical model can be found in Henke et al. (2012).

Compactor = vibrtor + stay mbe

—

T 30,0m

Figure 2 Vertical cut through the three dimensional CEL-model to
simmlate the depth vibration compaction method.

32 Simulation Results

The 1esults of numerical summlations can give information about -
fuencing parameters and the mechanizms taken place m the so1l dur-
mg compaction. Different vaniations have been conductad to evaluate
the mmfluerce of various paramsters on the reached compaction of the
zoil. The two main influencing aspects found from research work: vet
are zhown below. For further vanations and details compare Henke
etal. (2012} 22 well az Heinz et sl. (201520,

Figure 3 shows the excess pore water pressures and the effective
radial streszes occumring in mumenical simulations of the desp vibra-
tion compaction method after 2 compaction duration of 3.0 2. It be-
comes obvious that liquefaction occurs. This has an effect on the
reached relative density of the soil. Therefore, it 3z imporiant to con-
sider effects of pore water on the compaction process.
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Table 1 Material parameter for hypeplastic constitufive model for
Mai-Liso-Sand sccording to Cm et 2l (2011)

T W Filling
Parameter l:_mt !t[_af-Lwn-Sand Material

o 1 313 3§
A MRl 320 ——3
N [-] 0324 0.18
g [-1 Q.57 026
fig [-] 104 043
£ [-] 1.2 0.5
a [-1 04 g1
B [-1 11 0.18
mr [-1 20 2
M [-] 3.0 5
Fid [-] 00001 0.0001
B [-] 03 .5
¥ -] 5.1 6.0
3 [%e] 29 =
Er [mrE] 110 5

C [kPa] 202107 -
i [kPa] 3.710 -
iy, [tm"] 1.0 -
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Figure 3 Exces: pore water pressures (bottom) and effective radial
streszad (top) of a partially drained snalvsis for desp wibration com-
paction according to Heins et al (210132)

During the compaction processes different honzontz] forees. hor-
1zontal tip displacemenis as well as vibratory frequenicies can occur
arhe applied Varying all three of these p&:?ametﬂrs the vibratory fre-
quency i3 identified as the mam mfluencing parameter.

Figure 4 depacts the void ratio chanps along a horizomtal path sta
depth half way down the depth tibrator. 4 relative density of at least
0.75 iz azzumed as a crterion for the impacted zoil area After a sim-
ulation duration of 3.0 5 2 vibration frequency of 30 Hz leads to an
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mpacted area with a radms of 1.72 m. In companson a vibration fe-
quency of 60 Hz miluences only an area with a radms of .73 m

0.l ———r———————r—

&

=

Void ratio change Ae[-]
&
b

0.5

Figure 4 Veid rafic change along a honizontal path kalfivay down
the depth vibrator for a displacement contrelled simulation with a
horizontsl displacement of the np of the vibrator of 12 mm with var-
ving vibration frequency according fo Henke et 2l (2012)

4. VIBRO EREPLACEMENT STONE COLUMINS

Az descobed for deep wibration compaction a depth wibrator iz -
stallad for the vibro replacement method aswell The vibro replace-
ment method 13 used for soft and cohesive soilz. After mstallation to
& desired depth, the depth vibrator 1= pulled upwards while at the zame
time a filling materizl 1z instslied into the ocourning cavity. Leveling
of the depth vibrator causes 2 compaction of the filling material as
well 2z a bracing of filling material and surroundme soft soil (Kirsch,
2004 Witt, 20093

41  Numerical Model

A three dimensional CEL-model as shown 1o Figare 5 12 used to sim-
ulzte the vibro replacement method. The zoil 12 modelled as a cylinder
with a beight of 11.0 m and & radivs of 12.0 m; where onby the lower
10.0 m are filled with matenal to allow for z0il displacement. Stress-
strain beliavior of the soft zoil 1z described with the high class visco-
hypoplastic model accordimg to Niermmis (20030 \-e::ess&rj matenal
parameters are listed in Heins et 21 (2013b). Dramed conditions are
assumed for the soft 201l The filling material &5 assumed to be
“Hochstetten Kies” where the matenal parameters are taken from
Hearle (1997). The stress-strain behavior of the filling material iz de-
seribed with the high clssz hypoplestic model ac"mdmg to von
Wolffersdorff (1996 with the extenzion of intergranular staim by
Niemuriz'and Herle (1997). The steel depth nibrator izmodelled az a
Lagrangian object with a diameter of 0.3 m: The vibrator haz a length
of 2.70 m: The stay tube 1z fixed for honizontal movement at its fop.
The depth vibrator 1z modelled 1.0 m preinstalled mto the =01l usmg
the wished-in-place-techmique. The nstallaheon of the depth vabrator
1z modelled bx pushing the depth vibrator and the filling material
dowe for 0.5 m Afterwards only the depth vibrator is pulled upwards
03 m Thiz s followed by levelling the depth vibrator and the fillmg
mzterial ineide the vibrator for 0.2 m
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A fnchon contact definittor: includme Coulomb’s fiction law with a
friction coefficient of p = tan(2/34) iz used. Further details dbout the
whole numencz] model can be found mm Hems et al. (2013b), Theval-
uee for the material parametors are listed in Tahle 1 and Table 2.

| DepthVibrator |

100m

240m
Figure 3 Vertical ent throuch the three dimensional CEL-maodel to
simmilate the vibro replacement method

Table 2 Mztenial parameter for visco-bypoplastic constitative model
for the soft soil

“Parameter  Unit “zoftzoll
=" B 1.5
& MPa] 0.2
& [ 0125
B. 8] G.as
L [] 0.031
T, B 100107
o: B 180
e [ 300
e [ 5,00
7 ] 0.0001
B ] 0.50
il [l 1,00
OCR [ 1,00

42 Simulation Results

Void ratio distribution and honzontsl siresses ofthe sl can show the
influence of the mmprovement method and vertical stone cohinnz on
the =oil. Figure 6 thows the distnbution of voad ratio and horeontsl
girezzes in the zoil after metallation of the depth wibrator exemplanly.
A compactien af the sha®t of the vibrator comesponding with a reduc-
tion of borizontal stresses as well as a stress mereass below the depth
vibrator occurs,

Furthermors, the formation of the base of a ztone colhmn can be
zeen in numerical simulations of the vibro replacement technique az
dezcribed here.

4.3 Mathematical Optimization

The mathematical optimization iz applied to a problem that has al-
rezdy besn analyzed in Heine et a1 (2015b). The analysis isextended
by congideration of construction costs and 8 novel approach to the
caleulation of construction time. The underpround conditons (see

Figure 7} are approximated to the scientifically documented constroe-
tiem project for a hphway embanloment in Knzla Tumpuer, see Kirsch

(2004). Theze zoft zoils make VRSC necessary for ground improve-
ment. The construction site may be divided mmto subsections. For che
of theae subsections the optinization i3 conducted exemplariby. The
z0il of the corresponding 370 m® srea 13 assumed to be Toaded with
o= 136 KN'm" through the highway embankment

T
00,00

! -16.58
B =337
-49 75
=G6,33

-82.,92
=-09.50

e[

+2.500
*2 278
+2.050
+1 825
1,600
+1,378
+1.150

Figure 6 Dismbution of void ratie (bottom) and horizontal strezses
{top) in the =01 affer instzllafion of the depth vibrator, accordme o
Heinz etal (2015h)

00m o E=20 MNim?
- et sand Y =18 kN
whBm o 9=30 *
= E= 2 MNm®
—— {day y=16 kN
== o=18 °
—-1.5m ::-;1:;' cand. E-ﬂ: MN/m?
TA30m ik Y =18 kNin?
Py
28 E-a: MN/m?
.J-I..I:"u Yy=1 L
T;:'E “m' 'w-mi

Figuwre 7 Underground condifions adapted from Ewseh (2004)
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The demign of the ground mprovement measure will be optinnized

with respect to material demand. setflement, conztruction time and

costs such that they become mimms]l The ohjectives are evaluated az
following:

*  The seitlements are calculated according to the theorstical de-
zipn method presented in Priebe (1995). They depend on an im-
provement factor which iz affected by the friction angle of the
backfill material and the area ratio of the stome column znd the

affected soil. The improvement factor specifie: how many times
the compression module increases and therefore, how the sattle-
mentz are reduced. The backfill 18 considered imcompreasathle.
For further details see Prnebe (19957

*+  The matenal demand 13 estimated zccording to the volume of the
column

= The constmetion tome iz approximated based om shiift perfor-
mence depending on the column dismeter and length.

*  The comstruction costs are linked to the matenial demand and
the eonistruction fime. They mayv be approximated as a cormbi-
nation of the costz for the equipment and the material costs:
The nomerical model takes info account the following re-
strictions:

*  Only dezions wathmore than 4 columns in the construction field
are conzidered m order to fulfill the sroup behavior assumphion
of Priebe (1925

=  For practicability the area ratio of the stone column and the af-
fected surrounding 2o1] shall be between 20 and 60 %6 see Kirsch
2004y, Other solutions will not be considered.

= An mitial punch through settlement iz considered for floating
columps (Priebe, 2003).

Waniable design parameters are: column diameter'column spacing,

column length and matenial characteristics of the filling, which con-

siztz of gravel (fnction angle, stiffness and wmit weight). Table 3

summanzes the variable params.ﬂfr': and their pozsible range.
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Table 3 Vanzhle parameters for the VESC design
(Heinz et &l, 201 35b)

variable parameter range
EiﬂlJum.ud.LmetEIﬂ Gd<del
E;}:]umnapﬂ:mg a page b
columnlenzsth /fm] 13=/=1148

: =p= E=40 — 16 N
%ﬂmm?ﬂ 323 NN FoRE
characteristics: D —on
Friction angle @', B - -g‘l: ¥=17 B’
glaztic modules £, gﬁ{;ﬁ I;{fﬁﬂ
unit weight ¥ 5 P iirf m?-: =21 1Nm

The resultz of the mmltiertenisl opfimization are shown W
Figure 3. Each marker cross represents 2 parameter zet for the VESC
dezign. Five bundred rerations with ezch 250 parameter sets are con-
ducted — 123000 parameter combinations are tested. The red crosses
merk the perameter zets in the Tast teration step. In order to compare
th results, a reference design and an optimized design are chosen
marked by the blue and green cirele respectively. The reference de-
sign has been chosen prior to optimization as possible VRSC lavout
in order to demonstrate the optimization possibilitiss.

The paraneter aetz of the reference design and the optimized de-
zign gre summarized in Table 4. The improvement 12 evaluated in per-
centape of the reference demom The setflement= can be remd (30

2%). while the material demand decreazes as well (873 %). Comze-
quently, the constructien time 1z reduaced (81.3 %) and the costs de-
creaze(84.7 %a). The VESC design 1z mainly improved by varving the
design column diameter and the column spacing.

matedal [f]

Figure £ Resplts of mulficritenal optimization vath multiple objectives: rednction of settlements, material demsnd costs and constmchion
time; pozzible parameter zets are marked with eroszes, the last generation iz highlighted in red: the chosen reference desion iz marked witk a
blue circle and one cptimized design i3 marked with a green circle

Table 4 Comparizon of ophimized design to reference desipn concerning their dezign parameters and optimization objectives (zeftlement,
matenial demard, conztruction time, costs)

d ! & back fill matenal pa- zeftlement  matenial de- construction = TE1
[m] fm]  [m]  rameter [m] mand [m] time [d] kit
¢ =407
o7 115 -8 =21 ENim®, 028 405 2 33365.0
£ =120 NN/’
g=44°
83 115 5.0 ¥ =21 Em’, G20 63 3 31217
E=120MNm"
improvement 30 %4 873 0% 815 847 %
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5. DYNAMIC COMPACTION

For the simwlation of the dynanmc compaction method a two-phaze
formnlation was nsed (Fassim, 2013} as the pore-water plavs an mm-
portant role during the deformation. In equation (1) wy, v; represent
the velocities of the 201l and pore-water and p the pore-prezsure The
gystem of coupled partizl differential equations in-equation (1) = dis-
cretized on the mezh shown

Figure 2 and integrated explicitly by the Enler Cromer integration
zcheme: The sotl behavior is modelled by the hvpoplastic constitutive
law (Tvon Wolffersdorff, 1996). The parameters of the comstitutive
midel are showm m Table 3.

dwy dp z,uh.g
fo -E- = -a-_--:l- -+ P1.1.-§_1 {54 1 :|
d dv._, i
1= Mﬂi dt‘ = Ny d i H_f"" Paatliy (13
K, T dw
El:}:]-: - |'1—n}-,-—-+ﬂ -—:‘1]
dr fl ' dx; d;.:,-
L I .--".'_;-_‘;."’-"
1 - k% _?#:I-I-':
- . .'. .:_E‘"‘
Im b oUNDER
S8l
Em
) om

Fipure 9 Computational mesh of the dynamic compaction model

Table 5 Parameters for the hypoplastic model

A 3
o, 38 MPa
n 0.28
Edn 0,33
e 0,84
Hiny 1 :':|
a 013
4] 1.085

The pounder 1z normally made of steel and has a much higher
stiffness than the 3gil Therefore. we assume the pounder a3 2 ngwd
body in oor simulations. Addifienally, the drop of the pounder iz sim-
ulated by prescribing the velocity directly before the impact.

Similar to CEL 2 void domam of “empty elements” needs to be
defined. Thiz domam will alfow the matenal points to deform by en-
tering the void region. This technique allows to simulate larze defor-
mations whick we can expect for the dynamic compaction as well
:‘m:.u:nmg radial symmetry for 2 eylindrical pounder we only model

& 30°-part of the whole three-dimensional problem The density of the
pounder was set to 10000 kg/'m’. To capture the zurface deformation
after the impact we define the void domamn only at the top of ouwr
madel az shown m Figure 10. The applied boundary condiions at the
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top and the bottom of the model allowing movement only in the hor-
izontal plane. The rest of the boundaries 15 fixed I the normal direc-
tion. The boundaries of the void domain are treated a3 normal bound-
aries:

In Figure 10 the results of =imulating ome impact ate shown The
void rafio distribution is one of the most interesting values to udge
the zoil mprovement after compaction and iz only ‘rcessible in nu-
merical simulattons. The imtial void rafie was zet to 2 value of 0.683.
Direstly under the pounder (orance) the void rsfio iz decreasmg
sharply to a value of 039 It can be observed that the :nrﬂpachm
tezches fo a depth of 1-2 m afier one impact Fepeating dropping the
pounder would incresss the compaction effect

BEEREERERE S

Figure L0 Vioid 1atio distribution after one impact

6. VIBERATORY ROLLERS

A frequently uzed method for comipaction m earthwoerks and pave-
ment consmuction 13 the application of vibratory rollers. Theze con-
struction vehicles are equipped with a vibrating drum to compac the
z0il lavers. This method i3 ezpecially effective for oranular zodls for
which high compaction rates can be created with the help of cyelic
shearing due to the vibrations.

Different mechanical phenomens cheracterize the zoil-drmm in-
teraction in the near field of a vibratory roller. Theze are: the oych-
cally changme contact between dnam and soil surface, the nonlnear
mazterial responss with areas of compaction and ground loosening, the
bunld-up of excess pore water prezsures and seil liguefachon as well
a5 different forms of dynamic wave propagation (compression, shear
and different surface wave types). Further effects, influencing the soil
stiffness and zhear strength are given due to capillary n the unsato-
rated zome at the z0il surface. The combinsfion of the named phenom-
enz iz responzible for the compactibility of the z01l by meanz of vi-
bratory rolling.

The impact of vibratory rollers on dry granular zoil has been n-
vestigated numerically bv Kelm (2003) who uzed a hvpoplastic zoil
model {von “Dlﬁendﬂrt, 1996 Miepmmis und Herle; 1997) o dy-
namic FE-zinmlations. Sterting from a static mitial caleulation step,
where a Eo-stress state i= preseribed, a vibratory toller, modelled az a
rigid body, was placed on the zoil surface After applicstion of its
dead weight, a dyramic analyziz step was perfirmed in which several
paszages “of the vibrating drum were simulated The simulstions al-
lowed mvestipating the =oil-dmm interaction az well 23 the achieved
compaction depth undemeath the roller, see Figure 11.

By comparing hiz numerical results to measurements (e g meas-
ured spatial distnbutions of sfress and acceleration by d' Appolonia,
1959}, Kelm (2003) could demonstraie the sbilitv ofhiz FE-model in
combmation with Hypoplasticity as 2 so1l medel to simmlate o1l com-
paction by vibratory rollers in a realistic way. However, the model
ouly considered 30il a2 & one-phaze-medium  The material parameters
for the zo1l are listed 1n Table 6.
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Fipure 11 Calculated void rafic distribations after multiple paszages
of a vibratory roller on 2 denze sand kalf space m dimarmec FE-apal-
vzer from Kelm (2003)

In order to conzider mssturated zoll, the dymamic model by
Schitmann {2015) could be applied, who implemented a dynamme
ﬂll'E'E—P]lEs-E-deEl in the form of a uzer defined finite element which
1z based on 8 u-p-p-formulation. Thiz model allows to inchade capil-
lary efferts a= well a3 mpistore transport m the unsshmated ‘zone,
where capillary presmure. influencing effertive stress, consists of the
difference of the pore air preszure p. and the pore waier preszire puw,
which are. changed by deformstions w of the grain zkeleton
{Schiimann 2010,

Amnpther interesting aspect could be seen in the mplementation of
conirol engineening features to the mumencal models of wvibratory
compaction. With the help of suntable control fmctions. e. g. reactmg
to the zodl stiffnessy demived from eaptured caleulated accelerations
the compaction parameters, such az vibretion frequency of the drum,
could be optimized to warrant a good and homogeneous spatial com-
paction Thiz could be nsed to improve practical methods such 2= con-
tintous compaction control

Saptamber 2017 TSE1T 0046-3828

Table 6 Matenal parameter for hypoplestic constitutive mods] used
to'mode]l vibratory Tollers

Parameter Unit Value
& il 30
s [NPai 3600
N [-] 025
Ean [—] {l':":‘
E=0 [-] .84
&in [-] 1.00
a [-] 0.13
B [-] 105
mr [-] 2
Mz [ 2
R [-] 0.1

IS & I

¥ [-] b
gz 1 0.6

7. CONCLUSION

The content and mveshgations of this paper shows the apphicability
of numerical methods to ground mmprovement technigues. Both uti-
lized numenical methods (AMPM 2z well 2: FEM) show realiztic results
which can be nsed to improve the method and the understanding of
the processes talimg place mn the =01l

The potential of all introduced ground improvement techniguas is
shown with the conducted numencal zimulstions.

Furthermore the conduction of mathemsticsl optimizstion can
lead to & very efficient design for ground mprovenvents, The example
of a design for vibro replacement stone columms shown here leads to
a reduction of settlements by 30 %0, of 87 3 % less material demand,
a reduction of construction time by 815 % and a reduction of the con-
struction costs by 84.7 %5, Obviously, this will kave 2 huge impact on
cost efficiency.
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