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ABSTRACT: The instantaneous filling of the annulus created behind the segment lining at the end 
of the tail shield during TBM advance is an operation of paramount importance. Its main goal is to 
minimize displacements around the tunnel and induced surface settlements due to lost volume at the tail 
shield. For correctly achieving these goals, the simultaneous back-filling system and the injected mate-
rial should satisfy technical, operational and performance characteristics. The two-component injection 
system for back-filling while excavating with shielded TBMs is progressively replacing the traditional use 
of cementitious mortars.

In the paper different systems of back-filling grout and in particular the two-component system are 
analyzed and discussed together with a description of the Rome Metro (Line C) case history where this 
type of back-filling was widely applied.

For correctly achieving the above goals, the 
simultaneous back-filling system and the injected 
material should satisfy the following technical, 
operational and performance characteristics:

• the back-filling should ideally be instantaneous in 
order to avoid the presence of voids in the “annu-
lus” while advancing with the TBM. For this rea-
son, back-filling is typically carried out through 
pipes inserted inside the TBM tail skin, uniformly 
distributed around the tail skin (Fig. 1);

• the “annulus” must be regularly and com-
pletely filled so that the lining is fully linked to 
the surrounding ground (the system becomes 
monolithic);

• the reliability of the system must be guaranteed 
in terms of transportability of the mix. The 
grout must be designed to avoid choking off  the 
injection pipes, segregating in pumps and bleed-
ing, in conjunction with the time the grout is 
being transported and distance from batching to 
injection;

• the injected material has to gel very quickly after 
injection (which is carried out progressively with 
generation of the “annulus”) but without chok-
ing the injection pipes and nozzles (especially 
the ones for the accelerator admixture). The 
injection must always be carried out until either 
achieving the maximum pressure that is a func-
tion of the TBM face pressure or the theoretical 
volume);

1 INTRODUCTION

The instantaneous filling of  the “annulus” created 
behind the segment lining at the end of  the tail 
shield during TBM advance (Fig. 1) is an opera-
tion of  paramount importance. Its main goal is 
to minimize displacements around the tunnel and 
induced surface settlements due to lost volume at 
the tail shield [1, 2, 3]. The management and con-
trol of  settlements induced by the construction 
of  tunnels in urban areas is very important since 
they can damage nearby the buildings. Further-
more, the back-filling operation must [1, 4, 5, 6, 
7, 8, 9, 12]:

• lock the segmental lining into the right posi-
tion, avoiding movement owing to both segmen-
tal self-weight and the thrust forces and hoop 
stresses generated by the TBM;

• bear the loads transmitted by the TBM back-up 
weight;

• ensure a uniform, homogeneous and immediate 
contact between ground and lining;

• avoid puncture loads by ensuring the application 
of symmetrical and homogeneous loading along 
the lining;

• complement the waterproofing of the tunnel 
with the concrete lining and gasketry (i.e. if  
the lining has cracks due to wrong installation, 
back-fill grout should help mitigate any water 
inflow).
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• the injection can be re-started and integrated 
with any previously injected material at any 
time;

• the injected material should be homogeneous in 
respect to physical characteristics and mechani-
cal behavior throughout the “annulus”;

• the injected material must not be able to be 
washed out by ground water.

2 TYPE OF MATERIAL FOR BACK-
FILLING

Injected materials can have different characteris-
tics and mechanical behavior. Different backfill 
types require different equipment as summarized 
in Table 1 following the classification proposed 
by Thewes and Budach [9] following the scheme 
proposed by EFNARC [6]. Generally speaking 
the three main types of injected materials are inert 
mix, cement mix and two component mix. The 
main properties of these mixes are reported below.

2.1 Inert mix

Inert mix is based on sand transported in water 
with other constituents, such as filler, fly ash, etc. 

In a rock mass it is possible to use a simple mix of 
sand and gravel (pea gravel) just to fill the annulus 
void. Generally speaking it is a cheap system. The 
absence of cement avoids the risk of clogging the 
pipes due to premature setting [6, 7].

The sand has to be properly selected/graded 
and mixed: size and type anomalies significantly 
increase the possibility of an irregular and hetero-
geneous filling leading to pipe clogging.

As the sand cannot be pumped readily, it must 
be injected behind the tail skin through the seg-
ments. Typically this is carried out through either 
1 or 2 propriety grout sockets cast into the seg-
ments. This has a counter effect of possibly add-
ing to potential weak points from a waterproofing 
perspective.

Setting is very retarded (or it never occurs) and 
the final strength is very low. The inert mix is often 
chosen by French designers and contractors, as 
briefly described by the Working Group n.4 of  the 
AFTES [10]: “The control of  the injected mate-
rial and of  its hardening during the production 
and injection are really complex, and the progres-
sive renunciation of  the cement mix is in favor of 
products with postponed grip (pozzolanic reac-
tion) and poor compression strength. This prod-
uct is injected directly and continously through 
the pipes placed in the thickness of  the tail behind 
the last ring in the annular space directly behind 
this one”.

2.2 Cementitious mix

Cementitious mix is constituted by water, cement, 
bentonite and chemical admixtures (also named 
mortar) necessary to modify the water/binder ratio 
and the initial and final setting times. It is an active 
mix with a very high fluidity. It has to be easily 
pumpable, and is usually retarded (some hours) to 
avoid risks of choking the delivery pipes during 
transportation and injection.

The presence of cement helps develop 
mechanical strength, which can reach high values 
(15–20 MPa at 28 days, even if  it is not really nec-
essary for good back-filling). Also this type of mix 
is very negatively influenced by variations in its 
ingredients, which can lead to choking the pipes. 
The mix should be injected as close to the face as 

Figure 1. Scheme of grouting through the tailskin.

Table 1. Main properties of the segmental lining.

Tunnel outside diameter 6400 mm

Tunnel inner diameter 5800 mm

Segment lining thickness 300 mm

Minimum curvature radius 210 m

Segment lining length 1400 mm

Numbers of segments for each ring 7 (6 + key segment)
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possible to provide rapid support to the segment 
ring. Injection through the tail skin into the “annu-
lus” can cause serious problems with choking. The 
high frequency of choking of grout supply lines 
involves discontinuity in the back-filling opera-
tion. This creates voids and joints that do not allow 
the grout to completely fill the annulus thus not 
performing the design requirements.

Thewes and Budach [7] and EFNARC [6] have 
described these types of mortar in reduced active 
systems. Reduced active systems have a fraction 
of cement usually varying between 50 kg/m3 and 
100 kg/m3 while in active systems the binder com-
ponent develops full hydration with a cement con-
tent of over 200 kg/m3.

2.3 Two-component mix

Two-component mix is typically a super fluid mor-
tar, stabilized in order to guarantee its workabil-
ity for a long time, usually at least 72 hours (from 
batching to transport and injection) to which an 
accelerator admixture is added at the injection 
point into the “annulus”.

The mix gels a few seconds after the addition of 
the accelerator (Fig. 2), normally 10–12 seconds, 
during which the TBM advances approximately 
10–15 mm. The gel exhibits a thixotropic consist-
ency and starts developing mechanical strength 
almost instantaneously (weak but sufficient for the 
purpose: 50 kPa at 1 hour is typical).

The main characteristic of the two-component 
mix is the quick development of its mechanical 
properties thus permitting the best filling of the 
void.

This system is injected under pressure through-
out the “annulus” and is able to penetrate into any 
voids present. Also it can penetrate into the sur-
rounding ground (depending on its permeability).

Furthermore, the retarding agent has a plasti-
cizing effect and is able to inhibit the mortar from 
setting thereby guaranteeing its workability up to 
72 hours after batching. This facilitates stockpil-
ing grout in mixer-containers that are bigger than 
the theoretical volume of  material to be injected 
per ring. This is useful in avoiding one of  the most 
common mistakes, that is, batching and stockpil-
ing only the theoretical amount and not more. 
If  eventually a bigger void is found that needs 
to be filled, you could leave the crown unsup-
ported for too long, leading to potentially serious 
consequences.

The accelerator admixture is based on sodium 
silicate. Its addition to the fluid mortar leads to an 
almost immediate gel formation which starts devel-
oping mechanical strength. Such gels are homo-
geneous and therefore avoid point loading of the 
segments.

The constituents of two-component back-fill 
grout are sourced from “industrial” production 
and so should be perfectly controlled. This guar-
antees its regularity with obvious advantages in the 
consistent quality of fresh and hardened mixes. No 
constituent should exhibit variable characteristics 
(such as sand).

Using a proper mix-design and specifically 
designed equipment the risks of blockage can be 
minimized. Some problems can arise with the noz-
zle of the accelerator line blocking. This can nor-
mally be attributed to an improper cleaning regime 
or simple wear and tear of the injection outlet 
mechanism.

The bentonite significantly increases the 
homogeneity and impermeability of  the hard-
ened mix. Furthermore, it minimizes the bleed-
ing, helps in achieving a thixotropic consistency 
when the flow stops because the “annulus” is full 
and so helps in the gelling process, conferring 
greater impermeability to the system (less than 
10−8 m/s).

Figure 2. Photographs of the two component mix after 
gelling.
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3 PERFORMANCE ANALYSIS OF THE 
TWO-COMPONENT SYSTEM

3.1 Creation of an annular incompressible bubble

The injected material for a two-component system 
is an ultra-fluid slurry which, due to addition of 
an accelerator admixture just before its injection, 
gets a thixotropic consistency in a few seconds. As 
it is made up of a huge amount of water (approxi-
mately 800 litres per cubic meter of material), it is 
an incompressible fluid, just like water.

The consequence of this is that the annulus 
void created behind the TBM tail skin is a closed 
annular bubble, filled instant per instant, with an 
uncompressible fluid.

Therefore, every movement of  the surrounding 
ground which tends to enter in the bubble or any 
movement of  the concrete lining which tends to 
reduce the bubble volume, instantaneously leads 
to the creation of  a reaction-pressure inside the 
fluid, uniform throughout the volume and around 
all the surfaces of  the volume, avoiding any 
deformation.

Therefore the incompressible zone of gel per-
fectly confines the concrete rings already installed 
and the new concrete ring which has to be 
installed.

So this can be carried out the following condi-
tions must be achieved:

− the injected material must remain incompressible;
− the fluid must not escape from the annulus 

void:
− it must not permeate through the surround-

ing ground (this is avoided by the ground 
water that exerts a hydrostatic pressure on the 
injected material);

− it must not escape through the space between 
the tail and the tunnel face, which is avoided 
by a correct balance between the tunnel face 
pressure and the injection pressure (which 
must be approx. 0.2 bar higher, not more);

− if  the surrounding ground is in poor condition, it 
tends to squeeze towards the annulus. It cannot 
be allowed to move with excessive pressure, oth-
erwise the force required to advance the machine 
would increase too much. This has to be bal-
anced and controlled with equilibrium between 
the pressure in the excavation chamber and the 
injection pressure. This can be aided by lubrica-
tion of the extrados of the tail skin with a ben-
tonite slurry. Bentonite slurry injection should 
take place exactly where the tail is blocked and 
bears on the ground, i.e. behind the invert of the 
lining and in the rear part of the tail;

− the segment ring just installed must not be 
deformed (i.e., without ovalization) due to its 

own weight, which could lead to an anomalous 
installation of the rings or too low a pressure on 
the upper segments;

− the gel must not be leached by the underground 
water.

From the above, it is evident that it is necessary 
to inject a fluid that does not harden instantane-
ously, but that becomes a gel quickly and pro-
gressively without avoiding the formation of an 
incompressible annulus at constant volume.

The long term mechanical strength of the back-
fill material does not have any meaning, because it 
does not give any structural contribution to bear-
ing the hydrostatic and geostatic loads (these are 
completely supported by the concrete lining), but 
the gel has to be as homogeneous as possible to 
mitigate the external punching loads.

To achieve this goal the gel must not decompose 
after its injection: its durability must guarantee 
that the incompressible annular filling is main-
tained permanently.

Therefore attention should be paid to the behav-
ior of the injected material in the early stages (from 
the first seconds to some hours), which includes 
the installation and the injection of segment rings. 
It is evident that the existence of a closed incom-
pressible annulus is the most efficient and impor-
tant factor.

3.2 Durability

The durability of the gel which totally fills the annu-
lar void is guaranteed in the normal humidity condi-
tions of the ground (even more so when the tunnel is 
drilled under the water table). During the construc-
tion of many Metro Lines in Singapore the authors 
understand that since the two-component system 
has started to be used, more than ten years ago, there 
has only been positive indication of grout durabil-
ity. Comprehensive proof of grout behavior for the 
future does not exist, but the gel must have two fea-
tures which indicate its durability:

− the undeformability: this parameter immediately 
appears as the most significant, as the gel is made 
up principally of water. If the water is not lost 
(by evaporation or filtration), the material will 
remain stable for ever. It is therefore essential that 
the host ground maintains its natural humidity;

− the technical impermeability of  the ground 
(10−8 m/sec). This is the physical parameter that 
favors the creation of  the situation described 
above.

Both these characteristics can be measured in 
the laboratory and can be assumed as indicators 
of durability.
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3.3 Consistency and compression strength of the 
hardened mix

An important consideration from the above is that, 
when a super-fluid two-component mix is used, the 
early stage mechanical strength is more important 
than the latter stage strnght. The concrete lining, 
not the back-filling grout, must bear the applied 
long term hydrostatic and geostatic pressures.

It is in the first hours (8 rather than 24 when 
the TBM advances regularly) that the gel must 
fill every void in the “annulus” (and eventually 
in the surrounding ground) and protect the seg-
ment lining. This is achieved by the high fluidity 
of the injected material and its rapid gel setting 
time. Furthermore the gel must hold the ring in its 
built position (avoiding the formation of punch-
ing loads) and at the same time avoiding the last 
installed rings deforming due to the TBM thrust 
and cutting wheel rotation.

It is of paramount importance that the mix cre-
ates a gel after a few seconds and an incompressible 
annulus is generated: therefore the gel set must be 
tested (at 0.5 and 8 hour stages) to confirm that the 
strength is suitable, for example with a pocket pen-
etrometer. The selection of the half  hour test time 
can be adjusted to suit the time taken to build one 
ring. The first test time should be long enough for 
the grout to achieve a strength adeguate to avoid 
the lining floating around in the grout.

Tests after 24 hours are only suitable to check 
that the gel does not decompose, but increases its 
strength over time in order to allow the extraction 
of cores through the segments. This may be use-
ful to directly check the effective total filling of the 
“annulus”.

Testing of compressive strength on cores 
extracted in situ (even if  the coring can partially 
disturb the sample) is the most reliable method 
because the material is injected in the “annulus” 
at pressure and remains there in environmentally 
natural conditions.

4 TWO COMPONENT MIX. EXAMPLE 
OF APPLICATIONS—ROME METRO—
LINE C (ITALY)

The tunnels of Metro Line C are under construc-
tion in Rome using four EPB machines and will 
constitute the third line of Rome metro.

Metro C S.c.p.a. is the General Contractor for 
the engineering and construction, formed by Ast-
aldi S.p.a. (leader of the joint venture), Vianini 
Lavori, Ansaldo STS, Cooperativa Muratori e 
Braccianti di Carpi and Consorzio Cooperative 
Costruzioni.

The layout of the Line (Fig. 3) is 25 km long 
(18 km underground) with 29 stations. It crosses 
Rome from south-east to north-west.

Line C will have three connections with the oth-
ers two existing metro lines, the A Line (in San 
Giovanni and Ottaviano stations) and the B Line 
(in Fori Imperiali-Colosseo station).

Presently Line C has been built in the first 
sections called T7, T6A, T5 e T4, between the 
Montecompatri-Pantano station (south-east) and 
the San Giovanni station, for a lenght of  about 
18.5 km of which 10 km are underground with 
22 stations.

The Line C will be operated driverless with a 
Total Automation System. The Central Direction 
of Operations is located at Graniti train depot (at 
the south-east end of the line) and the stations will 
contain automatic doors synchronized with the 
train’s doors.

When operating this metro line will have the 
largest passenger transport in Europe with a maxi-
mum capacity of 24000 passengers/hour in each 
direction. Each direction is managed with a single 
tunnel with 5.8 m inner diameter and with a lining 
thickness of 0.30 m. The segmental lining is uni-
versal (Fig. 4, Tab 1).

The main geological formations encountered 
by the tunnels are volcanic soils with properties 
ranging from loose soils to soft rocks (Fig. 5 and 
Tab. 2). All the tunnels are below water table, 
which can be higher than 15 m over the tunnel 
crown.

Four EPB machines were used for the construc-
tion of the tunnels with an excavation diameter 
of 6.71 m (Fig. 6 and Fig. 7). Since the lining has 
an outer diameter of 6.40 m, the thickness of the 
backfilling annulus is about 150 mm.

Backfilling was carried out with a two com-
ponent mix. This mix was studied by Metro C 

Figure 3. General layout of Line C and interconnec-
tions with other Rome Metro lines (A and B).
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Figure 5. Example of a stretch of the geological profile 
between stations of Torre Spaccata and Giglioli. The fig-
ure highlights the variability of the encountered soils.

Table 2. Main geotechnical properties of the soils.

Gelogical
formation

γ
[kN/m3]

ϕ′
[°]

c′
[kPa]

E
[MPa]

k
[m/s]

Antropic soils 
(R)

17.0 25 10 35 1E−5

Recent alluvial 
soil (LSO)

18.5 27 20 70 1E−6

Villa Senni Tuff 
(VS)

17.5 30 25 100 1E−6

Lionato Tuff 
(TL)

17.5 35 300 300 5E−6

Pyroclastic soil 
(TT)

17.0 33 10 100 1E−7–1E−6

Black pozzolane 
(PN)

17.0 35 10 130 5E−6

Red pozzolane 
(PR)

17.0 35 10 130 5E−6

Key: γ : soil density; ϕ ′: drained friction angle; c′: drained 
cohesion; E: deformation modulus; k: permeability 
coefficient.

Figure 6. Photographs of the first EPB machine used 
for the excavation of the tunnels.

Figure 7. Photographs of the second EPB machine 
used for the excavation of the tunnels.

Figure 4. Segment lining scheme.

using special tests and research carried out by the 
Department of Land Environment and Geoengi-
neering of Politecnico di Torino.

The first mix component is an ultra-fluid mor-
tar, with the following characteristics:

• it is stable and does not cause separation of 
water and solid contents, despite the very high 
water/binder ratio. This is important to avoid 
clogging in the injection lines, especiallly during 
long breaks, and to allow the transportation of 
the mortar over long distances.

• It is able to guarantee the workability for at least 
72 hours after batching. Immediately before 
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injection, the mortar is admixed with an accel-
erator, based on modified sodium silicate, which 
leads to an almost immediate creation of a 
thixotropic gel. The gel is able to completely fill 
in the annular space around the concrete lining 
(as proved by the several core samples extracted 
through the segments) and to improve the water-
proofing features of the tunnel (the permeability 
coefficient of the hardened material is compara-
ble to that of a clay).

The ingredients of the two-component mix are 
reported in Table 3.

The right dosage of  each ingredient depends 
on several factors, such as the desired pumpa-
bility. For example, in those machines where 
the mix is pumped from the batching plant 
directly to the TBM, the material must have 
good pumpability properties and the bleeding 
must be a minimum, therefore the percentage of 
bentonite is increased. The project requirements 
for the development of  mechanical strength only 
deal with the very-early and early stage (up to 
24 hours), when the TBM tail passes over and 
the back-filling material gets in contact with the 
surrounding ground.

For later stages, the requirement only concerns 
the durability of the hardened material (ensured 
by the natural moisture of the ground) and its 
impermeability.

The accelerator admixture is based on sodium 
silicate enriched SiO2 and characterized by an opti-
mal ratio SiO2/Na2O. The SiO2 content improves the 
strength and durability properties of the hardened 
mix. The main properties of the mix are: gel time: 
5–15 s; uniaxial compression strength after 1 h: 
≥50 kPa; after 8 h: ≥100 kPa; after 24 h: ≥450 kPa 
and permeability coefficient: ≤1,0 × 10–8 m/s.

Many tests, also required in the tender docu-
ments, were carried out to check both the quality 
of the hardened mix and the thickness of the annu-
lus. Special attention was given to checking the 
complete filling of the annulus gap, particularly 
over the crown of the segment lining.

These investigations were developed using geo-
radar tests (Fig. 8, Fig. 9 and Fig. 10), direct core 
drilling of the lining and the backfilling (Fig. 11) 
and visual check where the tunnel was successively 

Table 3. Two component mix adopted in Metro C Line 
in Rome (values per m3 of  hardened material).

Water 770–820 kg

Bentonite 30–60 kg

Cement 310–350 kg

Retarding agent 3–7 l

Accelerator admixture 50–100 l

Figure 8. Execution of Georadar Tests above the 
machine backup.

Figure 9. Example of transverse section that was inves-
tigated with georadar.

Figure 10. Example of the result of the georadar inves-
tigation along an arch as indicated in Fig. 9.

Figure 11. Photograph of a core sample of the lining 
and of the back-filling grout.
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demolished in the station areas (between the dia-
phram walls where the tunnel were excavated 
before by the machine) (Fig. 12 and Fig. 13).

The investigations showed good backfilling 
along the whole line. An other indirect check of 
the quality of  backfilling (both of  the operation 
of  injection and of  the type of  mix used) was 
provided by the displacement monitoring around 
the tunnel and on the ground surface. The sur-
face settlements along 8 km of  excavated tunnel 
were generally smaller than one order of  magni-
tude less than the values forecasted in the design 
stage.

With reference to the strength properties of the 
hardened mix the carried out tests have shown the 
following average values of monoaxial compressive 
strength: 0.05 MPa at 1 hour, 0.01 MPa at 8 hour 
and 4.5 MPa at 24 hours. After longer hardening 
time the specific tests requested by the client have 
provided values of uniaxial compressive strength 
bigger than 5 MPa after 180 curing days.

5 CONCLUSIONS

The two-component injection system for back-
filling while excavating with face pressure applied 
by shielded TBMs is progressively replacing the 
traditional use of cementitious mortars. There are 
two main reasons for this: it reduces the risks of 
blocking pipes and pumps (common when pump-
ing cementitious systems) and guarantees complete 
filling of the annular void created after the TBM 
tail passage, thus avoiding surrounding ground 
movements. The main features of such a material 
are: super-fluid initial consistency, creation of a 
gel a few seconds after the injection, compressive 

strengths ranging approx. 0.1 to 1 MPa. The goal 
of the back-filling is effectively carried out in the 
first minutes after injection, therefore it is impor-
tant to focus the attention on the last 2–3 installed 
rings and not more.

Consequently, and according to international 
experience, it is important to verify that the mix 
actually gels quickly, in order to homogeneously 
confine the segment ring.

As it is impossible to verify all this inside the 
“annulus”, it is necessary to prepare and test 
samples in the laboratory, determine the consist-
ency achieved by the gel in the first few hours and 
later. Investigating the latter stages is meaningless, 
because the gel mechanical strength does not influ-
ence the structural behaviour of the tunnel lining if  
the “annulus” is completely filled in.

The example application of Rome metro-Line C 
clearly shows the advantages of back-filling using 
ultra-fluid two-component mixes, activated with an 
accelerator. This type of fluid is able to completely 
fill the annulus due to the fluidity of the mix and 
speed of hardening (a thixotropic gel is formed in a 
few seconds) thus permitting correct management 
and control of surface settlements that are impor-
tant when tunneling in urban areas.
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