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Ground improvement by means of jet-grouting

P. LUNARDI*
University of Parma, Parma, Italy

After a description of jet-grouting technology some typi-
cal examples are given of its applications to a number of
civil engineering problems, The following aspects are
examined:

i) suitability for different types of ground;

thy design criteria;

() monitoring during construction;

() recentl technological developments;

(e} jet-grouting techniques in civil and environmental
engincering works;

1 f} some case histories,
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Introduction

Apres avoir décrit la technologie du jel-grouting, larticle
presente des exemples typiques d'application pour la
solution d'un grand nombre de problemes d'ingénierie
eivile, Il examine tout particuliérement:

{n) les possibilités d’application dans les differents types
de terrain;

(b} les critéres de conception et de dimensionnement;

ict les contrdles en cours de chantier;

) les innovations les plus récentes;

ieb les possibilites d'application du systeme dans les
ouvrages d'ingénierie civile et environnementale;

i(f) quelgues unes des applications réalisees,

The jet-grouting technique

The transformation. of cohesionless sora info seadstom® ocours
in nature over very long periods of time during diagenesis,
It is caused by the very strong pressures of lithostatic loads
or tectonic forces. MNow, however, it can actually be pro-
duced by a number of artificial means onssite including the
Tet-grouling’ technigue

Jet-grouting owes tts origins lo experiences acquired some
decades ago in the il drilling industry when unblocking
strings of drill rods locked at great depths

Applied for the fivsl time in the civil engineering field by
Cementation Co, i Pakistan, in aboul 1950, and subse-
quentty used by the Japanese, it was introduced into laly
about ten years ago and systematically used in various civil
engincering works with increasing success, lhanks (o the
development of adequate equipment (pumps, -automatic
drilling rigs, etcd and suitable structural designs: |el-grout:
ing, therefore, is still a fairly voung technology open o
further development. This article describes the current state
af the art and also examines the following:
i) suitability tor ditterent tvpes of ground;
() design criteria;
el condrols during construction;
(d) recent technological developments;
el jetgrouting techmgues cwvil and envirommental engl-

neering works;

[f1 some case histones
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Operational methods and equipment

The fet-grouting’ wchnology primarily consists al inject-
ing controlled quantibies of cement grout through small
diameter bore holes (7 Lo 10 em diameter) to treat controlled
volumes of ground.

The treatment can be performed wusing three different
methods, The fivst two were developed i Italy and the third
is of Japanese origin. They are as follows:

wrd injections of grout only imonofluid systemb;
(0 amjections af air and grout (billuid svstem);
o) ingections of air water and grout (eiflluid systemb

I monoffiend jet-grouting, ground disruption is achieved
by the action of cement grout, which also has the function of
cementation.

in fiffuid jet-grouting the disruptive action is entrusted to
a high speed jet of grout guided by a ring of compressed air
at about 5-12bar pressure;, which lmits dispersion and,
L'n|1~.m]m;|'.l|_'.'. fncreases the penclrating power.

In driftuid jet-grovting distuption is essentially performed
by an air-guided jet of water (dir pressure about 5 bary water
pressure of about 300 bar), which breaks down and partially
washes oul the soil, which is subsequently replaced by growt
injected a1 a pressure of about 50 bar,

Crperating conditions and requirements onosite, in terms
of available space, construction stages and, most import
antly, the tvpe af soil to be treated, determine the choice of
the most appropriate jet-grouting method Lo be used

Figure | shows the equipment required o perform jet
grouting treatments
Coement bins (1)

Batehing plant (2]
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Fig. |. Equipment reguired to-parform jel-groutng treatment

400 o 500 hp high pressure pumg (3), with compressors, for
Bifluid and trifluid treatments

Tanel board and control board (4)

Drrilling rig (53 (Fig. 2)

The string of drill rods (1 in Fig. 2) on the rig has joeints
that will withstand high pressure; at the bottom end it is
connected to the injection chamber and 1o the hit, vsually a
tricone. In the monofluid svstem, the upper rod s conmected
to the high pressure grout pump by a swivel-jpint and a
flexible pipe (21, Standard rod strings of 60, 76 and 90 mm
el are vsed, Equipment used o perform bifluid and trifluid
jet-grouting are provided with a swivel for séparate grout fair
and grout/air/water supply, respectively, fed by appropriate
pumps and compressors. The rods used for bifluid jet-
grouting (76 to 90 mm oo.d.} have bwvo coaxial duets b allow
separate flow of air and grout. The trifluid systemy requires
triple-duct rods (76 to 4 mmeosdl) in order toallow air, water
and grout 1o flow separately, The injection chamber 1s located
just above the bit. For the monofluid svstem, it is.a hollow
steel cylinder, about 40 cm long, usually of the same outer
diameter as the drilling rods (6 109 om o.d.J), The walls have
one or more radial holes fitted with nozzles and there 15 a
central neck on the inside at the bottom of the chamber, 2 cm
in diameter, to allow the drilling fuid to reach the bit when
drilling. This neck can be blocked by dropping a 2.5 cm
diameler steel ball inside the rods thus forcing the grout to be
injected through the side novedes, Grout nozzles can be one
to four in number, with inner diameters generally ranging
from 1-5 to 3-0mm; they are vsually stageered 1 to Zom,
from each other. Recently much larger diameter nowzles have
been used. They obvicusly requice high capacity pumps.,

Drilling operations are vsvally performed by rofation or
rafiry-percnssive. achion, with or without the wse of drilling
fluid. Retary drilling, requiring light drill rigs s preferred in
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medivm o fne-grained soals while in cohesionless coarse-
grained soils and for when large boulders are found, rokmry-
percussive drilling can be betler in lerms of performanoe,
although heavier equipment is required. The same rig is
generally used for drilling and high pressure grouting.

Onee  drilling, has  finished and  the required depth
reached, the neck at the bottom of the injection chamber is
blocked so that grouting can commence. The pump starts
operating at very high pressure (4060 MPa) pushing the
grout through the flexible pipe (2) into the reds (1), down to
the injection chamber and finally, through the nozzles,
radially into the ground,

The drill rod 1= extracted at a carefully controlled rate and
rolated Lo provide the correct angular velocity to produce
the eyvlindrical columns required, The fluid can be pumped
into the ground at very high energy levels (in fact the jet
penetrates the ground at a speed af 800 km/h or maorel.

Owver the vears some contractors have developed drilling
rigs featuring increased power, flexibility: and reliability,
with the aim of obtaiming more versatile equipment, redu-
¢ing operating times and improving size, shape and final
features of the treated ground.

Rolary and rolapy-percussive drilling rigs have been
developed toowork in restricted spaces and also to perform
horizontal jet-grouting, required for many ground improve-
ment operations cspeciatly in underground constrictions,

Figure 3 shows ane of the first rigs, manufactured in ltaly
by Rodio Spehc, specifically designed  for near horizontal
rotary-percussive drlling and jet-grouting. Hvdraulic jacks
allow the mast to rotate 180 degrees with adjustable inclina-
tion, up to 14 degrees (25% ) with respect to the horizontal,
The first horizental jet-grouting work was carried out using
the design of the author in the ‘Campiolo’ funmel on the
Udine-Tarvisio railway line of the Halian State Railways,
using a-rig of this type
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(1) Rodsting
@ Flexible pipa
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Fig. 2. Drill rig for jet-grouting

Working principles

The operations to be carried out for monofluid and bifluid
jet-grouting, the most widely used systems, are performed
in two stages (Fig 4k

First stage: insertion ot the drill-rods, equipped with the
nozzle bearing chamber, down to the design treatment depth
by drilling, To achieve good results this stage requires skill,
as the treatment could be compromized by unwanted rod
deviations,

Secomid stage; return or extraction stage. The drill-rod s
extracted with rate of ascent and angular velocilty carefully
comtrolied while injecting grout through the noizles; as
mentioned above, with a bifluld system the grout jet is air
guided o gain more penetrating power.

The following parameters are controlled to obtain vo-
lumies of improved soil of the desired shape and size: grout
pressure, rate of ascend, angular veloaty, numbers of noz-
eles, nozzle L. Treatment improves the mechanical pro-
perties of the soils to the point where permeability and
strength is comparable to that of a concrete.

Operating parameters
The principal operating parameters arg:

) injectivn prossure;

(hy number and diameter of nozeles;
{¢)  water/cement ratio of the grout;
)y amection Lme:

The dnjection pressure is controlled by pressure gauges; the
jet energy and consequently the radius of action depend on
pressure. The upper pressure limit is essentially determined
by the capacity of the pump used, Operational pressures of
40 o A MPa are generally employed,

The pumber and dinmeter of nozzles determine the injection
capacity, the volume of grout injected into the ground per
unit of time and, consequently, the rate of treatment. Of
contrse, high flow rates require high-power pumps to main-
tain high pressure. Larger noeele diameters make more
efficient use of the power employed while a larger number
of noezles, with the total delivery rate held constant, de-
creases performance, due to a greater loss of head, It follows
that if high-power Injection pumps are not available it is
preferable to limit the number of nogzles.

The waferfcement ratin of the grout is the most important
parameter with regard to the mechanical properties of the
treated sl and the initial behaviour of the soil-grout
mixture. A low water/cement ratio s extremely important
where there is groundwater low, as this could wash away

WALk 220
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Fig. 3. Drill rig for near-horizontal jee-grouting (measuréments i metres)
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Fig. 4, |et-grouting in operation

the cement shortly after injection. Laboratory and feld tests
have shown a relationship between compressive strength of
treated soil and the water/cement ratio,

The ijection Hme depends on the ascent rale and. the
antgular velocily of the drill rod.

The ascent pte is controlled by a timer placed on the drill
rig. Raising is usually performed in 4 cm o steps, thus allow-
ing the jet to act on the surrounding ground, for set time
intervals. The diameter and the mechanical properties of the
ground treated as well as of course the time required for
treatment are all affected by the aseemt rate: For any given
soil type delivery rate and pressure there is'a minimuom
ascent rate below which operation is not feasible. 1t has in
fact been discovered that, if the extraction speed s too slow,
the jet, not having sufficient energy to enlarge the radius of
action, starts to flow along the outer surface of the drill rod,

The angudar tvlocity of the rods will depend on the ascent
rate and the two must be regulated logether to aptimize the
disrupting action of the jet. There is a lower limit for angular
velocity, below which jet reflection ocours. This reduces
etficiency unless special precautions are taken as shiwn by
recent rescarch (see section entitled 'Innovations’),

fable 1 gives tvpical values for the principal operating
paraneters,

The columns produced

Llsing the monofluid system, columns of diameter varying
from (40 to 140 1y are currently oblained |_l1_~pk-|‘]din-t.; un the
features of the growid and on the operating parameters used
(see Firs 3 and 6)

Table |, Operaing poramaeters for jet-groutng
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Jat-grauted diaphragrms

The bifluid system increases the jel power and conse-
quently its penetraling capacity, The diameler of the co-
lumns obfained using a bifluid system is 30-70% greater
than that obtained with a monefluid svstem, while the
mechanival strength s reduced by the effect of air entrained
within the treated malerial.

The trifluld system which for technical reasons cannot be
used for horteontal work, produces colurmns with diameters
larger than 2m, but the higher cost, the lower operating
Hesibitity anc, above all, the risk of loosering the surround-
ing ground when soil G5 disrupted and washed oot has
limited ils use.

Columns having o large diameter can alse be obtained
using the two-stage’ svstem. Grout injection is preceded by
very high pressure water injection {firsl stage), designed to
produce preliminary breakdown of the: groumd. The sab-
sequent srout mjection (second stage) replaces water and
the washed-out finer soll fractions, As it encounters less
resistance’ from the already remoulded ground, the grout
penelrates deeper. Moreover, the removal of the finest
fractions gives better mechanical properties o the treated
material.

Suitability of soils for jet-grouting
treatment

From the experience we have acquired, we can confi-
dently say that jet-grouting can be successfully performed in
ary fpe of sodl, independently of grain size and permeability,

Syarem Fluid Prissure; bar Meozzle Ascent Race V. Angular speed | w,'c rano Dhischarge: | fmin
Mo, & i.d: mm ommin rpm |
Monoflsid Graotit 400550 |=3 %25 [5-100 5= 15 | I-0-1-5 T0- 800
Bifluid Grout 400-550 |-2 = 3-5 1030 4-§ |-0-1-5 T0-800
Air 10-12 - 1930 - 4000~ [0 000
Trifluid Grout 50— 100 =2 = 4-5 f—15 4-8 |-2-1-§ B0 200
Air 1012 f-15 2 4000 - 10000
Warer 400-500 -2 % 32-3 b4 - 40- 100
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Fig. 5. Soil columns obrained by jet-grouting treatment

with the exception of very hard cohesive soils: whose
strength carnol be overcome by the jet; This technology has
the considerable advantage of being able to treal sirafified
soils (alternating sands, silts, clays, ete) provading a uniform
degree of cementabion and waterpreofing, independently of
the pature of the original ground (see Fig. 71,

In fine-grained soils the outer surface of the columns
obtained is normally well defined and faicly regular, In
coprse-grafed  and  heterogeneous grounds, on the other
hand, this surface is irregular and there 15 the svstematic
appearance of ‘rool effect’, Lol grouting through “claquage’
of the ground oulside the radivs of action of the jet;
occurting as a result of the escape of a small amount of
grout along preferential paths into the surrounding ground
(see Fig, 6).

The occurrence of stll groundwater does ol in any way
compromise the results of the treatment, When seepage
pocurs special precautions, such as the addition of accel-
erators Lo the grout, give good resulls even at groundwater
discharge velocities of the order of (11 cm/s.

The compressive shear strength of jet-grouted volumes is
normally a function of the water/cement ratio of the injected
grout and of the grade of the ground. [t generally increases
from clays to gravels (see Fig. 5l Maximum strengths in
excess af 50 MPa have been reached in sands and gravels,
while in fine-grained peaty soils it is hard to attain values 10
umes lower. Generally speaking, with monofluid systems
and grout composed of cement and water only, long-term
shear strength in sandy and gravelly seils usually produces
average values of 12 to 19 MFPa

In fine-prained soils, satisfactory  strength values are

. A, o
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%

obtained only by resorting to high cement/waler ratios (at
least 1-2—1-3) i such cases values of 2 to 14 MPa have been
obtained.

Using the tritluid system it is possible to attain even
ereater strengths, due to the purity of the column obtained,
while the bifluld system is slightly penalized in this respect
by the possible occurrence of entrained air bubbles,

The stiffuess of grounds treated with different jet-grouting
technigques presents an even greater variation. In general the
ratio E/ R, between the secant modulus E and the compres-
sive strength By tends to increase with B, from a minimum
of 200-300 in fine soils to about 1KK) in gravels and sands
(see Fig 95.° With bifluid systems strengths are lower than
with monofluid because of the effect of entrained air. In
addition, for cohesive soils a larger volume of soil 15 affected
by the same quantity of water/cement mix, using the same
specific energy, due to the higher penetration of the air-
guided jet.

The trifluid system shows an even greater variation in
results: in grounds which interfere with the setting of the
concrete, the qualitative mechanical outcome is positive only
if the operation of cutting and removing the original ground
is complete and the two prinoipal operations of the system,
namely cutting with air and water and replacement with
grout, are kept separate. To favour the replacement of
disrupted and washed-out material, it is vital that the grout
always has a low water/cement ratio.

® E s the secant modulus, ata stress equal to 04 By

4
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Fig. B. Compressive strength of jet-grouted soils

Design criteria

The design of ground mmprovement wsing jet-grouting
must involve the [ollowing stages:

(11 soil investigations and preliminary field tests

{2} choice of grout type and operating parameters

(3} deciding the pattern, shape and size of the grouled
violumes

{4} identificalion of the mosl appropriate  mathematical
model o study the stress—strain behaviour

5] choice of the monitering systems,

Investigation and field testing

Preliminary investigations play a fundamental role be-
Fig. 7. Results abained from jer-grouting treatment in stracified sail cause they determine whether jel-grouting is feasible and

it



Crronened smprovement by weans of jet-grouting

- Sandy graval

Mediurm ta line sand

m -
£
o
= =I5
& %
L =
L]
” i
- 20 &,
o P
z | :
n w -
s 15 b :
# i .
o . %
- &
2 1 -
g A optt
= ; . ..
E a - ’ c _.._,_,.-"'f .
f
b # —
i r '.H..-"'""r
-
0
0 5 o i5 20 25 20 35

Urdaxial comprassive stramgth, A MPa

Fig, 9. Elastic properties of treaced grounds

also the main parameters of the wark, Preliminary investiga-
tions include:

) exploratory boreholes to doterming grotund conditions;

i statie and;/or dynamic penetration tests o evaluate the
mechanical properties of the ground;

) laboratory permeability tests, particularly for cohesive
sonls;

Gl Held injections tests an g site similar to actual working
conditions,

The field injections test is certainly the main source of
infermation for deciding on the grout composition and the
operating parameters. This is also because current theory
does not vel provide reliable support in this area

A mumber of test columns or teated volumes of the same
size and pattern as the actual design are drilled and injecled
on o =uitable site, zenerally adjacent o that of the actual
operation. The working parameters are vared for each test
column, or cach group of columns, in order o subsequently
choose the most approprate combinations based on the test
results,. Upon completion of the field injection tests, the
following lests are performed

(i) Somc tests (downhole and crosshole), Vertical pipes are
inserted into the ground and/or inte jet-grouted vol-
umes, ab preset distances,

ln dowsthole fests a probe equipped with a sound
transmitter and a sound receiver deviee which aee sel
al an appropriate vertical distance from each other is
lowered inlo the borehele, The sound waves emitted
pass through the treated ground surrounding the hale
before reaching the receiver. Amplitude, frequency and
shape of the signal are profoundly moditied by the
characteristics ol the material, which also affects the
speed of the sound (Fig. 10). Diagrams: like those shown
in Fig, 11 are obtained.

The crosshole technology  measures the  horizondal
wave velocities between two points located in adjacent
boreholes by inserting a sound transmitter and sound
receiveris) into them.

hy Direct site inspection of tréated volumes, by excavalion,
to- visually check diameter, structural contimuity and
possible overlapping {(see Fig. 120,

\.‘“11

h\f;,}.ﬂ i S

Fig. 19, Feld injecuon rese: three columns downhale tesced (see Fig. 1)
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Fig. |1, Example of data acquired from downhole tests (see Fig 10)

) Drestructive tests on cores of reated ground, both
verticallv and transversely cored, so as to evaluate
mechanical strength by laboratory tests (see Fig. 131
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Fig. 1% Field injection test dirsct site (nsprction of treated volumes

Jet-grouting design

When it comes to designing the pattern and dimensions
of jet-grouting trealmient, it i= essential that designers have a
good understanding of various fundamental concepts 1.0,

fd wolumes of ground breated by jet-grouting are cemented
growmd and not a structure, even if they have a shape
which is reminiscent of that of piles:
i when giving a static function lo treated ground, i1 must
be remembered that the existence of volumes in the
ground thal are maore rigid than those in the untreated
adjacent ground may possibly be used to produce a
system which channels stresses in o desired direction;
the treated ground can take compression and shear, and
consequently the application of other types of stresses
(e, tension) should be aveided.

In this connection, it must be mentioned that il is possible
to reinforce the jet-grouting, if necessary, but it is importanl
to keep in mind that a real structure, like reinfareed
concrete, will never be obtained

The insertion of bars and steel sections into improved
ground can be achieved, before selling takes place, by
gravity or using high frequency vibrators.

Calculation models

The types of problems connected wilh jet-grouted ground
are clearly non-linear as:the materials involved have typi-
callv a non-linear siress—strain’ behaviour. In addition to
this, it is often necessary to analyse structures whose shape

72

L'|‘|-11‘|:|3.C5 over Hme due to excavation or construction CHIET o
tions. Consegquently it is easy to understand that, apart from
the simplest cases, the analvsis of such problems implies the
use of the finite elernent method. This starts with analysis of
the natural untreated conditions and develops through an
appropriate sequence of stages realistically approximating
the actual development of the work

Monitoring

It is important to organize an efficient system for monitor-
ing jetprouting operations, namely, monftoring during freat
meat and wemitoring after freatment, During treatment, special
care should be taken to ascertain the reliability: of the
principal mechamical and electrical characteristics, which
recuites the continueus monitoring and recording of such
vperational parameters as water/cement ratie, pressure and
delivery of grout, ascent rate and angular velocity of the
drill rods.

Other monitoring is necded o

ta)  check that drlling is mn the correct directioo:

i detect possible surface liting and/or settiement of
adjacent ground (especially when the work is carried
out near buildings or ather structures);

() analyse the effluent material fowing o the surface
during injection., The final features of the improvement
can be esbmated from qualitative and quantitative
examination of this material.

Monitoring after treatment includes:
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Fig. 13. Drescructive rests on cores on traated graund

) Boad tests (in the case of foundation columns), extended
Lo several columms;

(b sonic tests toe check the improvement of mechanical
properties asowell as the continuity and possible over-
lapping of contiguous columns,

Innovations

Chver the vears remarkable progress has been made in the
use of jel-grouting technology, These advances have occur
red both in the equipment, in aperational techniques, in
studies on grout, and in construction designs developed to
extract the maximum advantage from the particular features
of the svstem.

Technological progress

Research has mainly been directed to the mechanics of
pumps, as well as to experimentation on high pressure
circuits amd on more efficient nocele shapes, The first am s
W increase the disruptive power of the jol to give it a wider
radius of action and (o add sand Lo the grout to give
stronger lreated materials. Experimental field tests were
performed on beth soft clavey fsilty soils and oo gravel,
adding well-graded limestone and/or silica sand aggregate,
up to and above 1 mm m particle diameter, in amounts up
o T00% of the weight of the cement to the mix

Pumps of 2700 h.p. with a capacity of 1500 litres /min al
300 bar pressure and operating with monofluid jets were
used bo create columns of more than 2m in diameter,
composcd of homogenous, compacl mortar, oven in layvers of

clay, These results were achieved with fast performance times
and also a remarkable reduction in thie quantity of cffluents

The second aim is to perform injection while drilling. In
the first experiments carricd oub, the injdction chambers
were equipped with one to five nozzles fitted 5o as to direct
the jets at an angle that would favour penetration of the
drill. The result was 50%  faster performance fimes, as
compared to existing technigues

The third and final aim is to reduce or eliminate the
reflection effects which normally  occur due to low rod
ascent rates and Jow angular velocities. Very interesting
results were abtained which allowed diaphragms of im-
prived ground to be formed in place, from a single drill-
hole (see Figs 14 and 151, One of the mosl exciting resulls
was the wide radius of aclion of a single jet. This was 3 (o
4m which, with low angular velocities, produced columns
of about 8 min diameter

REecently jet-groubing technology has also been successtully
applied to the waterproofing of rocks where traditiomal low
pressure injections are inefficient as the injected grout tends
to escape through fractures and /or joints without filling them
sufficiently, An interesting example (see next section) of the
use of this technelogy is on the Brombach dam (Cermany).

Jet-grouting in civil and
environmental engineering works. A
design outline

The jet-grouting ground improvement techmique has heen
widely used in several fields of civil engineering, thanks o
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Fig. 14. Diaphragm of improved ground by jet-grouting fram a single drill-
hole

specific structural designs which can be applied to various
operational situations,

Early uses concerned earth fetaining and  fowndation ok,
perhaps because of the columnar shape of the freated
volumes, which is reminiscent of piles, This was quickly
followed by more sophisticated and ingenious uses for slope
stabilization, hvdraulic works and excavation of tunnels in

loose ground. A few examples of actual applications helps to
trace the development of design models,

Retaining structures

There have been considerable advances in the design of
confinement for open pit and french excavations (see Fig,
160 Early designs consisted of one row of columns of treated
ground spaced at varving distances, located along the edge
of the future excavation. Such a design was first used in
ltaly by the author in 1950 for the construction of the Sesto
San Giovanni pit for the Milan underground railway (Fig, &).
& similar design was used in Lyons to protect cul and cover
excavations of the 'Sans Souci’ station on ling 1 of the
metropolitan railway, In this case the seil cohesion made it
possible W increase the distance between the 70 oo diameter
jet-grouted columns lo approximately 2 metres (see Fig, 170,

Such designs, although effective for temporary confine-
ment of excavations in coarse-grained or cohesive soils with
moderately good  gevmechanical properties, are nol suf-
liciently reliable for long-term protection. Consequently,
in order to achieve this, mere complex designs were de-
veloped, which consisted of several staggered rows of
jel-grouted columns, This technigque gave excellent resulis
tgrether with ease and speed of construction and as a result
rapidly gained acceptance, often replacing traditional tech-
nologies: 1L is sufficient to recall the success it has enjoyed,
together with horizontal jet-grouting - technology, in the
construction of tunnel portals in cohesionless or slightly
cohesive soils (Fig, 183 The jet-grouted ground means that

Fig. 15. Dhaphragrms of improved ground by |et-grouting
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Fig. |6, Typical designs for retaining structuras

tunmelling can be performed with a very low oveérburden,
which in turn redices the amoont of surface excavation
works thus minimizing the msk of slope instability. As
shown in Figs 19 and 20 this method provides outstanding
results froon an environmental and landscape point of view
as compared to traditional methods.

Finally Fiz. 16 shows the ‘truss’ design used al Sarne (see
Fig. 21) near Maples to support trench excavabion along the
15 raibway line (1986} 1t has the advantage of making the
ground confined between the rows of jet-grouted columns
contribube to the stabifity of the entire system, This ground,
in addition to being improved by claguage, is alse under
triaxial stress,

Stabilization of slopes

Figure 22 shows some typical designs, fan shaped, bt
tresses’ Get-grouted  columns radially placed, in the: plan
view, around a circular arc) and last, but not least, large
dinmeter cufssairs, which are often very efficient,

The first lype of design was used for the first bme at Gela
in 1982, combined with near horizontal drains, o stop
landslide caused by the erosion produced at the loe by
aroundwater seeping along the surface of an underlving
impermeable laver. The combined action of drainage and jet-
grouting provided an adequate salety factor Lo prevent

Fiz, |7 Improved ground by jet-grouting for cut and cover excavations of the 'Sans Souel station on line D af the metrogolitan raitway in Lyens (France)
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Fig. 18. Tunnel poral shell structure using jet-grouting

Fig. 19, Traditional porml structure

failure of the slope, which has several bulldings located on
the top.

The 'buttress” pattern was used in (984 in Val Topina o
stop the slide of a silty detritus laver, which occurred during

the construction of a parking area beside the “Flaminia® Mo,
3 state road.

let-grouting technology provided the following advan-
tages:

li) ground removal was not required, thus further decom.
pression of the slope was prevented;

76

e

it did not cause vibrations which mighl have triggered

other landslides;
ich b did st overload the slope thanks to the lightweight
cipuipment needed to perform the job;
it achieved complete clagquage of the ground resulting in
satisfactory stabilization,

[}

Caissons have been recently used to stabilize the entranee

way to the southern portal of the Mont Blanc matorway
tunnel.
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Fig. 21, Improved ground by jec-grouting for wrench excavation near Maplas
(lzaly)

Foundations and underpinning

Jet-grouting has found wide use in foundation and under-
pinning works: As far as [oundations are concerned, bwo
design methods are maindy used (Fig, 23),
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Fig. 22, Tymcal dasigns for stabihzation of slapes
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Fig. 23, Typical designs for foundation wark
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(1} Spread footings on improved ground: this design
technigque with its gradually increasing rigidity is particu-
larly suitable in seismic areas. Foundations of this type have
been used extensively for viaducts at Bardonecchia (see
Fig. 24}, along the Frejus highway, and in ¥al Topina

B. e ft L - = -

Fig: 24 Works for spread footings on improved ground ot Bardenecchia
{Prejus highwiy)

ARSI TR

= -

Fig. 25. Caissans under groundwater buile using jet-gradting (railway bridge
ovar the Felln River, by}
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(21 Large diameter caissons: these are suitable for founda-
tions on slopes needing stabilization or in river channels,
Large diameter caisson construction is a very rapid and
econamical operation using jet-growting and truly irreplace-
able when working below groundwater level, It involves the
comstruction of a continuous diaphragm of overlapping
jet-grouted columns and a jet-grouted bottom plug. Inside,
ground excavation is performed under dry conditions, down
ter the top of the boltom plug. The well is then usually filled
with lean concrete up to the footing level,

Caizsons under groundwater level were built using this
system for the first fime in Carnda (1953) for the foundations
af a railway bridge over the Fella river along the alan State
Railway Udine-Tarvisio line (see Figs 25 and 26),

As far as underpinning 1s concerned, jel-grouting is rich
in interesting case-fustories: Figures 27 and 2% show the
design used for the Banca del Monte in Parma (19825 In
situations such as lhese in which it 15 necessary to work
close o ancient stone buildings, dangerous uplift pheno-
mena may occur if fraditional injection techniques are used,
With jet-grouting, however, i the radius of action of the jet
is properly controlled and the operating pammeters appro-
priatelv set, there 15 no problem even al a shart distance
from feotings, despite the high groul pressures wsed,

Another use for foundations is shown in Fig, 29 a
particular apphication which has found & powerful construc
tion method in jel-grouting: the repair of foundations in
river channels,

The repair operation on the foundations of the State
Railway bridge over the Taro river, damaged in November

Fig. 26, Cassons under groundwater bule using jet-grauting (milway bridge
owier the Folia River, Icaly): excavacion inside the caissan
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Fig. 27, Design used for underpinning wark for che Banca def Monte in Farma (ses Fig. 18)

19582 by exceptional flooding which caused the partial
collapse of the bridge itseld, is of importance here because of
the time in which the repair had to be completed {Fig. 300
The designed ground improvement work was two-fold and
consisted of (see Fig. 29k

(1) Creabon of a continuous protective belt of jetegrouted
columns around the foundations of each pier, of suffi-
cient thickness and depth o guarantee its primary
function of combating the undermining action of the
waler running in the river channel and sub-channel, and
to strongly limit lateral decompression of the foundation
ground so as to help conserve its load-bearing capacity.
Ground improvement using traditional low  pressure
grouting, inside the protective bell, to reduce permeabil-
ity and increase strength,

(2

Tunnels

let-grouting has played a fundamental role in the progress
that has becn achicved over the last len vears in tunnel
construction. Horizontal jet-grouting in particular made it

possible o overcome all the difficulties connected with
excavabion in cobesionless soils. In this case also a statics
design that = congruent with the features: of the treated
ground was fundamental, namely, a design in which the
matertal is mamlby subjected to compressive and shear
stresses. This ts the famous ‘umbrella’ treatment which, by
penetrating bevond the face of a tunnel, develops arching in
the ground ahead af the excavation,

The first full-scale apptication of this lechnique, which
was developed by the author in 1983, was' during the
construction of the "‘Campioly’ railway tuonel. Figure 31
shows the method employed, The continuity of the treated
ground around the tunnel is very important, For this
purpose, the excavation is performed in two stages. It i3
necessary to jef-grout a series of near vertical columns to
transter the stresses channelled by the arch of the treated-
ground down into the ground before the excavation is
lowered down to the invert. Experience has shown that
miaking sure that there is good stress lransfer from the arch
of treated-ground to the untreated ground has an ocutstand-
ing effect on comvergence control. As a result the method
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Fig: 28 Underpinning works for che Banea def Monte in Farma {ltaly)

adopted for the ‘Campiole’ tunnel was subsequently mod-
itied to intensify improvement of the lower half of the cross-
section, under the ribs.

The use of horzontal coupled with vertical jet-grouting
technology to create shell structures at portals has resulted
in work being carried oul with success under extremely
difficult conditions, withoul causing appreciable deforma-
tion in the surrounding ground, An examplé is shown in
Fig. 32. The underpass was built without inlerrupting rail
traffic in Campinas (Brazil), although there was only a 2
metre overburden above the crown.

Figure 33 shows an application of jet-grouting carried out
in Bome for the construction of a highway underpass. Jel-
growting was used o stabilize the face by hornzontal
treatment of the core of ground ahead of it,

Hydraulic work

As far as hydraulic work is concerned, jet-prouting has
been mainly used in waterprooting dam foundations and in
protecting levées (see Figo 34), At Ravedis, for example,
waterproofing of coarse alluvial deposits below the coffor-
dam was performed by building a diaphragm consisting of
two rows of overlapping jet-grouted columns extending
down to the impervious bedrock. The ground between the
two rows of columns was then treated by low-presszure
groubing,

Another interesting example of waterproofing dam found-
abons using jet-grouling was performed in Brombach (Ger-
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Fig. 2%. Design used for repairing the foundations of the Taro River railway
bridga

manyl, The interesting thing here is that, for the first time, T
was done in rock, sandstone In Lhis case, A bifluid jet-
prouting system was' used to make a series of angled
intersecting cuts, more than a metre long, in the rock. They
were filled wilth cement grout containing admixtures to
reduce permeability (see Tigs 35 and 36),

As far as dikes are concerned, it s inleresting to look at a
particular piece of work executed in 1957 to plug a 300 m
strelch of dike destroved by flooding on the Adda river,
near Talamona. Makeshift repair under emergency condi-
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:

Fig. 30. Railway bridge over the Taro Rwver {ltaly) that collapsed due to the exceptional flooding in Movember 1982
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Fig. 31 Drevelopment of designs for ‘umbrella” treatment in tunnclling
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Fig-33. |et-grouring used co stabilize che face of a twnnel in Rome
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Cutolf walls under dam

Sacnon A=A

e ml-Orobe
calurmrs

Low pressums
grauting

Section B-B

£
_-."\Mm wdireclicnal

tioms had becn done with large stone blocks which did niot
provide sufficient impermeability. [t was quickly reconsti-
toted using explesives and jel-grouting (see Figs 37 and 38}
the first stage involved reducing the permeability of the
cmbankment by crushing the boulders in it te reduce
the woids rathy, This was done by blasting calibrated
explosive charges placed inside the dike body; the seeond
stage invelved creating 8 diaphragm of jet-grouted columns
in the crushed stone zome for permanent waterprooting of
thie dike.

Conclusions

4 iEgroauting

Leves walarprocling
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=1 Orvarlapping
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e e

e
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R raLtn
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Fig. 34. Typical designs for hydraulic wark

Following a deseription of jet-grouting technology some
tvpical examples have been given of its application {o a
nuriber of civil engineering problems, [b is certainly skll a
relatively yvoung technigue and  consequently has not yet
been fullv developed.

Results obtained in this first decade of application have,
however, béen very encouraging and constitute the best
incentive for continuing research and -.:xperimemali'.m.
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Fig. 36. Jet-grouting in rock: result af a test carried out ac Brombach {Germany)
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