
CONSOLIDAMENTO DEI TERRENI E DELLE ROCCE
Lunedì 2 settembre, ore 14-18

Paolo Croce Obiettivi e tecniche di consolidamento dei terreni

Giuseppe Modoni Progettazione degli interventi colonnari basata su 

evidenze sperimentali

Erminio Salvatore Sperimentazione di laboratorio per lo sviluppo e 

l’ottimizzazione delle tecniche di consolidamento



I criteri generali di progetto e controllo indicano la necessità di:

− evidenziare i caratteri geotecnici del sito mediante indagini sperimentali;

− per gli interventi di miglioramento (par.6.1) giustificare mediante analisi meccaniche 

l’inadeguatezza delle proprietà originarie dei terreni e gli obiettivi delle modifiche;

− accertare mediante un piano di indagini l’avvenuto raggiungimento degli effetti 

meccanici attesi;

− per gli interventi di maggiore importanza, supportare le analisi progettuali con una fase 

preliminare di verifica sperimentale e messa a punto delle modalità esecutive 

dell’intervento (il cosiddetto campo prove);

− definire nel progetto un piano di monitoraggio per valutare l’efficacia degli interventi, 

verificare la rispondenza dei risultati ottenuti con le ipotesi progettuali, controllare il 

comportamento nel tempo del complesso opera-terreno trattato maggiormente se gli 

interventi di miglioramento e di rinforzo possano condizionare la sicurezza e la 

funzionalità dell’opera in progetto o di opere circostanti.
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Ingegneria del consolidamento

Terreno naturale Struttura di 

rinforzo 

Funzione

(statica, idraulica, …)

Proprietà del terreno trattato 
(estensione, resistenza, conducibilità 

idraulica)

Setup del 

trattamento

(sistema, parametri)

Elementi di terreno trattato
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Jet grouting Deep Soil Mixing

Pali per spostamento, sostituzione, intermedi Vibrosostituzione

Interventi colonnari
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JET GROUTING

Jet grouting

High Speed Injection: 

•Feeding pressure: 300-420 bar 

•Outlet velocity: 190-234 m/s

•Flow rate: 37-700 lt/min

•Equivalent force: 200-4000 N
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•DRILLING •EXTRACTION, INJECTION

TECHNOLOGYProgettazione degli interventi colonnari basata su evidenze sperimentali
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Jet grouting



Deep Soil Mixing
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Seepage Erosion Cementation
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Jet grouting
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Jet grouting: observation



Submerged jets: the Hinze’s 1948 theory
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JET GROUTING: observation and analytical modelling
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JET GROUTING: observation and analytical modelling
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JET GROUTING: numerical modelling
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JET GROUTING: numerical modelling
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JET GROUTING: numerical modelling
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JET GROUTING: injection systems
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Triple fluid 

 Kajima method

Double fluid 

J.S.G. 
(Jumbo Jet Special Grout)

Single fluid

C.C.P. 
(Chemical Churning Pile).



JET GROUTING: numerical modelling

Progettazione degli interventi colonnari basata su evidenze sperimentali

Consolidamento dei terreni e delle rocce – Lunedì 2 Settembre ore 14-18



The submerged jet: laboratory observation
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1-100 mm standoff distance

2-200 mm

3-300 mm

4-400 mm

Standard nozzle
Without air With air

Strajet nozzle

Without air

The submerged jet: laboratory observation



Single fluid (water)
Feeding pressure 380 bar
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The submerged jet: laboratory observation
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The submerged jet: laboratory observation



Single fluid (water) Double fluid (water+air)
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The submerged jet: laboratory observation



Single fluid (water)

Double fluid (water+air)
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The submerged jet: laboratory observation
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Valore teorico 0.0216

 = * · Re
0.5

The submerged jet: laboratory observation



Jet properties
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Soil properties

Diameter prediction
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Jet properties Soil properties

Diameter prediction



Soil propertiesTreatment parameters

Parameters Dref, , ,  

Theoretical 
model

Empirical 
determination of 
the parameters
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Diameter prediction



Single fluid
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Diameter prediction



Single fluid

Triple fluid

Double fluid
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Diameter prediction
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Artificial neural networks

Progettazione degli interventi colonnari basata su evidenze sperimentali

Consolidamento dei terreni e delle rocce – Lunedì 2 Settembre ore 14-18

Diameter prediction



coarse without fine coarse with fine

fine
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Diameter prediction
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ANN (Ochmanski et al., 2014)
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Shen et al. (2013) (c).Flora et al. (2013) (b)
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Diameter prediction
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DESIGN OF JET GROUTED STRUCTURES



FACTORS

Diameter of 
columns

Inclination of 
columns

Resistance of jet 
grouted material
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DESIGN OF JET GROUTED STRUCTURES: variability
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Global Safety Factor 
(deterministic approach)
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LOAD-RESISTANCE-RELIABILITY PROBLEMS



F

R
Q k

k =

Q - R

P
D

F

DESIGN APPROACHES

Global Safety Factor 
(deterministic approach)

Accompanied by a very strict regulation for design and execution
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PROPERTIES OF COLUMNS: alignment
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Sub-vertical columnsALIGNMENT
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PROPERTIES OF COLUMNS: alignment



 = 0.2 - 0.6 ° (tan = 0.3 - 1 %)    Depending on the quality of execution

Sub-horizontal columns
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PROPERTIES OF COLUMNS: alignment



Relatively loose sand

Cemented sand

Dense sand

Silty sand

Silty clay

Relatively loose sand

Ground level
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PROPERTIES OF COLUMNS: diameter
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PROPERTIES OF COLUMNS: diameter



Dm

Standard Deviation (DS) o

Variation Coefficient (CV)

D

f(D)

Dati sperimentali Valori suggeriti
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PROPERTIES OF COLUMNS: diameter



Foundation

Croce P., Spacagna R.L., Salvatore E., 2017, Interventi di adeguamento dei rilevati stradali e 
ferroviari, Convegno Nazionale di Geotecnica (Rome), June 2017

Maximum deviator stress
1.8 MPa
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PROPERTIES OF COLUMNS: strength



Tunnelling

Maximum deviator stress
2 MPa

Ochmański M., Modoni G., Bzòwka J., (2015), Numerical analysis of tunnelling with jet-grouted 
canopy, Soils and Foundations, Volume 55, Issue 5, October 2015, Pp. 929–942. 
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PROPERTIES OF COLUMNS: strength

http://www.sciencedirect.com/science/journal/00380806/55/5
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Maximum deviator stress
1 MPa
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0

5000

10000

15000

0 0,5 1 1,5 2 2,5

 (%)

q
 (

k
P

a
)

Compressione semplice su soilcrete

Triassiale su sabbia (s'h=100 kPa)

0

5000

10000

15000

0,0 5,0 10,0 15,0 20,0 25,0 30,0

sc (MPa)

E
c
  

 (
M

P
a
)

Polcevera      =  304

Fadalto           =  422 

Vesuvius        =  400







E = k * sc

a

sa

0.01%

  sa

sc

c

Progettazione degli interventi colonnari basata su evidenze sperimentali – Lunedì 2 Settembre ore 14-18

Consolidamento dei terreni e delle rocce

PROPERTIES OF COLUMNS: strength



Single fluid system
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PROPERTIES OF COLUMNS: strength



Sand 

erosion

Permeation

Clay 

erosion
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Single vs double fluid
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Wanik (2017)

Sandy soils
(Bojszowy Nowy

- Poland)

Single vs double fluid
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PROPERTIES OF COLUMNS: strength



 

Column 

# 

Nr and 

diameter 

[mm] of 

nozzles  

Grout 

pressure 

[bar] 

Grout 

flow rate  

[l/min] 

Lifting 

speed 

[m/s] 

Average 

diameter 

[m] 

Cement 

per unit 

volume 

[kg/m3] 

Uniaxial 

compressive 

strength 

[MPa] 

1S 2x4.0 360 316 0.0083 1.13 474 7,8 

2S 2x2.8 360 155 0.0083 0.94 337 4,55 

3S 2x4.0 180 223 0.0083 0.90 528 20,8 

4S 2x2.8 250 129 0.0083 0.78 407 - 

5S 2x4.0 360 316 0.0083 1.13 475 11,6 

6S 2x2.8 360 155 0.0083 0.98 310 11,08 

7S 2x4.0 180 223 0.0083 0.90 528 11,31 

8S 2x2.8 250 129 0.0083 0.86 335 11,07 

1D 2x4.0 360 316 0.0083 1.75 198 - 

2D 2x4.0 180 223 0.0083 1.61 165 1,6 

3D 2x4.0 360 316 0.0083 1.73 203 3,4 

4D 2x4.0 180 223 0.0083 1.58 171 3,1 

5D 2x2.8 360 155 0.0083 1.54 125 3,3 

6D 2x2.8 260 131 0.0083 - - 1,6 

7D 2x2.8 360 155 0.0083 1.88 84 5,3 

8D 2x2.8 250 129 0.0083 1.63 93 1,3 

Table 1. Technological parameters of jet grouting columns performed in 

BojszowyNowy. 

Wanik (2017)

Single vs double fluid
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Single vs double fluid
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PROPERTIES OF COLUMNS: strength



Single fluid

Portlandite
Ca(OH)2

Calcium 
Silicate 
Hydrate
(CSH)

Double fluid

Scanning Electron 
Microscope

Single vs double fluid
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Reticular plane
Miller Index (hkl)

Xray diffraction

Single vs double fluid

Progettazione degli interventi colonnari basata su evidenze sperimentali – Lunedì 2 Settembre ore 14-18

Consolidamento dei terreni e delle rocce

PROPERTIES OF COLUMNS: strength



Q= quartz [SiO2] D= dolomite ferroan [Ca(Mg, Fe)(CO3)2]
Mu= muscovite [KAl3Si3O10(OH)2] M= microclin [KAlSi3O8]
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PROPERTIES OF COLUMNS: strength



0

100

200

300

400

5 10 15 20 25 30 35 40 45 50 55 60

In
te

n
si

ty
 (

co
u
n
ts

)

2θ

Mo

P

Mo

q q q

q

q
q

q

M

C

C

P

C

D

TMH

q

Mu Mu

C=vaterite/calcite; Mo=tetracalcium monosulfoaluminate hydrate;
P=portlandite TMH=tetracalcium monocarboaluminate hydrate

SINGLE FLUID

2

In
te

ns
ity

 (c
ou

nt
s)

Single vs double fluid

Xray diffraction

Progettazione degli interventi colonnari basata su evidenze sperimentali – Lunedì 2 Settembre ore 14-18

Consolidamento dei terreni e delle rocce

PROPERTIES OF COLUMNS: strength



C=vaterite/calcite; Mo=tetracalcium monosulfoaluminate hydrate;
TMH=tetracalcium monocarboaluminate hydrate
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Thermogravimetric analysis Differential thermal analysis
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Clayey soils 
(Moglia, Italy)

Single vs double fluid
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Single vs double fluid
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Phenophthalein test (violet is due to the presence of calcium hydroxide/portlandite)
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After 24 hours of air exposure

SINGLE FLUID

Single vs double fluid
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Par.2.4.3 Ground properties
(5) When establishing values of geotechnical parameters, the following 
should be considered:
……………………………………..
the variation of the geotechnical parameters that are relevant to the 
design;
………………………………………

Par.2.4.5 Characteristic values of the geotechnical parameters
……………………………………
(7) The zone of ground governing the behaviour of a geotechnical 
structure at a limit state is usually much larger than a test sample or 
the zone of ground affected in an in situ test. Consequently the value 
of the governing parameter is often the mean of a range of values 
covering a large surface or volume of the ground. The characteristic 
value should be a cautious estimate of this mean value.
………………………………………….
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