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A b s tr a c t :  The paper reports the results of the physical simulations performed by the geotechnical centrifuge concerning the improvement 

of a soft artificial soil deposit by means of vertical jet-grouting columns. Such technique was adopted to allow the construction of about 

50m high municipal waste landfill over a fine tailings deposit resulting from the activity o f a sand and gravel borrow quarry operating in an 

alluvial site near Gorla (Northern Italy). The results obtained demonstrated the capability o f the centrifuge tests to ascertain the influence 

exerted by the main factors controlling the settlement o f the reinforced soil. Some doubts still exist about the importance of possible scale 

effects concerning the modelling of the soil inclusion interface behaviour. However, due to the shortcomings of the design methods 

commonly used, the centrifuge tests can be considered a valid complementary tool for the design of such soil reinforcement technique.

RESUME: L’article presente les resultats d’ une etude concemante la simulation physique a la centrifugeuse geotechnique d’un project 

d'amelioration de sol compressible par colonnes verticales de jet-grouting. Cette technique a ete utilisee pour permettre la construction 

d’une fouill pour dechets municipaux ayant l’hauteur de 50 m et appuyee sur un depot de refuses fins de carriere pour materiaux 

alluvionnaires en activite pres Gorla (Italie du Nord). Les resultats obtenus ont mis en evidence la capacite des essais a la centrifugeuse 

d’eclairir l’influence exercee par les principaux facteurs regissants les tassements du sol reinforce. Malgre il y a encore des incertitudes sur 

l’importance des effects d’echelle dans la simulation des phenomenes a l’interface sol-inclusion, les limitations qui en meme temps 

existent pour les autres methodes de project, permettent de conclure que les essais a la centrifugeuse represented, actuellement, un tres 

valide outil de dimensionnement complementaire.

1 In t r o d u c t io n

The paper reports the results o f the physical simulations 

performed by the geotechnical centrifuge concerning the 

improvement of a soft artificial soil deposit by means of vertical 

jet-grouting columns. Such technique was adopted to allow the 

construction of about 50 m high municipal waste landfill over a 

fine tailings deposit resulting from the activity of a sand and 

gravel borrow quarry operating in an alluvial site near Gorla 

(Northern Italy). The artificial deposit consisted of sandy and 

clayey silty material hydraulically deposited in a large excavation 

area (approx. 1 10m *  145 m) and then allowed to settle until the 

self consolidation process was completed.

The upper part (approx. 4 m to 6 m) o f the tailings deposit was 

removed before the construction of the landfill in order to reduce 

the height of the waste hill above the ground level. However a 

significant thickness o f the tailing deposit, varying between 8 m 

to 12 m, still remained in place. The expected maximum vertical 

pressure originated by the self-weight o f the landfill on the 

foundation soil was approximately q= 550 kPa.

The corresponding maximum settlement o f the landfill 

estimated on the basis o f the soil properties determined through 

laboratory and in situ tests was in the range between 1 m and 1.2 

m. Such settlement was considered too excessive both for the 

structural resistance of the high density polyethylene (HDPE) 

bottom liner and for the effectiveness of the leachate collection 

system at the base of the landfill.

In order to reduce the settlement the soil was improved by 

installing a regular array of fully penetrating jet-grouting 

columns, extended up to 1.5 m below the top level o f the sand 

and gravel natural alluvial deposit. Furthermore a well compacted 

layer of granular material having a thickness of 2 m, was placed 

above the columns to spread the load o f the landfill over the 

columns caps.

The geotechnical properties o f the tailings deposit were 

determined through an extensive investigation program including 

both in-situ and laboratory tests (such as Standard Penetration 

and Piezo-Cone Penetration tests; oedometer and triaxial tests).

Numerical simulations with a simple bilinear interface soil- 

column model, were performed to determine allowable design 

solutions within several combinations of diameters, spacing and

structural resis tance  o f  the co lum ns. Figure 1 -  LAYOUT OF WASTE DISPOSAL AREA

The final solution adopted consisted of jet-grouting columns 

spaced at inter-axis of 2.5 m and having a nominal diameter of 

1.5m and an unconfmed compression strength of 300 kPa. Figure 

1 shows a sketch of the waste disposal area.

That solution was then assumed as reference prototype of the 

physical simulation undertaken by using the ISMES Geotechnical 

Centrifuge (Baldi et al. 1988). The experimental results showed a 

significant reduction of the settlements gathered from the adopted 

solution with respect to the un-reinforced soil by an average 

factor of 5.5.

A qualitative assessment o f scale effects existing in the 

centrifuge tests that involve the soil-structure interface behaviour 

allows to conclude that such results could be considered to some 

extent conservative.
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2 S o i l  R e i n f o r c e m e n t  T e c h n i q u e  T h r o u g h  V e r t i c a l  

In c l u s i o n s

The concept o f improving the mechanical characteristics of 

soft soils by inclusion of vertical reinforcing elements has been 

successfully applied in several techniques. The behaviour o f the 

reinforced ground is influenced by the relative stiffness o f the 

reinforcing elements with respect to the soil.

Sand and stone columns are examples o f relatively deformable 

inclusions while concrete piles, micropiles, jet-grouting and soil 

mixing columns can be considered as rigid elements.

Examples o f embankments and shallow foundations on soft 

soil reinforced by vertical rigid inclusions, have been reported by 

Combarieu (1988, 1990); he proposed a design method to 

evaluate the foundation settlement which assumes that inclusions 

virtually continue up to top surface of the compacted 

intermediate fill material laid on the treated soil; this causes a 

reduction of vertical stresses due to arch effects; furthermore, in 

case of fully penetrating piles, the negative skin friction taking 

place at the soil pile interface in the weak stratum leads to an 

additional reduction of the total settlement of the spread footing.

The use o f piles as settlement reducers has also been discussed 

by Randolph (1994) and Burland (1995). The latter author 

proposed a procedure for designing a settlement reducing pile 

group based on the evaluation of a service limit load that 

corresponds to an acceptable settlement o f the raft foundation.

De Buhan (1984) presented a method to determine the bearing 

capacity of a strip footing on a soft cohesive soil reinforced by 

vertical piles adopting an homogenisation criteria: the soil is 

considered anisotropic homogeneous equivalent material.

Such theoretical methods all suffer o f several shortcomings 

due to the severe simplifications introduced in their formulation.

On the other hand advanced numerical simulations require 

implementation of reliable soil-inclusion interface models 

accounting for the complex relation between contact stresses and 

relative displacements. Examples of such studies have been 

reported by Boulon and Foray (1986), Boulon (1991), Boulon et 

al. (1995), Jardine et al (1995), Lehane and Jardine (1994).

The results numerically obtained seem to be promising; 

however the applicability o f such methods to the jet-grouting 

columns is less straightforward due to the irregular shape and the 

random roughness characteristics o f the column shaft.

Physical modelling through centrifuge tests can be considered 

as an appropriate and complementary approach for the design of 

the considered reinforcing technique, since the relative stiffness 

o f the material is well reproduced so as the real stress field 

involved which affects the interface behaviour.
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3 M o d e l  D e s c r i p t i o n

Centrifuge tests have been performed on geometrically scaled 

models subjected to a centrifugal acceleration of 100 g; a scheme 

o f model configuration is shown in figure 2. It was adopted a 

cylindrical steel container which can be considered as practically 

undeformable at the used centrifuge acceleration; its internal 

diameter is 400 mm and its total height is 635 mm.

Soil foundation was reconstituted in layers consisting of (from 

bottom up): a dense sand layer 350 mm thick simulating the 

undeformable sub-strata, a silty layer o f 70 mm which is 

reinforced by jet-grouting column models, overcame by a sand 

layer o f 20 mm to spread the applied load to the columns.

The water table is fixed just below the top sand layer by a 

discharge hopper; however its position is continuously monitored 

by a pore pressure transducer placed inside the bottom sand layer: 

if reduction occurs, due to water evaporation, fresh water is let in.

The column models are disposed along concentric hexagonal 

rows around a central column; they are coaxial with the container 

and the loading system; the spacing between columns is constant: 

25 mm for most o f tests and 40 mm for the last one (test G-12).

Different tests were performed by varying the number of 

columns so as the size of the loading area in order to find the 

most representative configuration of the real case as discussed 

below. Figure 3 shows a scheme of test configurations.

Load was applied by steel hexagonal rigid plates 20 mm thick, 

rigidly connected to the hydraulic piston coaxial with the 

container: such a system garantees load verticality apart from its 

negligible flexibility.

Loading plates have three dimensions: the smallest one has a 

surface area o f 5.41 cm and it was used to simulate loading tests 

on a single column (the central one, test G-9); the intermediate 

has a surface area o f 37 cm2 and it was used in test G-10; the 

largest plate has a surface area of 101.5 cm2 and it was used for 

tests G-7, G -ll and G-12; the last one interests two contiguous 

hexagons of columns besides the central one when spacing is 25 

mm (G-l 1), or just one hexagon when spacing is 40 mm (G-12).

d) Test G - l l

C O LU M N S  

diameter = 15 mm 

length = 80 mm 

spacing = 25/40 mm

Figure 2 : Scheme of the model Figure 3 : Test configuration
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The vertical force acting on the load plate was measured by an 

exiensimetric load cell mounted on the piston's stem near the 

plate itself. Two linear vertical displacement transducers (LVDT) 

were used to measure the vertical displacements o f the steel plate 

moving together with the stem. Another LVDT was used to 

measure the vertical displacements o f the ground level out o f the 

loaded area.

Several pore pressure transducers (TP) were placed inside the 

cohesive layer -as near as possible to the loaded area- and at mid 

height of the bottom sand layer to monitor water table.

Vertical and horizontal displacements o f the columns’ top 

were evaluated by checking their position (by means of a LVDT 

and graduated bars) before and after each test; moreover, at the 

end of the tests, photos were taken of the whole sample and of 

several longitudinal sections o f it as the one reported in figure 4.

4 M a t e r i a l s  A d o p t e d

Both bottom and top granular layers have been modelled using 

Toyoura sand, pluviated at relative density D r = 70  % to 80%.

The main properties o f this sand can be summarised as follows 

[for more details see Ishihara (1 9 93 ) and Tatsuoka (1987)] :

- minimum and maximum dry unit weight:

ydmin= l 3 .57  kN/m3, yd max= 16 .09  kN/m3

- mean grain size: d 0 = 0.22 mm

- uniformity coefficient: Uc = 1.3

- constant volume angle of shear resistance: (|>'cv = 31°

- peak angle of shear resistance: <j>'p =41°

The  cohesive layer has been reconstituted using site material 

collected from bereholes; the material was sieved to eliminate 

coarse gravel fraction (as shown in figure 5 where grain size 

distributions of natural and sieved material, are reported); than it 

was homogenised in a large container at a water content twice the 

liquid limit, so posed in the model container and preconsolidated 

in a consolidometer at a vertical pressure from 70  kPa at the top 

to 1 3 0  kPa at the bottom, by hydraulic gradient.

Since  the applied centrifugal stress field is almost linear 

s tarting from about 30  kPa (due to the self weight o f the top sand 

layer) to 90  kPa, the cohesive soil became over consolidated as 

s hown in  figure 6.

The main properties o f this clayey silt can be resumed as 

follows:

- total unit weight:

- liquid limit:

- plasticity index:

- recompression index:

- compression index:

- swelling index:

- angle of shear resistance:

yt = 18.44 kN/mJ 

LL = 47 %

IP = 23 % 

cr = 0.026 

cc = 0.293 

cs = 0.036 

f  = 34°

The columns were made with a concrete-soil mix reproducing 

the real characteristics of resistance and deformability, which are, 

as tested by unconfined compression tests:

- failure strength: Rc = 3.4 MPa

- Young’s modulus: E = 2500-^3000 MPa

The shaft surface of model columns is threaded by a ISO 

metric thread M l5x1.25 mm, such to reproduce, at 100 g, 

ondulations protuberating o f about 10 cm, which can be thought

Figure 5. Grain size distribution

o ' ,  [kPa]

50 100 150

Figure 4. Longitudinal section at the end of test G-

OCR

Figure 6. State o f stresses on cohesive material

as representative of the situation of the interface between soil and 

column in the prototype.

5 T e s t  D e s c r i p t i o n

Model geometry was defined by accounting for the following 

boundary problems:

- the number o f columns had to be large enough to reinforce 

the whole cohesive layer;

- the loading area had to interest a sufficient number of 

columns to account for the large extension of landfill area;

- the loaded columns had to be surrounded by a certain number 

o f external columns to simulate the real lateral confinement.

Nevertheless due to the restrictions imposed by the 

dimensions o f the maximum allowable axysimmetrical container 

and in order to minimise boundary effects either from the bottom 

and from the cylindrical wall, some simplifications had to be 

adopted to optimise all requirements.

Tests have been conducted on five different models, called 

G7, G9, G10, G 11 and G12, schematically outlined in fig. 3. The 

main features of such models are described in the following.

Model G-7 reproduces the behaviour o f the un-reinforced soil, 

and represents the upper bound limit of the settlement. The 

dimension of the loading area with respect to the thickness of 

cohesive layer, is large enough (> 2) to reproduce oedometric 

conditions.

Model G-9 reproduces a loading test on a single columns and 

represents the most frequent in-situ loading test required by the 

construction specifications. The loaded area corresponds to the 

influence area of the column.

In model G-10 the loaded area was increased to an
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intermediate value including seven columns; beside the lateral 

confinement is ensured by two hexagons of external columns.

Model G -ll represents the final configuration adopted; the 

loaded area is the largest one (101.5 cm2) interesting nineteen 

columns; furthermore it is surrounded by three hexagons of 

external columns.

In order to evaluate the effects o f different spacings between 

columns, model G-12 adopted a spacing of 4 cm (i.e. 4 m in the 

prototype scale).

6 A n a l y s i s  o f  T e s t s  R e s u l t s

Figures 7a to 7c show the experimental load-displacement 

curves gathered from centrifuge tests.

Figure 7a shows the effects o f varying the dimensions of the 

loading area with respect to the total number o f model columns. 

When the number o f rows outside the loading area is sufficient to 

well reproduce the real confinement conditions, as for the test G-

9 and G -ll , the influence of the size o f the loading area is 

negligible; i.e. the test on a single column can be considered 

sufficiently representative.

On the other hand, if an insufficient number o f confining rows 

is used, as in test G-10 (two rows out o f the loading area) there is 

an anomalous increase in the measured settlements which 

invalidates test results; this was confirmed by the outward 

horizontal displacements observed on the top columns at the end 

o f centrifuge run.

Fig. 7b allows a quantitative assessment o f the improvement 

provided by the proposed reinforcing solution: the settlements of 

the treated soil (G-l 1) are reduced with respect to the untreated 

soil (G-7) by a factor of 5.5 at the loading level o f interest.

Finally, figure 7c shows the effects o f two different spacing 

between the columns: at a vertical load of 500 kPa, the settlement 

increases by a factor o f 2 when spacing raises from 2.5 in to 4 ra.

Scale effect existing in centrifuge when modelling the soil- 

inclusion interface in granular soil (Fioravante et al. 1995) could 

affect the present results. In fact, the relative soil-inclusion 

displacement (suU) at which the ultimate shaft friction (xu|t) is 

mobilised, depends on the grain size o f the soil; since centrifuge 

tests are generally performed on the real soil material this leads to 

an overestimation of suh, while i uh is correctly scaled (scale factor 

= 1). If such effect has the same influence in modelling cohesive 

soil-inclusion interface, than the measured settlements are to be 

considered an overestimation of the prototype ones.

7 F i n a l  R e m a r k s

The research reported in the paper concerns the physical 

modelling by geotechnical centrifuge of a soil improvement 

technique based on the installation o f rigid vertical inclusions in 

soft ground. The results obtained demonstrated the capability of 

the centrifuge tests to ascertain the influence exerted by the main 

factors controlling the settlements of the reinforced soil.

Some doubts still exists about the importance of possible scale 

effects concerning the modelling of the soil inclusion interface 

behaviour. However, taking in to account the shortcomings of the 

other existing design methods, the centrifuge tests can be 

considered a valid complementary tool for the design of such 

technique.
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