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Summary

The filling of the annular void created during the advancement of shielded
machines is an operation of paramount importance although it occurs in a hidden
area between the ring extrados and the excavated medium, not directly visible to
operators. Nowadays, the most commonly used technology for this purpose is
two-component grout, based on two fluids that, once mixed together, give rise to a
gel in a few seconds, whereupon the hardening process starts, leading to a weak
concrete suitable for the designed purposes of locking rings in the designed
position, bearing the backup load, ensuring immediate support to the excavated
medium and improving the waterproofing. Despite the current intensive use of
two-component grout, very little information is at present available on this
material. This lack concerns especially the unavailability of suitable standard
regulations able to characterise the material. This has the result that different
approaches are being adopted on different construction sites, where engineering
issues have often been approached differently.

In this work, a standard procedure that is able to reproduce at laboratory scale
a component A similar to the one produced on the construction site is provided.
Furthermore, the mixing, casting and curing modalities of the two-component
grout samples are also described. Thereafter, the mechanical characterisation is
developed, focusing on the main parameters strongly required by engineers
involved with the two-component field that to date have never been studied,
namely the elastic properties and the shear strength. Furthermore, the issue of
durability is addressed with an experimental approach based on the ageing of two-
component grout samples cured in sand or subjected to the action of air and water.
Speaking of water, a specific apparatus has been developed with the aim of
studying the effect of water on the hardened two-component grout.

Finally, the effect of bentonite on the grout is investigated in depth and a
procedure to guide engineers to the best choice of this raw material for the
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production of component A is provided. Preliminary results of a two-component
grout produced with an innovative raw material that is able to completely replace
the use of bentonite are also presented.
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Chapter 1

Introduction

The globalisation and the development of modern society have had a strong
impact on the human life-style, mainly in the last years, concerning also the issue
of transport. The necessity to travel towards places ever more distant from one’s
own dwelling place while having ever less time available is a common situation
that arises not only for business reasons. The agile approach (i.e. smart working or
virtual meetings) often cannot completely replace a face-to-face relationship, so
the need to move quickly and safely is nowadays a requirement that our city
structures must successfully satisfy.

Considering the modern view of cities, crowded and frequently gridlocked
because of traffic jams, it has become clear that transferring entire traffic flows
underground could guarantee a higher quality of life in the open spaces (Figure 1).

Figure 1 - Tunnelling activities in Japan 1990, Tokyo (Maidl et al., 2013).
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In the last decades, traditional and mechanised methods have been
successfully used in order to realise underground structures and the methodology
choice is commonly linked to the work context, its peculiarities and economic
reasons. Concerning tunnel projects in urban areas, the impact of the construction
on open spaces has led engineers to prefer a full-face mechanised approach using
shield machines. Although shield machines cannot be used for every tunnelling
project, their different advantages are contributing to the widespread use of this
construction methodology. Maidl et al. (2013) provided a concise and clear list of
the main benefits of shield machines compared to other excavation
methodologies. The key concepts are reported in the following:

e minimisation of the impact on the surface (in terms of noise, vibration
and subsidence);

e high level of precision concerning the profile and the route;

e very high safety level for employers;

e possibility to work successfully also below the groundwater table;

e the full mechanisation of the process (excavation, front face
stabilisation, mucking, support of the excavated cavity, final support)
ensures a high rate of advancement.

This research is focused on a specific phase of the tunnelling construction
proper of shielded machines: the backfilling. The backfilling phase involves
different types of shielded machines. Specifically, all machines designed with an
advancement system based on thrust cylinders and precast linings have integrated
the backfilling phase in the excavation process. To give one example, Figure 2
depicts the scheme sections of a typical slurry machine (left) and an EPB machine
(right), which are the most widely used and versatile machines currently available
on the market. To describe briefly the excavation phase, the cutterhead rotates, the
mucking circuit (in the case of a slurry machine) or the screw conveyor (in the
case of an EPB) is active and guarantees the removal of muck from the excavation
chamber, the thrusting cylinders provide the pressure necessary for penetration of
the cutters and the friction to be overcome, while, simultaneously, an annular gap
is left between the linings extrados and the excavated medium. It is in this exact
context that the backfilling phase is framed.
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Figure 2 - Slurry and EPB schemes (Maidl et al., 2013).



The work performed is an in-depth investigation of different aspects of two-
component grout material. In fact, it should be reported that the complete research
path was not completely defined from the beginning but, once started, different
issues were encountered and these new, unforeseen topics and the need to study
them were also then involved in the research. Not all of the first ideas turned out
to be correct, but, in my opinion, some of the unsuccessful experiences also
contributed to increase my knowledge about the studied phenomena, contributing
to increase my critical eyes. For this reason, in some chapters, a special paragraph
named ‘“‘additional information” has been inserted with the purpose of sharing
with readers also the main, and no less important, unsuccessful experiences.
Finally, in order to keep in mind the main results obtained, some sentences
expressly written in italics called “key concepts” have been inserted in the text.



Chapter 2

Backfilling

2.1 Introduction to the backfilling issue

What is backfilling? This operation is strictly linked with the basic technology
that shielded machines use for excavating and building tunnels. When a shielded
machine advances, linings are continuously transported and assembled in rings.
The assembling process is carried out under the protection of a shield (Figure 3).
Therefore, for geometrical reasons, the drilled diameter must be bigger than that
of the outer rings.

& | .
\ | ] | [ I
I ey S ¥

Figure 3 - Shielded machine showing the difference between drilled diameter and ring outer diameter.
Modified from Peila et al. (2011)

The circular crown that is obtained is a gap called the annulus (Peila et al.,
2011). The annulus filling operation is named the backfilling process.

Four factors should be analysed, the sum of whose thicknesses provides the
amount of the gap ().

1. The overcut (o)

Taking into account the head of any machine, the last level of disk cutters (the
farthest from the centre) located circumferentially is characterised by an
application angle that diverges from 90°. These kinds of disks are called “overcut
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disks” or simply “overcuts”. In this way, assuming that the bearings of each disk
are properly designed (taking into account also transversal forces due to a non-
orthogonal application), a drilled diameter bigger than the head diameter can be
obtained.

2. The shield conicity (¢sx)

Immediately after removal of the medium material and the progressive
advancement of the machine, the convergence phenomenon starts to progressively
reduce the hole diameter (Ye et al., 2015). The conicity is designed in order to
reduce friction between the shield and the medium mainly during curved
advancing.

3. The shield thickness ()
properly designed as a function of the machine diameter and the

geology.
4. The tail brushes (¢4)

The gap between the ring extrados and the shield intrados must be sealed in
order to avoid external material reaching the internal part of the machine (for
instance, if operators mismanage the advancement of the machine, the
conditioning process or the backfilling process, injected materials can flow along
the shield and enter the abovementioned gap). The sealed system is composed of
tail brushes (usually made of steel), arranged circumferentially usually in three
lines (Figure 4).

Figure 4 - Tail brushes of a shielded machine. The three circumferential lines are clearly visible. The
photo is property of UTT Mapei. (Richard Schulkins master lecture, 2020).

The circular space between the external circumferential lines and the centre
one is continuously filled with special grease. The cooperation of the grease and



tail brushes creates a perfect seal system that permits every external flow to be
blocked in a certain range of pressure.
Thus, the comprehensive thickness of the annulus can be calculated as:

ty = toc+ tsc+ ts+ typ 1

In Figure 5 a scheme graphically represents Equation (1).
The value of 7, usually ranges between 130 and 180 mm, as discussed by
Thewes and Budach (2009).
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Figure 5 - Scheme of a longitudinal section related to a shielded machine and focus on the factors of the
annulus thickness (Thewes & Budach, 2009).

Another factor that should be taken into account is the minimum radius of
curvature that the machine must be able to overcome. Thereby the final annulus
thickness that should be considered can be further increased (Guglielmetti et al.,
2007).

2.2 The reason

At this point of the scientific processing it is clear that by using shielded
machines, the creation of an annulus cannot be avoided. But why is the backfilling
process considered so important? Different authors have addressed the topic and
in the following the main reasons analysed in the scientific literature will be
reported.

The first information can be found in EFNARC (2005), where it is required
for the backfilling material to be a bond between the ground (or the rock) and
rings. Specifically, it should:

e prevent rings flotation and heave;
e prevent surface subsidence;



e prevent rings misalignment;
e link soil (or rock) and rings into one single medium.

Bezuijen et al. (2005) have added some further information, particularly
regarding subsidence. More specifically, the paper explained the role played by
the injected material in reducing surface settlements over the tunnel. Taking into
account that the tail void ranged between 3% and 16% of the whole internal
tunnel volume, it was clearly highlighted how an incomplete filling operation
could lead to non-negligible surface settlements. Still concerning subsidence, Ye
et al. (2015) stated that the tail void grouting is considered the most likely factor
leading to huge surface settlements.

Peila et al. (2011) and Pelizza et al. (2012) have highlighted the paramount
importance of the backfilling process, providing more details regarding the
requirements that should be satisfied. Firstly, the filled annulus should block
segments into the design position, avoiding flotation and heave due to segments’
self-weight and thrust forces applied by the machine. Secondly, the injected
material should bear the backup machine load, ensuring uniform contact between
the medium and the linings and avoiding punctual loads. Furthermore, the
waterproofing action that a well performed backfilling should ensure to the
comprehensive “linings + gaskets” system is also introduced. Thewes (2013),
Youn & Breitenbiicher (2014), Boscaro et al. (2015) and Dal Negro et al. (2017)
confirmed the role of backfilling in the tunnelling sealing. Ivantchev & Dal Rio
(2015) introduced also the phenomenon of the reduction of leakage through the
tail-brushes due to an optimal injection.

Although different authors have considered an active role for the backfilling
in the waterproofing aspect, only Youn & Breitenbiicher (2014) investigated the
topic in depth, performing dewatering tests by using mixes made up of various
fineness of cement, fly ash, limestone and different dewatering pressure.
Concerning the interaction between the backfilling operation and the groundwater,
ITATech (2014) introduces the problem of the grout dilution. It was reported that
the single-component technology seems to be affected more strongly than the
two-component one. It is also suggested to add specific anti-washout agents in
order to limit or avoid this issue.

2.3 Methods

The backfilling process can be carried out by using two different modalities,
differing substantially according to the location of the injection points. In
particular, the backfilling grout can be injected in the annulus:

e through linings;
e through the shield.



As will be carefully discussed in the next paragraphs, different materials can be
used for a backfilling operation, but not every material can be injected in both
modalities.

2.3.1 Injection through linings

Backfilling grouting carried out through the linings is the most traditional
method.

In order to use this method for filling the annulus, linings must be designed
and realised expecting a suitable hole for the injection, which is commonly closed
during the installation with plugs or specific valves. When a complete ring is
assembled, the injection can be performed only when the shield has completely
passed the linings (or at least when the last row of steel brushes has passed the
ring). This time lapse could allow small collapses of material from the excavated
tunnel contour that might lead to settlements, which are non-negligible in the case
of shallow tunnels. On the other hand, the risk of clogging is minimal (ITATech,
2014). Usually just one single injection is designed for each ring, whereby the
crown of the annulus should remain allegedly empty. Roughly, by using this
injection modality, the thickness of the empty area can be considered as 1/100 of
the machine diameter (Thewes & Budach, 2009).

2.3.2 Injection through the shield

The abovementioned drawback concerning the potential subsidence that may
occur by using a backfilling methodology through the linings has been overcome
with the introduction of injection nozzles at the end of the shield tail. The mortar
flows along pipes with energy supplied by specific pumps and, at the end, through
special nozzles, it is injected directly into the annulus (Figure 6).

This methodology makes it possible to carry out the backfilling process
continuously, drastically reducing the subsidence. This positive result was
highlighted for the first time in 1982, after its introduction during the construction
of Line 4 of the Osaka Subway, Japan (Hashimoto et al., 2005). In this specific
case, a two-component grout was used and ground settlements of 50-100 mm
were expected by using classic mortar grouting, but instead the actual ones were
of 10-30 mm by using injection through the shield (Hirata, 1989).
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Figure 6 - Scheme of the backfilling injection system through the shield. Dimensions not in scale
(Todaro et al.,2020).

2.4 Technical and operational features

In order to obtain a backfilling material that is able to satisfy all the
requirements discussed in the previous paragraph, some further aspects were
analysed by Peila et al. (2011). Firstly, the backfilling should ideally be carried
out instantaneously, indeed only filling the annulus soon so that possible
settlements and ring movements can be reduced or avoided. For this reason,
especially in shallow tunnels, using shielded machines with the tail injection
systems is preferred. Secondly, in order to ensure a good link between the rings
and the surrounding medium, the annulus should be completely filled. As a third
aspect, the reliability of the comprehensive backfilling system must be ensured,
considering the whole process: starting from the delivery of raw materials (by raw
materials suppliers), the batching station process (when expected for the
technology used) and also during transportation, storage in the machine and
finally during and after the injection. For the reliability of the whole process, the
grouted material should be expressly designed in order to guarantee the constancy
of the base parameters of the grout, such as the pumpability (when pumps are
used), the workability for a certain time step (usually considered as 72 h, equal to
the maximum ordinary maintenance duration) and the avoidance of a segregation
phenomenon or the starting of setting before the injection. Besides, Pelizza et al.
(2012) highlighted the necessity for the grouting material to gel quickly after
injection (in this paper, also if not clearly declared, the reference to two-
component technology seems obvious, being the two-component technology the
only one characterised by a gelling process), but not so fast in order to avoid
choking of the nozzles. Furthermore, the grouting material should permit the re-
starting of the injection process when needed and should be homogeneous in
terms of mechanical and physical properties at every point of the annulus. Lastly,
considerations pertaining to the resistance against the washing action of
groundwater are reported by authors. Youn & Breitenbiicher (2014) introduced
also a requirement concerning the fast development of the stiffness modulus and
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the shear strength of the injected grout, which should be equal to those of the
surrounding medium.

2.5 Materials

Different materials can be used for performing the backfilling.

In EFNARC (2005), two different classifications concerning the possible kind
of materials are reported. The first classification is based on the specific ability of
the grout to perform the hydration process. In other words, considering the cement
as the most commonly used binder component, the first classification recognises
classes as a function of the use and dosage of the cement. This classification
includes:

e active grout: the injected material contains a binder that performs a
full hydration process, for instance, Portland cement metered at more
than 300 kg/m?;

e inert grout: there is no cement inside the injected material. Pea gravel
is a typical example;

e semi-inert grout: the injected material is composed of the same matrix
as the inert grout plus a small amount of material able to generate a
certain degree of hydration, for instance, Portland cement metered at
less than 100 kg/m?;

The second classification, undoubtedly simpler and mainly used by tunnelling
engineers, is based on the number of components that are used in order to obtain
the final grout for the backfilling. This classification includes:

e mono-component grout (or single-component grout);
e two-component grout.

2.5.1 Imert grout

Inert mixes are often used in tunnels excavated in hard rock. Pea gravel
consists of washed gravel with particle diameters ranging between 8 and 12 mm
(Thewes & Budach, 2009), but also sands transported in water are often used
(Peila et al., 2011). The inert mix cannot be pumped through the shield, so the
backfilling operation is performed through the segments, only after the shield is
completely running ahead of the considered ring. In ITATech (2014) a scheme
property of Robbins (Tunnel Segment Backfilling with Double Shield TBMs)
shows a tunnelling section and the point of injection for the pea gravel, located in
the upper part of the analysed ring (Figure 7).
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Figure 7 - Pea gravel injection through segments (Tunnel Segment Backfilling Double Shield TBMs,
Robbins).

Home (2014) provided an operative scheme pertaining to the geometry along
the tunnel axis, indicating that the annulus filling should be performed following
the “angle of repose” criterion, from the top of the ring located a few metres back
from the tail shield (Figure 9). Starting from the last assembled ring and following
the angle of repose proper of the type of pea gravel used (45° in the example), it is
possible to compute for how many rings after the last assembled one it is possible
to operate the backfilling without risk of injected material flowing inside the
machine head. In the Robbins brochure (Tunnel Segment Backfilling with Double
Shield TBMs), the most useful kind of pump for this type of injection is
recognised as the dry type rotary shotcrete pump (Figure 8).
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Figure 8 - Rotary machine. The photo is property of the UTT Mapei. (Richard Schulkins master lecture,

2020).

Furthermore, in order to avoid choking and clogging phenomena, the
minimum suggested insert diameter should be bigger than 70 mm while DN60 or

DN70 should be used as hoses.
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Figure 9 - “Angle of repose” criterion. In the schema reported, the backfilling injection is carried out

through the 4" chronologically assembled lining (Home, 2014).

Often, the annulus filled with pea gravel can be re-injected with a mortar, in
order to fill all the empty spaces between the particles and provide a certain level
of strength and waterproofing. Figure 10 shows an example of the final

backfilling material after the secondary injection phase.
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Figure 10 - Sample of pea gravel after a cement mortar secondary injection. The photo is property of
UTT Mapei. (Richard Schulkins master lecture, 2020).

2.5.2 Active and semi-inert grout

Active and semi-inert grout are characterised by the presence of a binder in
the elements composing the grout material, typically cement. These kinds of
materials for the backfilling are made up of water, cement, bentonite and chemical
components specifically added in order to reach the required specification, such as
plasticisers or retarders (more details concerning the mortar specification will be
explained in the following).

The injection can be performed either through the tail skin or through
segments, taking into account that the mortar requirements and the final grout
properties will be different for each case, as the pumping systems differ. Peila et
al. (2011) and Pelizza et al. (2012) highlighted the strong connection between the
mortar properties and the reliability of the raw materials used. Moreover,
construction site experiences show how small variations of the raw material’s
technical properties can lead to choking of supply pipes and consequent long and
expensive maintenance. Therefore, for example, the cement fineness, the salts
concentration in the water or the silicate concentration in the accelerator are
parameters that should be continuously and systematically checked (with an
established frequency) in order to avoid drawbacks.

Table 1 reports different mix designs used in real construction sites. All of
them refer to active grout, and specifically mono-component grout. According to
the definition reported in the introduction of paragraph 2.5, it could be apparently
wrong to classify the case histories from St. Petersburg and Toulouse as active
grout, since the cement dosage is plainly lower than 100 kg/m>. Actually, in these
cases also the fly ash must be considered as a binder element, due to its
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involvement in the cement hydration reaction and its non-negligible role in

increasing the final performance of the grout.

Table 1 - Mix designs used in real construction sites. Guglielmetti et al. (2007) and Novin et al. (2015).

The percentages values are intended by volume.
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2.5.3 Active grout: the two-component mix

The two-component grout is based on two fluids that will be identified in this
doctoral thesis as component A and component B. Component A is a mortar
(cement-based suspension) while component B is an accelerator. This kind of
technology has a wide versatility and it can be used in soil or rocks (Thewes &
Budach, 2019). When the components are mixed, the material obtained gels in a
few seconds and starts instantaneously to increase its mechanical properties.

As this PhD thesis is focused on this kind of technology, further information
and more details will be provided in the next chapters.

2.6 Mono- or two-component grout?

Currently, mono-component grout and two-component grout are the main
technologies used in the field of tunnelling backfilling. Although at this point in
the thesis readers still do not have a thorough knowledge of the two-component
grout technology, a brief paragraph concerning a comparison between these two
valid backfilling systems is due.

ITAtech (2014) provided a complete analysis concerning a comparison of the
two technologies, identifying eight key parameters that can be used for
establishing grout selection criteria.

2.6.1 Strength

The grout strength depends on the mix designs but, generally speaking, mono-
component grout offers a higher level of strength. The reason for the lower
strength performance of two-component grout is the absence of aggregates and
the higher water/cement ratio.

2.6.2 Costs

By choosing mono-component grout, the initial costs are lower although the
convenience is not so marked if the necessary grout volume is taken into account
in the cost estimation. Moreover, the costs are also strictly linked with the
methodology of injection: injecting through segments does not require a bigger
bore diameter. The major disadvantage of the two-component technology is that
the tail tubes installed in the shield tail require a bigger bore diameter, with a
consequent cost increase. Nevertheless, in counting the cost also the settlement
control should be taken into account; this is easily managed with the two-
component technology but hard to control using mono-component grout.

2.6.3 Transportation

The transportation has a strong impact on tunnelling construction and timing
considerations. Single-component grout is usually transported by grout cars, while
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two-component grout is directly pumped from the batching station. The best
transportation approach should be estimated taking into account the volume of the
material requiring injection, the tunnel length, depth and size.

2.6.4 Groundwater effects

The main problem of the action of groundwater on the backfilling grout is the
potential dilution of the mortar. This effect is preliminarily recognised as having a
higher impact on the mono-component grout. Two-component grout, injected at
very high pressure, should shift the water, suffering less from the dilution
phenomenon.

2.6.5 Early support of lining

Early support of linings is always required, since it locks the linings in the
designed position and blocks the convergence phenomenon, reducing the surface
settlements in shallow tunnels. In conclusion, early support is always required as
soon as possible. The two-component grout easily satisfies this prescription, while
mono-component grout has a slower setting time, a strong function of the speed of
the cement’s hydration reaction.

2.6.6 Pumpability/fluidity

The fluidity and the pumpability of the grout are very important in the
transportation context and have an important role also in the injection phase.
Higher fluidity means easier transportation and injection. Two-component grout is
more easily transported, pumped and injected since, as will be better explained in
the next chapters, these parameters are involved in the specific project of the two-
component mix design.

2.6.7 Batching plant
No relevant differences can be highlighted between the two technologies.
2.6.8 Maintenance operations

The workability is a basic parameter used for the two-component mix designs
project. This characteristic makes it possible to avoid line choking, which is
statistically more frequent when using mono-component grout.

2.7 Conclusions

Although the above illustrated subdivisions are very useful in an academic
approach, it is commonly the case that at real working sites more than one
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technology or material is used in order to successfully complete the annulus
filling.

Camara (2018) reported the real case study of the “Legacy Way” in Brisbane
(Australia). The backfilling phase was scheduled in two parts: the first based on a
two-component mix injected through the tail shield aimed at filling the bigger part
of the void, and the second one based on mono-component grout carried out
through the segments with the aim of filling the crown. Both materials were active
grout but the mix designs were completely different. Furthermore, the raw
materials used could also be different and the requirements that the final grout
should satisfy were normed by different specific documents. For example, in the
specific case of the Legacy Way, after 28 days of curing a compression strength
of 4 MPa was required for the two-component backfilling, while 12 MPa was
expected for the mono-component one.

Another interesting example reported in Dal Negro et al. (2017) pertains to
the construction site of the exploration tunnel for the new Turin—Lyons railway. In
this case, the two-component backfilling was injected in a double way, namely
first through the tail skin and then through the segments. According to the
contractor’s choice, the whole of the required grout was injected in different steps
(some using the machine injection lines and some through ports appropriately
located in the segments).

Concerning the use of inert and semi-inert grout, Thewes & Budach (2009)
supplement the idea of using more than just one technology or material also
concerning pea gravel. This paper highlights that a combination of mortar and
gravel is commonly used as grout material for the backfilling. First the mortar is
injected in the annulus at the bottom in order to lock the ring in the designed
position, and secondly the gravel is inserted in order to avoid settlements. As a
last step, the crown is filled from the top.

Also in ITATech (2014) it is reported that voids normally created between the
gravel particles located in the annulus after the injection are commonly grouted by
means of mono-component grout, usually performed a few segments back from
the tail shield.

Finally, it is impossible and may be misguided to univocally define the best
backfilling technology. On the contrary, in order to successfully design the
backfilling operation of any tunnel project, it is crucial to know exactly the pros
and cons of each backfilling technology and to schedule the backfilling phase by
exploiting the potential advantages of each methodology.
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Chapter 3

The two-component grout

In this chapter the basic operating principles of the two-component
technology are described. The different areas of a typical construction site are
introduced and described in respect of the backfilling process, with particularly
detailed attention to the machine context. The strong technical specifications that
the final grout should satisfy are listed and described and the mix design is
introduced as the main tool for managing the grout properties. Finally, some
information concerning the construction site tests and the maintenance operations
is reported.

From this chapter, the injection of the backfilling grout is considered as being
performed through the shield nozzles.

I declare under my accountability that the contents of this chapter are part of a
number of different published papers: Todaro et al. (2019, 2020a, 2021).

3.1 General aspect

3.1.1 Working principle

The first certified use in a shielded machine of two-component grout as a
backfilling technology dates back to 1982, in the construction of the No. 4 line of
the Osaka Subway (Japan) (Hashimoto et al., 2005).

Two-component grout is made up of two different liquids, both stable from
the physical and chemical point of view in order to guarantee their workability for
all the backfilling process, starting from the batching station and ending with their
injection through the tail shield nozzles.

The two liquids are named respectively component A and component B.
Component A is a mortar composed of water, cement, bentonite and
retarding/fluidifying agent, while component B (also named simply an
accelerator) is commonly a sodium silicate solution.

It should be pointed out that also other components are now starting to be
used for the manufacturing of component A. The case history reported in Camara
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(2018) concerning the Legacy Way (Brisbane, Australia) shows how fly ash was
successfully added to the mortar in order to reduce the amount of cement.
Furthermore, the addition of blast furnace slag, fly ash and metacaolin and their
positive impact on the final two-component grout performance have been studied
by Schulte-Schrepping & Breitenbiicher (2019a).

In general, however, when component A and component B are mixed, the
material obtained gels in a few seconds.

Definition 1: the gel time (or gelling time) is the elapsed time measured from
the first contact between the two components till the obtained mix loses the liquid
behaviour.

Definition 2: the gel time (or gelling time) is the elapsed time measured from
the first contact between the two components till the obtained mix starts to exhibit
shear strength.

Hashimoto et al. (2005) is the first reference that provides a graphical
description of the working principle of the technology, integrated also with
information concerning times and strengths (Figure 11). Obviously, the reported
strength value of 0.1 MPa (assuming by reference to the uniaxial compressive
strength but not specified on the chart) after 1 hour of curing should be considered
in the context of a first construction site application of an experimental
technology, realised with the available raw materials coming from the cement
world not expressly designed for the purpose (as nowadays) and applied by
employers without specific experience. Thereby, this strength value should not be
compared with those that are currently easily obtained on construction sites.

However, it seems to be a valid starting point for explaining the different
system phases and the technology. To better describe the chart and to avoid
cumbersome text, however, numbering from 1 to 3 has been added on the timeline
pertaining to the plant locations.
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Figure 11 - Two-component technology working scheme. Modified from Hashimoto et al. (2005).
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Before the description, a basic concept should be highlighted; indeed, failure
to respect it can compromise the comprehensive working of the system:

KEY CONCEPT 1: For the correct application of the two-component
backfilling technology, both components must be purposely designed to be
chemically and physically stable for the whole of the time needed to cover the
distances between the batching station and the injection points.

Once this concept is clear, and returning to Figure 11, two different lines
pertain respectively to component A and component B (1 in Figure 11). These
lines run separately until a few centimetres before the injection nozzles, where
line B joins line A with a certain tilt angle or concentrically (Figure 12).

A Liguid Line
el A Liquid Flow Mix A & B Liquid
B Liquid Flow

B Liquid Line

T =

Gelling Material

Flushing Water Line

Figure 12 - Scheme of a two-component grout injection system. In the specific case, the component B
flow enters the A flow with a certain tilt angle. TAC Corporation (Shah, 2017).

Each component is pumped with the appropriate pressure. These pressures
allow mixing to occur turbulently, resulting in a homogeneous and unique
material that starts to gel (2 in Figure 11). The duration graphically reported on
the chart refers expressly to the analysed case history and should not be intended
as an absolute range. At this stage, the two-component grout has finally been
injected and the ring is completely embedded by the backfilling material. The
curing reaction has started and the grout shows a plastic behaviour in the first
minutes, followed by the hardening process that leads to a solid state (3 in Figure
11).

3.1.2 The creation of an annular incompressible bubble

Before introducing the theory expressed by Pelizza et al. (2010, 2012) and
reconfirmed by Peila et al. (2011) concerning how the two-component grout
behaves once injected in the annulus during tunnelling construction, some further
information should be given pertaining to the ingredients used and their
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corresponding dosages: the main raw material of the two-component grout dosage
is the water.

Pelizza et al. (2012) stated that, as the two-component grout is mainly
composed of water (usually about 800 litres for 1 m® of final grout), it can be
considered an incompressible fluid, exactly like water. It can be affirmed
consequently that the annulus void created due to the machine’s advancement is a
closed annular bubble that is instantaneously and continuously filled with an
incompressible fluid. Hence, every ground convergence movement or every ring
fluctuation, or generally speaking, every action that leads to an annulus volume
reduction will create instantaneously a reaction pressure inside the fluid that will
avoid all deformations. This results in the establishment of an incompressible
zone, a bubble that perfectly confines the concrete rings. According to this theory,
the long-term mechanical strength of the backfilling material does not have a
practical meaning. This theory has been warmly welcomed by all the experts since
its publication and is currently the most well-established in the scientific
community. Nevertheless, thanks to the experience gained in the last decade,
some additional aspects should now also be taken into account and the theory of
the incompressible bubble should be integrated.

Firstly, the incompressible bubble can really work as an incompressible
material only if the annulus is completely filled, without permeating the
surrounding grout and without being changed by the action of external water.
Unfortunately, experiences coming from construction sites prove that filling the
annulus completely instantaneously with the advancement of the machine is
impossible. A secondary grouting, and sometimes a tertiary grouting, must always
be carried out (Shulkins, 2020). Nevertheless, despite the different injection
phases, sometimes final investigations confirm the presence of unfilled parts in
the annulus, commonly the upper part of the crown.

Secondly, as described in depth in the next paragraphs, the tail shield is not
equipped with a huge number of nozzles. Commonly, as a function of the machine
diameter, the number of nozzles ranges between 2 and 12. Therefore, in order to
obtain a complete annulus filling, the gel time should be carefully managed: it
should be long enough to allow the interpenetration of the two-component flows
coming from different nozzles, producing a single layer of backfilling, but it
should be short enough to lock the assembled lining in the designed position and
to gel in the forecast position. From the experience gained at construction sites,
the grout flows exiting from the nozzles are not always able to completely fill the
space between them due to mismanagement of the gel time or choking of the
nozzles.

In conclusion, it can be easily imagined that the incompressible bubble is in
reality difficult to realise. But what might happen in the case of an incomplete
backfilling operation? The linings tend to lean down on the tunnel’s excavated
profile and the two-component grout cannot be stressed triaxially (no lateral
confinement). For this reason, although Pelizza’s theory is widely accepted,
currently the main parameter that is required for two-component grout in
situation-specific technical requirements is the uniaxial compressive strength, at
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short and long curing times. On the other hand, in the case of an incompressible
bubble, only the stiffness parameters should be considered in the project; while
these properties are starting to be considered recently by backfilling engineers,
their use is not yet well established.

Finally, while the theory of the incompressible bubble is undoubtedly
accepted and valid, it should be highlighted that it is a model that is hard to match
in reality. According to this last concept, in all the different tunnel technical
documents, the grout performance in terms of uniaxial compression is always
required.

3.2 Technical and logistical aspects

This paragraph will describe the technical and logistical aspects pertaining to
all the two-component grout paths, starting from the provision of raw materials in
the construction yard and ending with injection through the shield nozzles. A
concept that must be highlighted before starting the description is the following:

KEY CONCEPT 2: Each construction site can be organised in a different way
as a function of the specific requirements that the final product must satisfy and as
a function of the expected productivity. Many design choices may be valid but
every design decision should be taken considering the final goal.

As a general guide, the capacity of the backfilling plant and the storage tanks
are a function of the volume of the required backfilling grout. This volume should
be sufficient at least for a complete ring injection without interruption
(EEFNARC, 2005).

To generalise, considering a common tunnelling construction site, three macro
areas can always be identified:

1 the batching station;
2 the transfer system,;
3 the TBM.

In the following, the main information pertaining to these three areas and the
proper operative/technical phases are described. Furthermore, a paragraph
concerning the technical requirements introduces the strong provisions that are
usually required for both components of this backfilling technology.

3.2.1 Batching station

ITAtech (2014) reports the crucial importance of the batching process,
highlighting its potential effect on the final grout properties. The possibility of
producing rapidly and suitably the required volume of grout is crucial for big
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construction sites. Its productivity and its storage capacity have to be carefully

chosen according to the expected machine productivity (Dal Negro et al., 2010).

The batching station, also commonly called “batching plant”, is always
located outside the tunnel, in the construction yard. Here, enough space and
suitably large streets allow the supply of raw materials that are collected by trucks
from special silos (Figure 13).

Figure 13 - Raw materials for the two-component grout production. On the left, the construction yard of
the “Variante di Valico”, Barberino di Mugello (IT). On the right, tanks for the component B storage relating
to the Follo Line project (NO) (Dal Negro et al., 2017).

Commonly, a batching station is composed of a proper space for the batching
plant operator, who interfaces with the computerised system to be able to follow
and check the correct running of all the batching phases (Figure 14).
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Figure 14 - Control panel of the batching plant and warning lights (top). Dosage setup display (bottom).

Close to the operator station are located all the associated equipment: the
turbomixer, the agitator tank and pumps. An example of the whole batching area
is shown in Figure 15.

Figure 15 - Working site batching station. Mont Cenis base tunnel, France (Dal Negro et al., 2017).

Regarding the production of the component A, usually the process is fully
pre-programmed (Ivantchev & Dal Rio, 2015): raw materials are metered in an
automatic way, usually with the mixer located on top of the load cells. Liquid raw
material can also be dosed by volume. According to EFNARC (2005), the
accuracy of batching should be to £2% by weight for each ingredient used and
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volume metering should be avoided. Drawing attention to these provisions,
another key concept can be introduced:

KEY CONCEPT 3: Two-component backfilling is a “sensitive” technology.
The adjective “sensitive” highlights that, once the batching procedure has been
fixed as a function of the desired results, that procedure should be followed
strictly, from the nature, quality and technical properties of the raw materials
(that should be constantly checked also on the job site) to the metering and the
mixing procedure.

The production of component A occurs in the turbomixer (colloidal mixer),
which is able to provide volumes ranging between 0.5 and 2 m? for each batch.
The capacity depends on the model. Figure 16 depicts a typical turbomixer (Team
Mixing technologies SD1350) with high mixing performance named a “high shear
colloidal mixer”.
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Figure 16 - Turbomixer scheme (Reschke & Noppenberger, 2011).

This very high-performing mixer was used at the working site of the Brisbane
Airport Link (APL). Reschke & Noppenberger (2011) highlighted the crucial
importance of achieving a proper mixing phase, recognising the mixer as the key
element of the batching plant. In this specific case, two different mills were able
to rotate at up to 2100 rpm, providing suitable turbulence to break down the dry
cement particle clusters. The vortex created inside the turbomixer permitted the
rapid assimilation of ingredients inside the water, obtaining a homogeneous and
stable mortar. This paper, and only this paper, highlights the importance of the
mixing phase concerning the final performance in terms of the uniaxial
compressive strength achieved. As shown in Figure 17, a non-negligible
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dependence between the mixing technology used and the UCS obtained was
found.

EFFECT OF MIXING QUALITY ON
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Figure 17 - Grout strength for two different mixers: colloidal and paddle technology (Reschke &
Noppenberger, 2011).

Two different issues can be inferred from the chart in Figure 17:

o the test carried out in the laboratory underrated considerably the grout
strength actually obtained at the construction site. Unfortunately, no further
details are provided concerning the modality, equipment and procedure
used for the laboratory component A manufacturing;

o speculating that laboratory tests meet the job-field specification, the
unexpected rise in strength could lead engineers to reduce the concrete
dosage, i.e. to save money.

Taking into account both issues, it is evident that there is a need to better
calibrate the laboratory procedure in order to achieve more reliable outcomes, at
least in terms of strength. Generally speaking, the aspect concerning the role of
mixing on the final grout properties reported in Reschke & Noppenberger (2011)
and the need to establish a detailed procedure for component A manufacturing at
the laboratory scale, have been selected as a starting point for further
investigations in the next chapters of this thesis work.

Coming back to the batching illustration process, and more specifically to the
ingredients, they can be added in different orders and the mixing duration for each
one can be different. Generally speaking, each construction site has its specific
scheduled adding order and mixing durations. Table 2 reports the main batching
information from four different construction sites.
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Table 2 - The batching station: main design parameters and mixing procedure. Four case histories.

Ivantchev Reschke & Personal Personal
Reference & Del Rio, | Noppenberger, . .
2015 2011 experience experience
Construction Nortch West Brisbaqe Mont Cenis
site Rail quk Airport L}ﬂk base tunnel Italy
(Australia) (Australia) (France)
Turbomixer 0.9 m3 / 2 1 w3
volume
Agitator tank 3m’ 32m’ / /
Water 1° | Os 1° / 1° 0s 1° 5s
Bentonite 3° 1 90s 3° / 2° 120 s 2° 100 s
Cement 4° | 120s | 4° / 3° 10s 3° 5s
Retarding/fluidi | | g5 o | 5o / 4° | 30s | 4° | 15s
fying agent
Tota% necessary 300 / 160 125
time (s)

Regarding ingredients, two different types of information are reported. The
first one (ordinal number) concerns the addition order, which ranges between 1
and 4. The second concerns the mixing duration and is expressed in seconds.
Neglecting the differences in the capacities of the turbomixer and agitator tanks, it
is interesting to note how, after adding the first ingredient, which is water for each
site, the Australian sites foresee adding the chemical agent as the second
ingredient, followed by the bentonite and cement, while the European sites
foresee adding the bentonite, followed by the cement and only at the end adding
the chemical ingredients. It could be interesting also to understand how each
construction site differs from the others concerning the production time: for the
North West Rail Link 300 seconds are required for producing less than 1 m* while
in the Italian case, the same quantity is produced in half the time. These
considerations do not mean that one plant is better than any other one. These
remarks are intended only as proof of the wide-ranging possibilities for organising
and projecting a batching station as a function of the individual requirements of
each construction site and according to the available raw ingredients and the
operator experience.

Returning to the batching process, after the mixing phase, the fresh
component A is stored in the agitator tank and then pumped toward the machine.
Commonly, piston pumps (Figure 18), peristaltic pumps and progressive cavity
pumps (Thewes & Budach, 2009; Pellegrini & Peruzza, 2009; Reschke &
Nopperberger, 2011; Camara, 2018) are used for both components, but they
operate through separate lines.
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Figure 18 - Double piston pump for the component A transportation (left). Single piston pump for the
component B transportation (right).

3.2.2 Transfer system

After the batching, both fluid components must be transferred from the
construction yard towards the tunnel. Commonly, the transfer system is based on
feeding pipes and pumps.

The batching plant is synchronised with the grout plant of the machine and
when the automatic mode is active, the supply to the machine staging tanks is
guaranteed in an automatic way; the pumps work till the upper tanks threshold is
reached, whereupon the supply process is stopped. In addition, when required, the
batching pumps can also be activated manually from the operator control panel.

Pipes run along the length of the tunnel, from outside to the machine backup
for many kilometres (Figure 19), usually without any intermediate pumping
stations (Boscaro et al., 2015). Pipe extension, as the machine advances, is carried
out by proper employees with a daily frequency based on the machine
advancement rate. However, each machine is equipped with hose reels, the hoses
guaranteeing a sort of “lung” (in the jargon), permitting the reduction of the
maintenance work needed for extension of the pipes.

A further detail, according to key concept 2 regards the possibility of not
using pipes for transportation of the two components. Depending on the
machine’s rate of advancement, the backfilling grout required for each stroke and
the distance between the machine and the construction yard (Dal Negro et al.,
2017), some construction sites choose to supply the grout components by trucks
(named grout cars). While avoiding the pipes transport system, a potential
downside is the impossibility of sufficiently shaking the component A. In this
case, the bleeding phenomenon should be carefully taken into account in the
design phase (taking into account the possibility of using the ingredients expressly
realised).
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Figure 19 - Provision tubes are clearly visible on the left of the photo. The machine backup is depicted
in the centre.

3.2.3 The TBM

After the transportation, both component A and component B are stored in
specific tanks located on the machine backup. The volumes that can be stored are
commonly about 50% greater than the theoretical ones computed for one stroke.
The component A is usually kept moving in a mechanical way in order to reduce
the bleeding phenomenon and to maintain the homogeneity of the mortar.

3.2.3.1 The injection operation

The injections in the annulus are carried out by pumps located on the machine
backup. Each line has one specific pump dedicated. Usually, not all the installed
lines are used for the primary backfilling; indeed, commonly some lines are used
for carrying out the secondary grouting, while other lines are simply spares.

Reschke & Noppenberger (2011) stated that small shielded machines are
commonly equipped with two injection lines with nozzles located on the tail
shield approximately at the 10 and 2 o’clock positions. Home (2014) confirms
that for a shielded machine with a diameter less than 10 m, the two-component
grout can be successfully injected with only 2 grout ports. Furthermore,
considering that the two-component backfilling technology is successfully applied
in both soil and rock, ITATech (2014) reports that the nozzle size is different in
the case of a soil machine or rock machine. In the first case, ports can be located
on the extrados of the tail shield and the nozzle size is not a critical issue. In the
second case, ports should be embedded in the tail shield matrix and, preferably,
the nozzles side should fit with the available annulus thickness, without requiring
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further space. However, nozzles are generally located circumferentially on the
tail shield and their number is substantially a function of the diameter.

Figure 20 shows two technical schemes pertaining to two EPB machines and
their nozzle patterns. Regarding the one used in Beijing (China) with a diameter
of 10.22 m, 5 injection lines were designed, respectively at 0°, 40°, 140°, 220°
and 320° (considering 0° as the top of the shield). Concerning the machine used in
Brisbane, with a diameter larger than 12 m, only 4 injection ports were used (Al,
A2, A5 and A6), leaving 2 ports (A3 and A4) closed.

L 1+ Grout fill requirement
GROUT FILL per 2m segment:
13.15 m*
'

|
| ~/
|

8.9 m grout travel
| distance from A2 & A5~ /%
| to tunnel invert /

180° |
Figure 20 - Transversal section technical schemes of the EPB shield used in the Beijing subway
construction (Li et al., 2004) (left) and in the Brisbane Airport Link (Reschke & Noppenberger, 2011) (right).

This example is given only to recall the abovementioned key concept 2, which
can be easily applied also in the machine design: although the considered
machines have different diameters, fewer nozzles have been used in the machine
with the bigger diameter. Continuing with this comparison, it could be interesting
to highlight how, for the Beijing machine, the grout is injected also from ports
located in the lower part of the shield (140°-220°) while in the case of the
Brisbane machine the lower ports used are located close to the horizontal diameter
of the machine (A2 and AS). It is clear that in order to achieve the complete filling
of the annulus, the gel time design was approached differently, being shorter in
the case of Beijing and longer (leaving to the grout the time needed to flow
downward) in the case of Brisbane.

Returning to analysing the injection operation, during the advancement, the
pressures and flows of each line can be separately managed (Boscaro et al., 2015)
according to the advance speed of the machine, with the purpose of injecting with
each advance a grout volume at least equal to the theoretical one. As concerns the
pressure that should be used during the injection, discordant information can be
found in the scientific literature. Peila et al. (2011) and Pelizza et al. (2012)
suggested that the backfilling injection should be carried out with pressures
approximately 0.2 bar greater than the face support pressure. This pressure
difference should be “balanced and controlled with the right equilibrium between
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the pressure in the chamber and the backfilling one” in order to avoid the grout
flowing through the gap, from the tail forward to the machine head or vice versa.

Thewes (2013) analysed both the flow directions that could affect the machine
during the excavation process, providing the following criteria:

a) in order to avoid flows from the head backwards into the tail void, the
grout pressure should be greater than the face support pressure by a
minimum difference of 0.2—0.3 bar — pgrout — Pface > 0.2—0.3 bar;

b) in order to avoid grout flowing forwards into the excavation chamber, the
grout pressure should be less than the face support pressure by a maximum
2-3 bar — Pgrout — Prace < 2—3 bar.

Reschke & Noppenberger (2011) reported that the suggested injection
pressure should be computed adding 1 bar to the groundwater pressure, without
exceeding 5.5 MPa even if information concerning the face support pressure is
provided. Dal Negro et al. (2014a) and Boscaro et al. (2015) state that the
injection pressure should be 0.3-0.6 bar greater than the face support pressure,
taking care of a further pressure rise of a few decimals of bar at the end of the
stroke. Camara (2018), concerning the Follo Line project despite the situation of
16 bars of hydrostatic pressure, highlighted that the target pressure for primary
injection should be 0.5 to 1 bar (1 bar at the bottom line, 0.5 for the other lines).
All the above-mentioned criteria can be considered valid; however, finally the
author can provide some further information from personal experience of working
on machines. Firstly, it is very uncommon to have fixed pressure values for all the
injection lines, especially for machines with big diameters. Secondly, it should be
highlighted that the pressure values are usually measured in pipes and they may
not correspond to the real injection values measured at nozzles. Thirdly, in the
scientific literature no one underlines that in order to guarantee the necessary mix
turbulence between component A and B, the two lines cannot have the same
pressure values. In order to summarise these concepts, Figure 21 shows an
example of the real machine parameters during a common EPB stroke. It is clearly
seen that component B is injected with pressure values that are double or triple
those of the corresponding A line. Furthermore, the average component A
pressure is 3 bars greater than the face support pressure, while the average
component B pressure exceeds the face support pressure by about 10 bars. In
conclusion, considering just one pressure value can be simplistic since there are
two components. Furthermore, it should be underlined that none of the equations
provided in the scientific literature take into account the crucial importance of the
high turbulence needed to obtain a high quality of the final grout. These details
are clearer for expert workers who, on the actual construction site, increase the
pressure value in order to obtain the high turbulence required for perfect mixing
of the components.
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3.2.3.2 The injection management

Once the stroke is started, the backfilling does not start immediately, but only
when the first centimetres have been excavated (commonly 10-20 cm) (Dal
Negro et al., 2017). Each machine is equipped with a special area for the machine
backfilling management that is usually located on the backup but separately from
the control cabin. The two-component control system usually displays all the main
machine parameters concerning the backfilling process. Figure 21 shows an
example from EPB Herrenknecht.
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Figure 21 - Backfilling operative system on the machine backup.

In this specific case, the machine is equipped with 12 lines, which can inject
with different pressure values. For each line, pressures, flows and injected
volumes are displayed. On the right of the screen, the levels of components A and
B in the machine tanks are shown, while at the bottom are displayed the pressure
of the excavation face, the stroke advancement and the advancement rate.
Furthermore, the theoretical volume foreseen and the injected comprehensive
volumes are shown.

3.2.3.3  Secondary grouting from the machine

Commonly, during the backfilling injection performed by a shielded machine,
to reach a perfect and complete annulus filling is very difficult while also taking
care to use a specific mix design and formed employees. The gel time, expressly
designed in order to have an order of magnitude of seconds, causes the injected
grout to run downward, leaving the annulus crown empty. In order to avoid this
drawback of the nature of the technology, a secondary grouting is commonly
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scheduled. In some cases, this operation can be carried out from the machine
backup, by using one line of the two-component backfilling system. Camara
(2018) reports the example of the Follo Line construction site, where secondary
injection was performed every 2 or 3 rings from the backup. It is very interesting
that the gel time was deliberately increased in order to be able to cover a distance
of more than 2 rings.

In the literature, other examples pertaining to secondary grouting are reported
in Ivantchev & Dal Rio (2015) and Li et al. (2004).

3.2.3.4 Some design aspects

The previous subparagraph mentions for the first time the “theoretical
volume”. This corresponds to the comprehensive amount of backfilling grout
needed to completely fill the annulus created during one single machine stroke.
The theoretical volume (V) can be calculated using the following equation:

D? D?
Vt = < ZXC _ —ZXt) LTiTlg * TU 2

where:
V. is the theoretical volume;
Dexc 1s the excavated section diameter;
Dext is the outer ring diameter;
Lring is the length of the ring, or the stroke path.

According to Equation 2, the theoretical grout volume needed to fill the
annulus is calculated as the difference between the whole volume excavated from
the machine head and the extrados of prefabricated assembled linings. Once the
theoretical volume has been calculated, the next design step is commonly to split
this grout volume between the injection lines, regarding different annulus areas.
Consequently, each line is characterised by its injection pressure, its
comprehensive grout volume and, in certain cases, also by its specific gel time
(the management of the gel time is quite complex).

Passing from the theory to the reality, which criteria can lead operators to stop
the backfilling phase? In other words, when are we sure that the backfilling
operation has been successfully accomplished? Dal Negro et al. (2014a, 2017)
stated that there are two criteria for this purpose: the volume of injected material
should be equal to the desired one (commonly equal to the theoretical volume
increased by 10-20%) or the injection pressure should reach the established value.
Consequently, regardless of the criterion used, the real injected backfilling grout
volume will vary as a function of the specific situation encountered in the single
stroke, such as the local permeability of the medium and the local convergence
phenomenon (which reduces the annulus thickness). A grout volume slightly
greater than the theoretical one is not regarded as a problem but, on the other
hand, a grout volume that is significantly different should be considered as an
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alarm for potential over-excavation conditions, which must consequently be
verified (Guglielmetti et al., 2007). In order to accomplish a suitable backfilling
operation, the machine advance speed may be adapted and calibrated to the
backfilling one, in order to follow the foreseen pressure.

By way of example, Figure 22 shows the backfilled grout as a function of the
machine advancement. The machine data are from the Arroy Maldonado Tunnel
(Dal Negro et al., 2012).
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Figure 22 - Maldonado Tunnel — Buenos Aires (AR) (Dal Negro et al., 2012).

In this work, the theoretical volume V; (the red line on the chart) was equal to
5.7 m® while the average of the real injected volume was slightly greater, at 6.1 m’
per ring (an excess of 7%). The work was successfully completed with very low
settlements, according to the construction site specification.

As mentioned above, this divergence between the theoretical volume and the
real injected volume is normal. Also Camara (2018), concerning the Legacy Way
construction, reported a theoretical volume of 15.33 m® versus a real injected
volume of 16.2 m>®. The excess of 5.7% was successfully correlated with drilling
adjustments and other site observations.

3.3 The “specific” technical specification and the need for
a careful design phase

As previously discussed, the choice of the two-component technology for the
annulus backfilling involves the need for a careful design phase, concerning space
management, the hydraulic design and the mix design.

In this context, we will focus strictly on the necessity to design in depth all
aspects concerning the mix design. Describing the two components’ paths, from
the batching station to the injection nozzles, the importance of operating with
stable compounds (summarised in key concept 1) is clear.

At this point of the work, another key concept can be added:

KEY CONCEPT 4: The whole backfilling system (volume of component A
produced, diameter of feeding pipes, numbers and flows of pumps, nozzles pattern
with proper injection pressure and comprehensive injection volume and at least
the strength performance of the grout) works assuming that the properties of both
component A and component B are fixed.
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In other words, components A and B must not only be stable but their
technical properties must remain constant, since fluctuations could destabilise the
whole backfilling system. As an example, Figure 23 depicts the classic case of
tube choking, due probably to mismanagement of the dosages.

UNDERGROUND TECHNOLOGY TEAM

& MAPEI

Figure 23 - Component A tube choking. The photo is property of the UTT Mapei. (Richard Schulkins
master lecture, 2020).

The instrument used by backfilling engineers in order to guarantee certain
properties of the components and of the final grout is the mix design.

Definition 3: The mix design is the core of the whole backfilling process. It is
established after laboratory and job field test campaigns and includes information
that is reported in official contract papers. It lists the raw ingredients, their
commercial names and their dosage per 1 m> of hardened grout.

It should be reported that of the two components, only component A requires
in depth analysis and tests, since component B is supplied directly by the
manufacturer. Concerning the quality of component B, EFNARC (2015) suggests
that building enterprises require a “Quality Assurance certificated” guarantee
provided by the supplier. The following key concept completes the overview of
the importance of the mix design:

KEY CONCEPT 5: The mix design project is a crucial phase that should be
performed carefully in order to find the appropriate solution for each different job
site, taking into account both technical and economic points of view. There is no
two-component mix design that is suitable for every construction site.
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Dal Negro et al. (2017) provide a careful analysis concerning all the aspects
that should be taken into account for a two-component mix design project. Firstly,
the ingredients and their respective dosages must be studied in depth. Considering
that commonly the raw materials procurement is guaranteed by local suppliers, a
deep knowledge of this aspect is the first step that should be verified. For
example, different cements, despite belonging to the same strength class, may
result in final grouts with different properties. Similarly, the type of bentonite also
strongly affects the final results, as well as the water used.

For all the above-mentioned reasons, study of the mix design is strongly
recommended, using the real raw ingredients that will be adopted at the job site.
But now the question arises: what are the engineering requirements that can be
used in order to calibrate the mix design for a certain construction site’s
requirements? In the following, the properties usually used as basic parameters
for component A and the final grout, and the corresponding tests used (when
available) for their assessment are listed. The list has been drawn up taking into
account information from Bezuijen et al. (2005), Guglielmetti et al. (2007),
Pellegrini & Peruzza (2009), Peila et al. (2011), Pelizza et al. (2012), Novin et al.
(2015), Zarrin et al. (2015), and Todaro et al. (2019, 2021) that confirms a quite
standardised and widespread approach:

1 The pumpability and workability are the basic concepts for the correct
working of the transportation system based on pumps, pipes and nozzles.
These components’ features are assessed by means of the component A
viscosity, measured instantaneously after the mortar manufacturing and
then daily, up to 72 hours. The long workability required ensures first that
pipe choking and system blocks in the case of long construction stops can
be avoided and secondly that the grout production is independent of the
excavation rate. Assessment of the pumpability and workability is usually
carried out using the Marsh cone, which provides as output a time,
expressed in seconds. This value, commonly called the flowability by
Marsh cone, can be used to understand the pumping effort.

2 The stability is intended as the aptitude of component A to not segregate.
Segregation can lead to different values of density when testing different
parts of the considered volume. Since component A is a mortar, under the
action of gravity all the cement particles tend to move downward, leaving
the water above. This phenomenon is called bleeding and it must be
avoided or, at least, restrained to a certain value. A small bleeding value
minimises the risk of clogging pipes.

3 The gel time should be a few seconds. Study of the gel time must be
related to the avoidance of nozzle choking, the avoidance of grout leaks
through the tail brushes or through the ground, and the gelation of the grout
in the designed position, so that the backfilling ensures the correct
embedding of the rings inside the excavated medium. Assessment of the
gel time is not standardised.
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4 Strength in the short and long term. Usually job site specifications
consider the uniaxial compressive strength, and it is only recently that
sometimes the shear strength is also required. In the short term, the
backfilling should lock the segments in the designed position and should
bear the backup weight during the machine advancement. Furthermore, the
filled annulus should always have a certain strength in order to ensure the
avoidance of settlement. In general, the academic community favours the
bubble theory, focusing on a short curing time, while at some construction
sites, the specifications are focused also on the strength at medium/long
curing times (7 and 28 days). Sometimes the strength at a long curing time
can be calibrated as a function of the properties of the material that is being
excavated (Zarrin et al., 2015).

5 The washing-out resistance indicates the grout’s ability to seal the rings
without being removed from the groundwater flow. Assessment of the
washing resistance is not standardised.

Thewes & Budach (2009) highlighted also the importance of the stiffness
modulus, which should be designed to be close to that of the medium being
excavated (5-10 MN/m?).

More detailed descriptions of specific tests aimed to assess the above-listed
basic properties will be given in the next chapters.

3.4 After the project of the mix design

After having established a mix design at laboratory scale, the transition to full
scale is another crucial step. This section is subdivided into four parts. In the first
part the experiences at two construction sites are reported while the second part
briefly describes the need for a backfilling checklist to be used after the machine
launch. Finally, issues of maintenance and final checks are described.

3.4.1 The job field assessment

Commonly, a confirmed approach to the transition to the job field foresees
repeating the comprehensive laboratory test pattern (performed using the
component A produced in the laboratory) by using, this time, the component A
produced at the construction site with the turbomixer (ITATech 2014; Dal Negro
et al., 2014b; Todaro et al., 2021;). Tests are commonly performed in order to
prove the correspondence between the laboratory outcomes (in terms of
flowability, bleeding, density, gel time and strength) and job field outcomes. This
praxis is nowadays used effectively everywhere.

However, sometimes the simple repetition of laboratory tests is not enough
and more construction site tests can be required in order to test the real ability of
the machine to backfill the annulus. As described by Dal Negro et al. (2014b),
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regarding the Legacy Way project, once the laboratory tests had been successfully
accomplished, proving the suitability of a certain mix design, a full-scale test was
scheduled and performed, aiming to:

a) verify the design of the nozzles pattern and its suitability for the required
backfilling performance;

b) verify the right grout properties in terms of the manufactured grout
volume, flow rates for both component A and B and the gel time;

c) ensure that the technical properties of both component A and B found
from the laboratory tests coincide with those at the construction site;

d) recognise and lessen potential issues affecting the whole backfilling phase,
from batching to injection.

In the specific case, from practical aspects, the full-scale test was performed
by assembling a suitable formwork around the machine. After that, the grout was

injected, replaying the real scheduled injection sequence, namely first with
injection at the inverter, secondly injection through the ports in the lateral
segments and finally injection pertaining to the crown. Figure 24 shows photos of
the results obtained.

Figure 24 - Hardened two-component grout after te full-scale test. Injection at the inverter and on the
lateral part (left) and crown injection (right) (Dal Negro et al., 2014b).

From the positive results of performing this full-scale test, it was possible to
verify all the main technical parameters pertaining to the machine backfilling
phase prior to the machine launch. Analysing Figure 24, it is clear how a uniform
layer of hardened grout was created. This result highlights and proves the
successful interpenetration of the grout flows coming out of the different nozzles.

Ivantchev & Dal Rio (2015) reported a case history related to another
Australian tunnel work, the North West Rail Link (NWRL). At this construction
site also, after a careful project phase concerning the mix design study, full-scale
tests were scheduled and performed. The first phase consisted of assessing the
grout mixing process by manufacturing a copy of a grout mixing box. This
equipment was set up by using equivalent size pipelines fed by the components A
and B pumped in the same modality as the machine pumps (Figure 25).
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Figure 25 - Trial grout mix box. On the top the component mixer is depicted (Ivantchev & Dal Rio,
2015).

This test confirmed the suitability of the previously studied mix design (at the
laboratory scale) in terms of the gel time and above all in terms of the strength at a
short curing time. After that, a full-scale test was performed with the aim of
verifying that the chosen nozzle pattern and the backfilling plant were able to
satisfy the requirement of backfilling more than 80% of the annulus during a
prefixed time and machine advancement (1 minute and 570 mm of advancement).
The test was successfully performed.

3.4.2 The operative checklist

Before starting work with the machine launch, an operative checklist should
be designed in order to ensure the correspondence between the products used for
the backfilling and the technical requirements. In order to do this, commonly two
categories of grout testing should be designed. The first checklist should address
regular grout testing, aiming to check both the component A properties and the
hardened grout strengths. The second one should address restarting the grout test,
aiming to understand if the components are still usable after the machine stops
(since interruptions are not rare).

Regular tests should be carried out with a frequency depending on the
outcomes obtained. In other words, a high discrepancy identified between the real
time outcomes and the prescriptions will call for a higher checking frequency.
Tests should be performed by highly trained operators. Commonly, this type of
checklist foresees tests of the bleeding, viscosity, density, gel time and
compressive strength at short curing times. Camara (2018) states also the
requirement for temperature measurements and shrinkage tests. Tests after a
machine restart are usually scheduled if the component A is stored inside the
machine tank for more than 12 hours. The most common tests relate to viscosity
assessment.
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3.4.3 Maintenance

Two-component backfilling can be considered a technology with a low
maintenance frequency.

The only critical aspect that should be reported concerns the cleaning
operation of the comprehensive injection plant. ITATech (2014) and Home (2014)
highlighted that during the injection design phase, it is important to foresee an
effective flushing system in order to prevent the nozzle choking and ensure easy
pipe-cleaning operations. At every construction site, a daily cleaning operation is
commonly scheduled in order to prevent more severe backfilling system
maintenance. Ivantchev & Dal Rio (2015) commented on their own experience
suggesting the use of low volume-high pressure pumps for a good flushing
operation. In order to contextualise the flushing operation, Figure 26 reports an
example of a scheme for the nozzle flushing system. The valve (open when the
injection is running) is closed and the water flow allows cleaning of the
component A line and of the nozzle of the component B line.

A Liquid Line

4 <  \Vater F

4
Gelling Material

B Liquid Line

| " Valve Close —_—
- =

/ Gelling Material

sl \Vater F

Flushing Water Line

Figure 26 - Scheme of a two-component grout flushing phase. In the specific case, the nozzle valve is
closed and the water flow cleans the pipe of component A. TAC Corporation (Shah, 2017).

Concerning the B liquid line, Reschke & Noppenberger (2011) reported that
the accelerator is the most dangerous component for nozzle blockages. In order to
avoid this inconvenience, they suggest stopping the accelerator injection 100 mm
before the stroke end. Also Dal Negro et al. (2017) stated that the cleaning
operation is crucial especially for the accelerator nozzle, which requires a suitable
pressure in order to remove any hardened particles of component B.

3.4.4 Has the backfilling been performed in the right way?

Very few data are available regarding the checking of the backfilling grout
after the complete machine passage, although it is known that the construction
supervision should usually control the compliance of the operation with the
situation-specific technical specification. Actually, the complete filling of the
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annulus can be verified only when tunnel widenings are created and some of the
tunnel rings are removed.

However, regarding the working site of Roma Metro C, Pelizza et al. (2012)
reported that two different approaches could be used to verify the quality of the
backfilling:

o Indirect approach: the filling of the annulus is verified indirectly, by
monitoring the displacements around the tunnel and on the ground surface
(this last condition can occur only in the case of shallow tunnels);

o Direct approach: the filling of the annulus is verified directly using
georadar (Figure 27) tests or drilling the linings directly in order to extract
a core of hardened grout.

Figure 27 - Georadar test in Roma Metro C construction site (Pelizza et al., 2012).

Pertaining to this last check modality and still concerning the construction site
of Roma Metro C, Dal Negro et al. (2010) highlighted how the effective 360°
filling of the annulus was inspected by extracting cores. Figure 28 shows the
outcomes concerning the length of the two-component grout cores extracted.

il
hlL | i i
l |I'||I (Ml
If

g i
wiff I
: L. |q| Ll L
) Il | I hl"" " .!I "L I

Bt 5O S 131'5171921 28 25027 290 il 33353?3941 43 45 47
Number of cores extracted

18.0
16.0

Length (cm)

2 B K oo
S {=) (=) )

|
i

—

Figure 28 - Length of the hardened two-component backfilling cores extracted in the Roma Metro C
tunnels (Dal Negro et al., 2010).

The expected core length of 130-150 mm was always achieved but
unfortunately no information was provided concerning the space position (so it is
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not known if the samples came from the crown or from other parts of the
annulus).

In conclusion, as concerns the geophysical approach, Liu et al. (2012)
highlighted the successful use of GPR (ground penetration radar) to estimate the
thickness of the filled annulus in two tunnels in Shanghai (Yangtze River tunnel
and Changjiang Road tunnel). Unfortunately, it was not clearly explained if the
backfilling technology used was two-component or mono-component.
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Chapter 4

Construction site case histories

Two-component backfilling is nowadays the most popularly used technology
for the backfilling of the shielded machine but, unfortunately, it is not easy to find
reliable information regarding the mix designs actually adopted at construction
sites.

In this chapter, a collection of the main case histories available in the
scientific literature will be presented, integrated with some personal experience.
For each construction site, the mix design used is reported and correlated with the
essential information regarding the technical requirements and, when known and
available, other peculiarities are also referenced. Not every studied case is
correlated with a complete set of information. All mix designs refer to the dosage
of ingredients for 1 m® of final grout.

The purpose of the chapter is not to discuss each case history but to try to find
conclusively some common aspects that can be used in order to generalise the
nature of this backfilling technology.

4.1 Metro Rome Line C — Roma (Italy)

Dosage range Brand and/or type
Cement (kg) 320 350 /
Water (kg) 770 820 /
Bentonite (kg) 30 60 /
Retarder/fluidifying agent (L) 3 7 Mapei
Accelerator (L) 50 100 Mapei

References: Pelizza et al. (2010), Peila et al. (2011), Pelizza et al. (2012),
Peila et al. (2015).

The technical specifications for the component A required 72 hours of
workability and a gel time ranging between 5-15 s. Concerning the uniaxial
compression strength:
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1 h>50kPa

8 h>100 kPa

24h >450 kPa

This construction site was the only one where the provision for the
permeability coefficient was formulated, with a maximum acceptable value of
1*10® m/s. Unfortunately, no information regarding the testing time for the
permeability test was provided.

An interesting aspect that should be underlined is the complete absence of
provisions concerning the strength at long curing times. This is not a design
deficit, but rather the absence of any prescription for a long curing time is
perfectly aligned with the theory of the incompressible bubble.

4.2 Oraki Main Sewer Hobson Diversion (OMSHD) —
Auckland (New Zealand)

Dosage Brand and/or type
Cement (kg) 480 /
Water (kg) 730 /
Bentonite (kg) 30 /
Retarder/fluidifying agent (L) 1 Mapei
Accelerator (L) 50 Mapei
Super-plasticiser (L) 5 Mapei

References: Pelizza et al. (2010), Peila et al. (2011), Peila et al. (2015).

For this construction site the only available technical specifications concern
the uniaxial compressive strength:

30 min > 0.1 MPa

28 days > 5 MPa

Two comments can be made:

- the final compressive strength obtained after 28 days of curing was 5.1
MPa, a very high value, considering the two-component technology;

- 1n order to satisfy the abovementioned requirement, a very high dosage of
cement was used, requiring consequently the use of a super-plasticiser in
order to permit the pumpability.

4.3 Metro Line in Sofia (Bulgaria)

Dosage Brand and/or type
Cement (kg) 290 /
Water (kg) 795 /
Bentonite (kg) 25 /
Retarder/fluidifying agent (L) 2.5 Mapei
Accelerator (L) 74 Mapei
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References: Pelizza et al. (2010), Peila et al. (2011).

In this case history the technical specifications concerned the gel time, which
must be equal to 12 s, and the uniaxial compressive strength:

1 h>0.03 MPa

24h >1.5MPa

Also in this case, no provisions concerning the strength at long curing times
were reported.

4.4 Metro Line 1 in Brescia (Italy)

Dosage Brand and/or type
Cement (kg) 315 /
Water (kg) 816 /
Bentonite (kg) 42 /
Retarder/fluidifying agent (L) 3 /
Accelerator (L) 60 /

References: Pelizza et al. (2010), Peila et al. (2011), Peila et al. (2015).

4.5 Metro Line 2 in Warsaw (Poland)

Dosage Brand and/or type
Cement (kg) 300 IVB32.5N
Water (kg) 809 /
Bentonite (kg) 40 /
Retarder/fluidifying agent (L) 5 Mapei
Accelerator (L) 65 Mapei

Reference: Peila et al. (2015).

4.6 Hydraulic tunnel Maldonado in Buenos Aires
(Argentina)

Dosage Brand and/or type
Cement (kg) 350 Type IV
Water (kg) 796 /
Bentonite (kg) 35 /
Retarder/fluidifying agent (L) 5 Mapei
Accelerator (L) 61 Mapei

Reference: Peila et al. (2015).
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4.7 LTA tunnels — Singapore

Dosage Brand and/or type

Cement (kg) 230 Ordinary Portland
Water (kg) 810 /
Bentonite (kg) 30 /
Retarder/fluidifying agent (L) 4 /
Accelerator (L) 80 /

Reference: Peila et al. (2015).

4.8 Highway tunnel Sparvo between Bologna and Firenze
(Italy)

Dosage range Brand and/or type
Cement (kg) 300 330 /
Water (kg) 795 810 /
Bentonite (kg) 40 45 /
Retarder/ ﬂ‘zf)lfymg agent | 4 5 | MAPEQUICK CBS SYSTEM I - Mapei
Accelerator (L) 60 65 | MAPEQUICK CBS SYSTEM 2 - Mapei

References: Dal Negro et al. (2014a), Peila et al. (2015).

The technical specifications regarding component A required a fluidity
measured daily up to 72 hours, with the Mash cone value ranging between 30
and 45 seconds. The stability of the mortar was verified also by checking the
unit weight (which must not change) and the bleeding, which must be lower
than 3% after 3 hours. The gelling time must range between 5 and 20
seconds. Concerning the uniaxial compression strength:

1 h>0.1 MPa

24h >0.5 MPa

28 days >2 MPa

It should be noted that the excavation was carried out above the water table.
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4.9 Hydraulic tunnel STEP, Section II and III in Abu

Dhabi (United Arab Emirates)

Dosage range Brand and/or type
Cement (kg) 280 300 /
Water (kg) 815 825 /
Bentonite (kg) 40 40 /
Retarder/fluidifying agent (L) 3 4 /
Accelerator (L) 60 65 /
Reference: Peila et al. (2015).
4.10 Personal experience (France)
Dosage Brand and/or type
Cement (kg) 230 Type I - 52.5 R - Buzzi Unicem
Water (kg) 853 From construction site
Bentonite (kg) 30 Bentonil CV 15 - Clariant
Retarder/fluidifying agent (L) 3 MAPEQUICK CBS SYSTEM 1 - Mapei
Accelerator (L) 60 MAPEQUICK CBS SYSTEM 3 - Mapei

The author was personally involved in the backfilling assessment at both
laboratory and construction site scales (a construction site in France).

The component A was characterised by a fluidity measured with the Mash
cone, with results ranging between 34 and 51 seconds up to 72 hours. The stability
of the mortar was verified by the unit weight, equal to 1.169 kg/L, and by the
bleeding assessment, which was 1.05% at 3 hours and 2.09% after 24 hours. The
calculated gel time was equal to 8 s. Concerning the compression strength:

1 h =0.08 MPa

3h=0.35 MPa

24h =1.04 MPa

28 days = 1.64 MPa

4.11 Personal experience (Italy)

Dosage Brand and/or type
Cement (kg) 315 CEM 1V A-P 425
Water (kg) 819 From construction site
Bentonite (kg) 35 SIPAG
Retarder/fluidifying agent (L) 4 MAPEQUICK CBS SYSTEM 1 -Mapei
Accelerator (L) 65 MAPEQUICK CBS SYSTEM 3 - Mapei
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The author was personally involved (thanks to the availability of the
construction site) in the backfilling assessment at both laboratory and construction
site scales.

The component A was characterised by a fluidity measured with the Mash
cone close to 33 seconds up to 72 hours. The stability of the mortar was verified
by the unit weight, equal to 1.25 kg/L, and by the bleeding assessment, which was
1.02% at 3 hours and 1% after 24 hours. The calculated gel time was equal to 7
seconds. Concerning the compression strength:

1 h =0.05 MPa

3h=0.15MPa

24h =1.21 MPa

7 days = 1.89 MPa

28 days = 2.02 MPa

4.12 Brisbane Airport Link (APL), Brisbane (Australia)

Dosage Brand and/or type
Cement (kg) 337 | General Purpose Cement (Sunstate Cement Ltd)
Water (kg) 783 /
Bentonite (kg) 40 Trugel (Unimin Australia)
Retarder/fluidifying agent (L) | 6.7 Condat A Stabiliser L (Condat Lubrifiants)
Accelerator (L) 81 NG sodium silicate (PQ Australia Pty Ltd)

Reference: Reschke & Noppenberger (2011).

The component A was characterised by a fluidity measured with the Mash
cone equal to 58 seconds. The stability of the mortar was verified by the unit
weight, equal to 1.29 kg/L, and by the bleeding assessment, which was 2% at 3
hours and 6% after 24 hours. The calculated gel time ranged between 18 and 23 s.
Concerning the uniaxial compression strength:

24h =0.36 MPa

48 h =0.83 MPa

7 days = 1.4 MPa

A peculiarity of this case history regards the supplier’s proposal to dilute the
accelerator in a solution at 50% by volume. This operation was carried out in
order to improve the gel time and permit a suitable filling operation.
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4.13 Follo Line, Oslo (Norway)

Dosage Brand and/or type
Cement (kg) 340 GP cement - Norcem
Water (kg) 807
Bentonite (kg) 30 MAPEQUICK CBS SYSTEM 7 -
Mapei
Retarder/fluidifying 5 MAPEQUICK CBS SYSTEM 1 Evo -
agent (L) Mapei
(O
Accelerator (L) 7=6% b); Yﬁiume per /

Reference: Camara (2018).

The technical specification regarding the component A required a fluidity
measured with the Mash cone ranging between 30 and 45 seconds. The stability of
the mortar was verified also by checking the unit weight, greater than 1.25 kg/L,
and by the bleeding assessment, required to be lower than 0.5% after 1 hour and
lower than 1% after 2 hours. The gel time must range between 5 and 12 s.
Concerning the uniaxial compression strength, tests carried out on cube samples
satisfied the following requirements:

1 h>0.1 MPa

2h>0.2 MPa

24h>0.7 MPa

28 days > 3 MPa

The peculiarity of this case history is the provision concerning the elastic
modulus (E) in the situation-specific technical requirements, whereby E should
satisfy the following values:

2h>20 MPa

4 h> 100 MPa
This case history describes a successful application of the two-component
technology in rocks where in certain cases a water pressure up to 16 bars was
reached.

4.14 Metro Line 7 (E-W lot), Tehran (Iran)

Dosage Brand and/or type
Cement (kg) 350 /
Water (kg) 872 /
Bentonite (kg) 35 /
Retarder/fluidifying agent (L) 3.5 /
Accelerator (L) 70 /

References: Novin et al. (2015, 2012).
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4.15 Legacy Way, Brisbane (Australia)

Dosage Brand and/or type

Cement (kg) 40 GP cement (Wagner)

Water (kg) 766
Bentonite (kg) 40 MAPEQUICK CBS SYSTEM 5 (Mapei)

Retarder/ ﬂ‘tf)lfymg agent 5 MAPEQUICK CBS SYSTEM 1 (Mapei)
Accelerator (L) 9-10% by 3 /
volume per Im
Fly ash (kg) 80 Millmeran Flyash (Wagner)

Reference: Camara (2018).

In this site, the mix design was projected in order to obtain a component A
that was stable in time, with a unit weight greater than 1.25 kg/L and bleeding
values lower than 0.5% after 1 hour, lower than 1% after 2 hours, and lower than
2% after 4 hours. The flowability was assessed with the Marsh cone, with a
required value of 35 seconds and a loss of viscosity lower than 0.5% after 24
hours. Concerning the uniaxial compression strength, tests carried out on cube
samples satisfied the following requirements:

1 h>0.1 MPa

2h>0.5 MPa

24h>1.5 MPa

28 days > 4 MPa

The gel time was equal to 11 seconds.

These technical specifications listed also the acceptable tolerance values
concerning the assessment of the flowability and a gel time of = 3 seconds.

The peculiarity of this case history is the provision concerning the shrinkage
of the hardened grout, required to be less than 10000 micro-strain.

In conclusion, it should be highlighted the very high w/c ratio used could
wrongly lead the author to expect a low strength performance. The reality shows
how the addition of the fly ash had a strong impact on the strength development.

4.16 Bolanos-Campobecerros tunnel, NE-N High Speed
Railway Line in Galicia (Spain)

Dosage Brand and/or type
Cement (kg) 600 /
Water (kg) 1668.6 /
Bentonite (kg) 70.8 /
Retarder/fluidifying agent (L) 6 Masterroc AGA925
Accelerator (L) / /
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Reference: Camara (2018).

Despite the significant lack of information on the mix design, this case history
represents an interesting example of the two-component grout technology aimed
at improving the waterproofing of tunnels. The tunnel was built through rocks,
where at certain points the water pressure reached a pressure of 14 bar with a
water flow up to 100 L/s. It was for that reason, as Camara (2018) highlighted,
that the two-component backfilling was chosen instead of the mono-component.

It should also be underlined that pre-hydrated bentonite (not less than 24
hours in water) was used in the batching plant in order to improve the sealing
ability of the final grout. According to the author’s personal experience, the
systematic use of pre-hydrated bentonite is quite rare.

4.17 North West Rail Link (NWRL), Sydney (Australia)

Dosage Brand and/or type
Cement (kg) 292 80/20 FA Blended cement
Water(kg) 787 /
Bentonite (kg) 30 API 13A Drilling Bentonite
Retarder/fluidifying agent (L) 4.1 TAMCem 8BFG Retarder
Accelerator (L) 91 PQ TJH-135 Accelerator

Reference: Ivantchev and Dal Rio (2015).

At this working site, the mix design was projected in order to obtain a
component A that was stable in time, with a bleeding value less than 5% after 24
hours. The gel time, required from the specification to be lower than 20 seconds,
was assessed as close to 12—13 s, while the flowability obtained was equal to 34.3
s after 2 hours. Concerning the uniaxial compression strength, tests carried out on
cube samples satisfied the following range of acceptance:

1 h=0.12-0.15 MPa

6 h=0.7-0.9 MPa

24h=1.5-1.7 MPa

28 days > 5.5 MPa

Regarding this case history, the type of cement used should be highlighted. In
fact, a cement composed of 20% fly ash was selected as a function of the excellent
performance identified in preliminary tests that was able to satisfy the requirement
concerning the strength at 1 hour.

4.18 Comments to case histories

After reading all the reported case histories, it should be clear that, at the
moment, there exists no specific guideline that prescribes the targets that the two
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components should meet, concerning the properties of both component A and the
hardened grout. Obviously, recalling the key concept 2, it could partially explain
such a wide and miscellaneous scenario but, in my opinion, there is no hiding the
absence of a unique testing path that could be really helpful for all the
stakeholders involved (the sample shape is not fixed, nor are the curing time and
testing frequency).

However, not only differences but also similarities can be focuses that are
useful for investigating the two-component backfilling technology in greater
depth. Before that, I would just remark that the purpose of this paragraph is not to
try to generalise all cases by forcing and fitting different scenarios into a single
schema, but to try to provide an order of magnitude of the parameters that can
enable us to characterise the backfilling grout.

First of all, the water/cement ratio (hereinafter w/c, computed as
weight/weight) is taken into account. Usually this parameter ranges between 0.45
and 0.60 for concrete and close to 1 for mortar. But, as concerns the two-
component technology, this value is higher. Table 3 summarises all the case
histories, with their w/c values. In order to streamline the following analysis, also
an ID has been added to each construction site, according to the paragraph
numbers used above in sections 4.1 to 4.17. For construction sites characterised
by a mix design without a unique dosage for each compound (but with a range),
the average between the maximum and minimum values is reported.

Table 3 - W/c ratio of the reported case histories and their ID.

ID n° Construction site w/c
1 Metro Rome Line C — Roma (Italy) 2.37
2 Oraki Main Sewer Hobson Diversion (OMSHD) — Auckland (New Zealand) 1.52
3 Metro Line in Sofia (Bulgaria) 2.74
4 Metro Line 1 in Brescia (Italy) 2.59
5 Metro Line 2 in Warsaw (Poland) 2.7
6 Hydraulic tunnel Maldonado in Buenos Aires (Argentina) 227
7 LTA tunnels — Singapore 3.52
8 Highway tunnel Sparvo between Bologna and Firenze (Italy) 2.53
9 Hydraulic tunnel STEP, Section II and III in Abu Dhabi (United Arab Emirates) 2.83
10 Personal experience (France) 3.71
11 Personal experience (Italy) 2.6
12 Brisbane Airport Link (APL), Brisbane (Australia) 2.32
13 Follo Line, Oslo (Norway) 2.37
14 Metro Line 7 (E-W lot), Tehran (Iran) 2.49
15 Legacy Way, Brisbane (Australia) 19.15
16 Bolafios-Campobecerros tunnel, NE-N High Speed Railway Line in Galicia (Spain) 2.78
17 North West Rail Link (NWRL), Sydney (Australia) 2.7

Before moving to other considerations, it must be reported that the
construction site ID n°15 will be excluded from further analysis because the
relative mix design cannot be considered a classic two-component one. In fact, the
addition of fly ash led to a strong reduction of the cement content, with a
consequent great increase of the w/c ratio. The calculated w/c value of 19.15 is
very high, rare, and out of line for the two-component technology. Strictly
connected with this aspect is the flowability of close to 1 minute. Also the gelling

53



time, ranging between 18 and 23 seconds, is very long. From this point of view,
construction site n°15 was unique, having used a dilute solution of accelerator that
led to such a high value of gel time.

Regarding all the case histories that provide details of the grout parameters
required from technical documents or simply measured during the backfilling

study, some considerations can be made:

a)

b)
©)

d)
e)

g)

concerning the w/c, it emerges that the average value is 2.62, a very
high value compared with the usual ones for normal concrete;

the gel time ranges between 5 and 20 seconds;

the flowability ranges between 30 and 58 seconds. Though not clearly
mentioned everywhere, the test was assessed daily for up to 72 hours;
the unit weight ranges between 1.169 and 1.29 kg/L;

the bleeding is the first parameter that was not checked uniformly in
time among the reported case histories. Generally, tests performed
after 1, 2, 3, 4 and 24 hours are assessed. On the other hand, the range
of acceptable values is very tight, namely between 1 and 5%.

the uniaxial compressive strength is the second parameter that is not
checked uniformly in time. Furthermore, also the order of magnitude
required at long curing times (28 days) among the reported case
histories is variable. Concerning the testing times, assessments were
performed after 0.5, 1, 2, 3, 6, 8, 24 hours, 7 and 28 days. However,
the most commonly used testing times were 1 hour, 24 hours and 28
days. As concerns the different target of resistance at long curing
times, construction sites adopting the incompressible bubble theory are
clearly appreciable: the specified uniaxial compression strengths
(UCS) at 28 days are lower than 2 MPa.

For other cases, however, the required strength is higher. Concerning
the UCS at short curing times, after 1 hour of curing the values range
between 0.03 and 0.15 MPa.

only in one case (n°13), there is a provision related to the longitudinal
elastic modulus. Unfortunately, the basic theory that led designers to
require this value is unknown. If the requirement was as according to
Thewes & Budach (2009), the value of E should be of the same order
of magnitude as the excavated medium. Furthermore, no information
regarding the standard procedure for the elastic modulus assessment is
provided.

It should be remembered that the technical requirements, for very important
and justified reasons, can be modified or integrated during the course of the tunnel

construction.
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Chapter 5

Ingredients

In this chapter the ingredients used for the production of the two-component
grout are listed and described. Two different sections are presented: the first is
related to the classic two-component application, while the second contains
innovative ingredients that have been appearing in the two-component world in
recent years. Generally, the working principle of the technology is still the same,
namely the ingredients are always batched and components A and B are hence
mixed together to obtain the grout.

5.1 Classic ingredients

First, it is necessary to provide a definition of “classic ingredients”. According
to the case histories of Table 3, the classic ingredients are: cement, water,
bentonite, retarding/fluidifying agent and accelerator.

5.1.1 Cement

The cement usually adopted for component A production is ordinary Portland
cement, which is composed of clinker and gypsum. The Portland cement clinker is
made up of four different mineralogical compounds. Table 4 reports each
component. The last column lists the chemical formula according to the Cement
chemist notation (CCN).

Table 4 - Typical constituents of Portland clinker plus gypsum.

Component name Chemical formula CCN
Tricalcium aluminate (CaO)s - ALOs GA
Tricalcium silicate (Ca0); - Si0; CsS
Tetracalcium aluminoferrite | (Ca0)4 - ALOs - Fex0s C4AF
Dicalcium silicate (CaO): - Si0s CaS
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The first two components are involved in the two fastest reactions, while in
the development of the early strength the hydration of C3S is the main actor (Youn
et al., 2016).

Concerning the object of this research, in order to have good workability and
pumpability, the w/c ratio plays a key role. By increasing the w/c, the viscosity
decreases, which means the flowability increases. However, the bleeding
phenomenon is proportional to the increase of the w/c, so an excessive increase of
the water—cement ratio could lead to the occurrence of segregation problems.
Furthermore, it should be highlighted that the higher is the Blaine value of the
cement (cement particle fineness), the more strongly the water will be bonded to
the cement particles, which means a more stable mortar. Finally, the designer
should consider that by fixing all the mix design dosages, any change to the
cement type will cause a consequent change in the gel time (Pellegrini & Peruzza,
2009).

Concerning the cement properties, EFNARC (2015) underlines also that the
cement used should conform to EN 197-1.

5.1.2 Water

Water is the main element of the two-component backfilling technology.
According to EFNARC (2015), the water used for component A production
should be of potable quality or in accordance with EN 1008. It can also be
acceptable to use water supplied from different providers, after the delivery of a
conformity certificate, and after specific tests to prove the qualifying features.

From the author’s personal experience, all the tunnelling construction sites
have used and are using groundwater when it is present. At job sites characterised
by a lack of water, a special cleaning treatment process can be foreseen in order to
treat the available water.

In every case, the water quality is crucial for the success of the backfilling
process. The potential presence of salts in the water can completely change the
results in terms of both the component A performance and the final grout
performance. The ingredient most sensitive to the water’s chemical/physical
variations is bentonite.

5.1.3 Bentonite

Bentonite is a natural clay mainly composed of montmorillonite, which is a
soft phyllosilicate member of the smectite group.
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Figure 29 - Schematic diagrams of the structures of the smectite minerals: montmorillonite

(Mitchell & Soga, 2005).

The particles are plate-shaped with an average diameter around 1 pm and a
thickness of 0.96 nm made up of an octahedral sheet of gibbsite (octahedral sheet
cations are mainly aluminium) sandwiched between two tetrahedral sheets of
silica, as shown schematically in Figure 29. Montmorillonite forms continuous
layers in the two main directions x and y that are stacked one above the other in
the direction z. Van der Waals bonding and cations are the weak forces that bond
successive layers. Therefore they can be easily separated by water or the
adsorption of other polar liquids. The basal spacing in the z direction is variable,
ranging from 9.6 A° to complete separation. The theoretical composition in the
absence of isomorphous substitutions is (OH)4SigAlsO20* n(interlayer)H>O. The
different types of bentonite are named as a function of the respective dominant
element, such as potassium, sodium or calcium.

Bentonite is a natural material obtained from the alteration of volcanic ash
due to weathering. It is used in engineering applications (in the natural state or
after an industrial polymer addition process) for slurry production in excavation
processes, for the realisation of seepage barriers or waterproofing layers in dumps.
Bentonite is commonly characterised by Atterberg’s liquid limit close to 500%.
The process that leads the water absorption is named swelling.

Concerning the application of bentonite in the two-component technologys, its
role is strictly linked to the stability of component A, i.e., by using the right
dosage the bleeding phenomenon can be satisfactorily controlled (Figure 30).
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Figure 30 - Bleeding trend as a function of the bentonite increasing. Common Portland cement
suspension (Mesboua et al., 2018)

This fundamental property has been explained in Mesboua et al. (2018). With
an electrokinetic analysis, it has been determined that the zeta potential ({) (an
electrokinetic potential that rules the colloidal dispersions) of the complex
cement/bentonite fluid in aqueous medium is negative, dominated by the
bentonite particles. Thereby, in this condition the repulsive forces prevail over the
Van der Waals forces and the mortar is hence stable. A graphical and simplified
view of the phenomenon is depicted in Figure 31.
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Figure 31 — Bleeding phenomenon. On the left (a) a common Portland cement solution; on the right (b)
the same solution mixed with bentonite (Mesboua et al., 2018).

On the other hand, if the bentonite dosage is too high, the final mortar could
reach flowability values not aligned with the technical specifications. Pelizza et al.
(2010) highlighted also the role of the bentonite in the homogeneity of the mortar.

Regarding the type of bentonite in the two-component field application,
natural sodium bentonite is most commonly used. The availability of this
component is not ensured everywhere, so often the ion exchange process permits
the conversion of other types of bentonites to sodium-activated ones with
characteristics similar to natural sodium bentonite (Youn et al., 2016).

Camara (2018) describes how the technical requirement for a more watertight
action of two-component grout was achieved by using a pre-hydrated bentonite in
the batching plant. The pre-hydration process in the specific case of the Bolafos-
Campobecerros tunnel was of 24 hours duration.
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5.1.4 Retarding and fluidifying agents

The purpose of this family of ingredients is to reduce the setting of the
component A, to extend the workability up to 72 hours (this time lapse is
considered the maximum break required for non-extraordinary machine
maintenance) and to reduce the flowability.

The dosage of the retarding/fluidifying agent and the adding order in the
procedure is very important and it should be carefully calibrated. For example, an
excess in the dosage could lead to an accelerating effect (Youn et al., 2016), or
changing the adding order in the procedure (without changing the dosage) can
give strongly different results (personal laboratory experience). The most common
products are based on phosphate, sucrose and phosphorous acid. A very
interesting image is shown in Pellegrini & Peruzza (2009), where the authors
stated that “natural sugar solution” was used as retarder.

The only problem with this ingredient is that chemical suppliers never divulge
the real composition of their product.

5.1.5 Accelerator

The accelerator is the only ingredient of component B. In the backfilling
technology, in my personal experience, only sodium silicate based accelerators are
used. These types of accelerators are part of the wide group of alkaline silicate
accelerators, also called water glass (Flores, 2015). On the market, different
accelerators are available, composed of different water solutions of sodium
silicate.

Adding an accelerator to the component A leads to a forced initiation of quick
setting. Youn et al. (2016) introduced two different types of accelerator: the first
brings forward the start of setting and the second boosts the initial hardening.

That research also highlights how, by increasing the volume percentage of the
accelerator in the mix design (without changing the component A), the final
strength of the grout increases too.

Sodium silicate based accelerators are used both in conventional excavated
tunnelling (applied in the shotcrete) and in mechanised tunnelling (just used in the
backfilling process). However, the products may be different: while the shotcrete
process commonly uses alkali-free products, in the mechanised process stronger
chemicals provide higher performance with lower dosages (due to the fact that the
backfilling is performed mechanically, without the risk of worker injuries from
contact with the accelerator, which is commonly strongly basic — pH=13).

Unfortunately, the composition of these chemical products is covered by
industrial secrecy. However, Table 5 summarises the information provided by
Pellegrini & Peruzza (2009) concerning the accelerator product used in the Sao
Paulo metro project. In this work, further information regarding the increase of the
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gel time as a function of the increasing accelerator dosage is reported (seemingly
illogical, this aspect will be examined in more depth in the next chapters).

Table 5 - Sodium silicate properties of accelerator used in Sao Paolo metro project (Pellegrini &
Peruzza, 2009).

Density at 20 °C (° Baum¢é) | 38
Viscosity at 20 °C (cP) 40
Content of solids (%) 34.4
S102/NazO ratio 3.22
Unit weight (kg/L) 1.355

5.2 Innovative ingredients

In this paragraph innovative ingredients used in the two-component
technology are analysed. Basically, all of them have come from the world of
concrete, consequently their application is strictly for component A production.
Concerning fly ash and stabilising polymers, the path from the laboratory
experimentation to the construction site is completely covered, while for blast
furnace slag the laboratory study is still ongoing.

5.2.1 Fly ash

Fly ash is an ingredient that came into the two-component technology directly
from the classic concrete world. In concrete, fly ash operates both as a filler
(physical contribution) and from a chemical point of view. Specifically, by
replacing some part of common Portland cement with the addition of fly ash, the
latter takes part in the concrete reactions, leading to better performance of the
final grout in terms of:

a) less hydration heat: less Portland cement in the mix leads to less
production of tricalcium aluminate and tricalcium silicate. These reactions
produce the biggest part of the hydration heat;

b) higher waterproofing;

c) greater fluidity for fresh concrete, meaning the reduction of the w/c ratio
by fixing a certain fluidity. Consequently, better performance in terms of
strength is obtained.

As previously described, since tricalcium aluminate and tricalcium silicate are
involved in the two fastest reactions, their reduction slows the development of
strength at short curing times (1-7 days). Regarding this last statement,
controversial information is reported in Ivantchev & Dal Rio (2015) in case
history n°17. According to the authors, the choice to use a special cement with a
certain percentage of fly ash in the matrix (20% fly ash and 80% Portland cement)
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was made expressly in the light of the better performance at a short curing time (1
hour).

Furthermore, this paper also highlighted how the presence of fly ash in the
cement matrix led to a slightly longer gel time (about 2 seconds). In the scientific
literature, unfortunately only one case history reports the use of fly ash as a
separate ingredient (i.e. not premixed with cement) in the two-component
technology: Camara (2018) in case history n°15 points out how, by using a dosage
per cubic metre of fly ash equal to 80 kg and only 40 kg of cement, the grout
performance is aligned with other case histories, it being understood that the
uniaxial compressive strength of 4 MPa reached at 28 days of curing time is
plainly above average.

5.2.2 Stabilising polymer for cementitious grouts

Nowadays, the use of polymers expressly designed for the stability of
component A is starting to spread at specific construction sites. Specifically, in
countries where for environmental or for logistical reasons the use of bentonite is
impossible, these chemical products still permit the successful application of the
two-component technology.

Obviously, the chemical nature of this ingredient is a commercial secret.

5.2.3 Blast furnace slag

The use of blast furnace slag as an ingredient in the two-component
backfilling technology is not currently used. However, although the scientific
literature reports no case histories using blast furnace slag, at the laboratory scale
tests have started to be performed.

Schulte-Schrepping & Breitenbiicher (2019a) highlighted that combining
hydraulic cement and blast furnace slag leads to the formation of a hybrid binder
that can be used for the backfilling process performed with the two-component
technology. The authors report outcomes concerning the enormous increase in
strength and stiffness compared to classic two-component grout based on cement.
Furthermore, by using blast furnace slag the final grout shows better resistance to
chemical attack and finally also the workability of the component A appears to be
improved with respect to the classic technology.

5.3 Key concept

KEY CONCEPT 6: The two-component technology is based on the reaction
between two components. Component A is made up of cement, water, bentonite
and chemical agents (retarding/fluidifying agent), although in recent years also
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fly ash and blast furnace slag are being tested in order to improve the final
parameters of the grout. Also the study of replacing bentonite by using suitable
polymers is ongoing. The component B is an accelerator composed of a silicate
solution.

Although the hydration process plays a key role in the hardening of the two-
component grout, no information concerning the exact chemical reactions
between components A and B is available. Moreover, no information concerning

the chemical compositions of the accelerator and the retarding/fluidifying agent is
available.
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Chapter 6

The experimental approach: the
key for the two-component grout
study

The purpose of this very short chapter concerns my desire to provide the
clearest vision of the whole work performed during these last few years. This
research covered different aspects concerning the two-component backfilling
technology, often markedly different. The one concept that led me in this research
was to “find something useful, find something that will help the backfilling
stakeholders in their work”.

In these years of research, I had the pleasure of analysing different numerical
models concerning tunnels, and specifically regarding two-component grout. Very
often I focused my attention on the parameters used for modelling the two-
component grout: frequently the parameters were estimated according to
analytical equations, without a real reference concerning any basic laboratory
study; at other times the parameters were estimated according to the concrete
(obviously better known, but completely different). In both cases, I always had
doubts about the real validity of a perfect geometrical numerical model based on
parameters pertaining to such an unknown material as two-component grout.

According to these concepts, I developed my tests and outcomes were
obtained. In truth, the whole research path was not completely clear from the
beginning, but the more time I spent working on the two components, the more
interesting questions arose. Not all of them found answers: in certain cases there
was not enough time, in other cases tests were scheduled and samples were
produced, but Covid-19 meant that they were never performed (especially tests
needing to be carried out after curing times longer than 1 year).

In conclusion, in this short chapter I wish only to point out the experimental
nature of the work performed. The parameters that I decided to investigate, such
as the elastic modulus or the shear strength, have never previously been studied.
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The scarcity, and in certain cases, the complete absence of previous works led me
to the difficult task of identifying, among the huge number of technical standards,
those most suitable for two-component grout. On top of that, due to the
evolutionary nature of the material studied, sometimes the same parameter was
assessed according to different standards as a function of the short or long curing
time.

In the next chapters, the experimental section of my PhD research will be
presented. Three different main areas can be recognised:

1. preliminary tests — procedure validation: chapter 7;
2. pure experimentation: chapters 8, 9, 10, 11, 12 and 13;
3. greater depth concerning raw ingredients: chapters 14 and 15.

The first step was to establish a warranty aimed to ensure that all the
subsequent developments were founded on “real” samples of two-component
grout. After drawing up and testing a laboratory procedure that enabled me to
produce a “real two-component grout” with properties comparable to those of a
grout really produced on a construction site, I focused my attention on issues
raised by all the two-component stakeholders and by my personal curiosity, issues
currently without answers or with unsatisfactory answers in the scientific
literature.

Each chapter is organised by introducing the scientific gap (or the lack), the
idea for filling it, the tests performed and their results, and finally the discussion,
followed by the key issues (very short sentences aiming to summarise briefly the
new findings/innovation introduced). Specifically for chapters where innovative
tests are addressed, a special paragraph named “Additional information” has been
added, in order to provide, for potential future researchers, further details
regarding tests, personal feelings experienced during the tests, failed tests etc.
These paragraphs have been included in the thesis because, in my opinion, even
unsuccessful research experiences should also be shared with the scientific
community.

Before starting, some final information for readers: when not expressly
reported, the curing time of 1 month is intended as 28 days.
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Chapter 7

Production of a *“real” two-
component grout

The content of this chapter has been published in the papers Todaro et al.
(2019) and Todaro et al. (2021). In this chapter all the results obtained during the
first part of the research path are summarised. After the conclusion of this first
preliminary phase, I developed a critical eye that has enabled me to better
understand the issues concerning two-component grout that need to be
investigated in greater depth.

7.1 The idea

Although the two-component backfilling system is becoming the most
frequently used method for performing annulus backfilling, no standardised path
for the grout assessment is yet available.

Taking into account the key concept 5 expressed in paragraph 3.3 and
remembering the usual prescribed features that a suitable two-component mix
should satisfy in terms of pumpability and workability (flowability), stability, gel
time, and strength at both short and long curing times, a standard laboratory
scheme that clearly expressed tests that should be performed is not provided in the
scientific literature (1% gap). Furthermore, there is no information regarding a
procedure that might be able to produce, at the laboratory scale, component A (2"
gap). It has been explained previously that component B is provided directly from
the chemical industries supplier, whereas component A has to be produced in a
batching phase. Thereby, another aspect should be addressed, namely how to
produce a component A similar to the one produced at the construction site and
what engineering instruments could be used for the comparison.

In conclusion, a research path was scheduled and can be summarised in 5
steps, as follows:
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Step 1: draw up a laboratory procedure to obtain a good quality component A,
starting from the necessary raw materials;

Step 2: draw up a test procedure able to assess the grout properties, according
to the requirements described in paragraph 3.3 and the state of the art;

Step 3: choose at least 4 mix designs to perform a preliminary test campaign.
Draw first considerations on the dependence of the parameters on the mix design
dosages;

Step 4: carry out a construction site test campaign. The same mix design as in
the laboratory was followed but component A was produced by using a
turbomixer. The same tests described in Step 2 were performed;

Step 5: compare the laboratory procedure outcomes and those at the
construction site in order to evaluate the reliability of the laboratory procedure to
manufacture a component A similar to the one produced using the construction
site turbomixers.

7.2 Development of a laboratory procedure for
component A production

The importance of obtaining a component A with similar properties to the real
component A produced at construction sites is considered of crucial importance,
and may be the most sensitive phase of the whole research.

The first issue that has been taken into account concerns the mixing phase.
Component A (water, bentonite, cement and retarding/fluidifying agent) requires
a high mixing energy. For this purpose, an AM 20-D ARGOlab Overhead Stirrer
(Figure 32) was selected as the laboratory mixer.
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Figure 32 - AM 20-D ARGOIlab Overhead Stirrer.

The second issue that was taken into account concerns a suitable impeller,
with the appropriate shape and able to mix all the ingredients carefully,
guaranteeing the right turbulence. Three different impellers were used and the
choice of the best one was based on the quality of the results. The three impellers
were tested by fixing the same parameters for each test in terms of:

a) the amounts of ingredients (in this phase only water and bentonite
were used);

b) geometrical aspects (tank dimensions and the distance between the
impeller and the tank bottom);

c¢) rotation speed of 2000 rpm;

d) duration of the mixing phase equal to 7 minutes.

Consequently, three different qualities of bentonite slurry were obtained. The
choice was made by checking for the presence of lumps. Figure 33 depicts
impellers that did not produce a suitable result, while Figure 34 shows the
impeller that mixed the tested ingredients best, without the presence of lumps in
the slurry obtained.
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Figure 33 - Impellers discarded because of a low component A quality.

Its main geometrical dimensions, suitable for reproducing a similar impeller,
are also reported in Figure 34.

10 mm

14 mm

Figure 34 - Officially used impeller.

The duration and the order of each mixing step were defined following the
advice of Mapei experts. Before listing the final procedure, some further details
should be highlighted, resulting from a huge number of calibrating tests:

a) the bentonite must be dry, so no pre-hydration process was taken into
account;

b) the mixing tank should have a diameter/height ratio not less than 0.66;

c) the ratio between the tank volume and the obtained mortar volume should
range between 2 and 3;

d) the impeller should be able to create the right turbulence so as to
homogenise the mortar properly. The impeller should be similar to the one
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depicted in Figure 34, or in any case it should feature sloping blades that
ensure a mixing with good turbulence;

e) the impeller must be fixed to the stirrer in such a way that the blade skims
the tank bottom, without touching it;

f) the ratio between the impeller diameter and the mixing tank diameter
should be close to 0.5.

In conclusion, in Table 6, the procedure defined for component A production
is presented.

Table 6 - Procedure for component A production (Todaro et al., 2019).

Impeller .

. Duration

Operation rotation speed (min)

(rpm)

Fill the tank with water and start the mixer 800 /
o . from 800 to 2000 0.5
Add the bentonite, increasing the propeller speed at a constant rate rom 200 (;) 6.5

Add the cement 2000 3

Add the retarding/fluidifying agent 2000 2

Beforehand, it is very important to weigh and prepare all the raw materials
needed, according to the mix design under testing. Previously, the mixing tank
with the right amount of water must be located under the stirrer, centrally,
whereupon the impeller must be locked onto the stirrer. The best way to conduct
this operation is to put the impeller in contact with the tank bottom and then raise
it slightly, for a small space necessary only to avoid a scratching noise; after that
the impeller can be locked in position. Initially, the stirrer engine can be activated,
setting up a rotation speed close to 800 rpm. After that, the powdered bentonite
can be added, dusting it constantly but not slowly, as this operation must be ended
in 30 seconds. Before long, the rotation speed has to be increased to 2000 rpm; the
activating phase of the bentonite is thus started, with a duration of 6.5 minutes.
Subsequently, the concrete is added. It is suggested not to pour the whole amount
in at once in order to avoid water spurts and impeller speed fluctuations. The
mixing continues for a further 3 minutes, whereupon the retarding/fluidifying
agent is added and the procedure ends after another 2 minutes of mixing. Finally,
the stirrer engine is switched off. Figure 35 shows a photo of the mixing phase.
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Figure 35 - Laboratory mixing phase.

With our equipment, no more than 3 L can be produced in one batching
operation. The manufacturing of a larger amount of component A in a single
batching operation was tested but unsuccessful because of inhomogeneous results.

The order of adding ingredients should be strictly followed. Since the
bentonite must be the first ingredient used because of the time needed for the
hydration process, the only possible order change is between the concrete and the
retarding/fluidifying agent. Tests performed with this alternative order highlighted
a non-negligible loss of fluidity and completely different outcomes in terms of the
Marsh cone test.

7.3 Development of a testing procedure

The project of a mix design always starts in the laboratory. The first reports of
tests were reported in Bezuijen et al. (2005) and in Bernett (2008), where a rough
and poorly detailed list of potential assessments for testing the two-component
grout are mentioned. EFNARC (2015) is the first reference to suggest the use of a
Marsh cone for the component A workability and pumpability. Pellegrini &
Peruzza (2009) introduced the prescription of the opening of the funnel, equal to
4.76 mm, and the volume of the cylinder for the bleeding assessment, equal to 250
cc. Antunes (2012) proposed a testing protocol based on ASTM international
standards. He highlighted how the flowability could be assessed according to
ASTM (C939-10, but the prescribed funnel with an opening of 12.7 mm was in
contrast with previous prescriptions. Also, for the gel time assessment, there are
inconsistencies between different authors. Furthermore, information reported by
Novin et al. (2015), Zarrin et al. (2015), Flores (2015), Dal Negro et al. (2014a),
and Shah et al. (2018) concerning laboratory experiments was also taken into
account.
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The testing procedure set up was based on a comprehensive scientific literature
review. The proposed tests were chosen taking into account the robustness of their
application (how many authors used them in laboratory/construction sites) and the
possibility of easily performing them at the construction site (without the
“protection zone” typical of a scientific laboratory). This last aspect was of
paramount importance, and in fact the need to repeat tests with a certain frequency
in “hard conditions” was always kept in mind.

The testing procedure was organised in three groups:

e tests on component A;
e gecl time assessment;
e tests concerning the gelled/hardened grout,

A specific paragraph has been dedicated to the samples production and the curing
modalities.

7.3.1 Tests on Component A
7.3.1.1 Unit weight assessment

The unit weight assessment was the first test aimed to check expeditiously if a
certain mortar had been manufactured according to a certain mix design. A large
deviation between the expected value and the measured one highlights potential
batching phase mismanagement or problems, or nonconformity of the raw
materials with respect to the mix design.

The unit weight can be assessed using a mud balance. The instrument is
composed of a steel rod, equipped with a cup on one side and a cursor weight on
the other (Figure 36). When there is equilibrium between the cup full of mortar
and the cursor, the unit weight can be red. The perfect horizontal alignment of the
rod can be verified by a spirit level.

Figure 36 - Mud balance used.
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Alternatively, mainly in the laboratory, the unit weight can be assessed also
by using a volumetric flask and a high-precision scale. In our case, a 250 mL
volumetric flask (Figure 37) and a Kern 572-39 scale (precision = 0.01 g) were
used.

Figure 37 - 250 mL volumetric flask used for the component A unit weight assessment.

In this case, the flask was filled slowly till the liquid volume reached the
notch. After that, a time lapse of 5 minutes allowed any air bubbles trapped in the
mortar to rise and leave the liquid. Thereupon, a second volume check was carried
out and, if necessary, further component A was poured till the notch was
completely covered. Only after that, the weight could be measured and,
considering the net weight, the unit weight was computed as the ratio on the
volumetric flask volume.

Independently of the method used, at least three different determinations were
performed. The tests were carried out on fresh mortar (component A is considered
fresh if produced not more than 1 hour before).

7.3.1.2  Flowability assessment

The flowability is the parameter used to guarantee the pumpability and
workability of the component A. According to UNI 11152:2005, paragraph 13,
the flowability assessment performed using the Marsh cone provides an empirical
value of the mortar viscosity, expressed as the time needed by 1 L of the mortar to
flow through the Marsh cone. The exit hole has a diameter of 4.8 + 0.1 mm.
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Figure 38 - Marsh cone test.

Figure 38 depicts the test phases, starting from the left. First, the Marsh cone
must be locked on its support stand. The cone is not equipped with an integrated
spirit level, so its horizontality must be validated with an external level. After that,
the component A should be slowly poured into the cone through the half circle
equipped with the metal grid, taking care to plug the hole. If lumps are trapped in
the grid, they must be removed. Only when the mortar level inside the cone
touches the metal grid, the hole plug can be removed and the time count started.
The tank under the cone has a marked notch highlighting the volume of 1L, and
when the flowed mortar in the tank reaches this level, the time is stopped.

The procedure foresees four different determinations, carrying out tests on the
fresh mortar, and after 24, 48 and 72 hours from manufacturing the component A.

Between one assessment and the next one (scheduled after 24 hours), the
mortar should be stored in a closed tank. As concerns the tests performed at 24, 48
and 72 hours, before starting, special care should be taken over the
homogenisation of the mortar, which must be tested as any bleeding phenomenon
action will cause a clear separation between the water and the other ingredients of
the mortar. The homogenisation operation must be performed manually, slowly
stirring the mortar with a rod for about 1 minute. Mechanised mixing for the
homogenisation was avoided because the potential effect of the strong
energisation on the fluidity cannot be controlled.

7.3.1.3  Bleeding assessment

The bleeding test aims to assess the stability of the component A. According
to UNI 11152:2005, paragraph 11, the bleeding value is a percentage value
computed as the ratio between the volume of the bleeding water (in the upper part
of the cylinder) and the mortar volume after a certain time of curing.

Beforehand, a suitable location protected from thermal shocks and mechanical
vibrations has to be prepared. Then, the mortar to be tested is slowly poured into a
graduated cylinder, till the 1L notch is reached, whereupon the cylinder is sealed
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watertight. After a certain time, the bleeding of a certain volume of water (Vwater)
occurs and the bleeding index can be computed as follows:

Vwater(ML)

* 100 3
Vimortar (ML)

Bleeding =

The Vmortar must be equal to 1L, while the Vyater must be measured.

The bleeding assessment was performed 3 and 24 hours after the component
A production. In specific cases, due to the weak stability of the tested mortar,
assessment at 1 hour was also carried out.

Figure 39 shows the beaker before sealing (on the left) and after the scheduled
time lapse (on the right). The bleeding phenomenon is highlighted with the red
arrow.

Figure 39 - Bleeding test. Before the counting starts (left) and after the scheduled time lapse (right).

7.3.2 Gel time assessment

The gel time evaluation is the first determination that foresees the use of
component B. Its concept was introduced with definition 1 or 2 in chapter 3.
Currently, no standard procedure for the gel time assessment is available.

In this work, a new procedure has been introduced with the aim of making the
operation easy and repeatable. Two plastic tanks with volumes of 0.4 L were used.
Beforehand, a fixed amount of 200 g of component A and the same amount of
component B (according to the mix design under study) are weighed and collected
in suitable tanks. After that, the mixing starts by pouring the component A into the
component B tank, and then the whole of the material from one tank to the other,
till the mix obtained is no longer able to flow. The time measured from the first
contact between the components to the loss of fluidity of the mix is the gel time.
The mutual pouring operations must be performed quickly (not less than 2
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emptyings per second). It is of crucial importance to start the test by pouring
component A into component B, otherwise the required turbulence will not be
reached. At least three different determinations must be performed, whereupon the
average is computed.

During trial tests, bigger amounts of components were used for assessing the
gel time but unsatisfactory results were obtained due to the inhomogeneous
mixing which caused an inhomogeneous gelling process to occur.

After the assessment of the gel time was obtained following the mix design
(i.e. the exact component B % reported in the mix design), a gel time test
campaign must be performed, with the aim of covering all the possible
construction site requirements. As several times underlined in earlier chapters, the
backfilling project can require a more complex management of the gel time,
foreseeing, for example, different gel times for different backfilling injection
lines. In order to meet these needs, a fixed volume of 0.4 L of final grout was
established as testing sample. Hence, components A and B were weighed
according to the proper unit weights in order to obtain samples of hardened grout
with the volume percentages listed in Table 7.

Table 7 - Percentages of both components used for the gel time campaign.

A (% by volume) | 96 94 92 90 88 86 84 82 80

B(%byvolume) | 4 | 6 | 8 | 10 | 12 | 14 | 16 | 18 | 20

For each percentage combination (9 cases), at least three determinations must
be carried out. Finally, a chart can be drawn up with all the outcomes, hereinafter
called the “gelling function”.

7.3.3 Samples production

The samples production was based on the standard EN 196-1:05, according to
which samples with dimensions of 40*40*160 mm were produced using specific
moulds.

It should be underlined that the samples manufacturing is quite a complex
process since the mould must be completely filled in a very short time, i.e. before
the end of the gelling process. Furthermore, each sample must be cast in a single
phase: if a double pouring is performed to completely fill the same mould, the two
separate layers of grout will never bond together and the sample obtained must be
discarded.

Beforehand, a sufficient quantity of component A and the computed amount
of component B (according to the mix design) must be prepared in two tanks.
Then, component A is poured into component B, the whole of the mixed liquid is
poured again into the other tank (originally for component A) and finally it is
poured into the mould. In Figure 40, four photos depict examples of the casting
phases of a single sample.
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Figure 40 - From left to right: component A poured into the component B tank, the mixed grout poured
again into the previous tank and eventually the sample casting. In the last photo the residual material on the
inner tank surfaces can be observed.

Concerning the calculation of the suitable amount of component A for a
successful casting, it is strongly discouraged to use a volume of only 0.256 L
(equal to the mould volume). It is suggested to increase the volume by at least
20% for two main reasons. Firstly, the turbulence generated from the mixing of
the two components causes many air bubbles that naturally start to rise upwards
(in the direction of the casting surface), but, due to the fast gelation process, could
be trapped inside the mortar. It was checked that when using exactly 0.256 L, the
casting surface was often characterised by different weak points due to the
presence of bubbles. An example of this can be observed in Figure 41, which
depicts a big bubble close to the casting surface. For this reason it is suggested to
overfill beyond the mould edge with a surplus of cast material, creating a sort of
“weak layer” on the top of the mould (where all the bubbles are concentrated).

Figure 41 - Example of a big air bubble tr‘apped inside the medium, close to the casting surface. Sample
discarded.

Secondly, another aspect that cannot be ignored regards the impossibility of
pouring into the mould exactly all the material inside the tank, again because of
the fast gelation process. Unavoidably, a gelled layer of grout (sometimes more
than just a layer) will be stuck on the tank’s inner surface (Figure 40, right).
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To conclude, the two abovementioned drawbacks can be avoided by preparing
a suitable volume of components, casting the sample and eventually scraping off
the excess volume with a spatula (Figure 42), thus removing the weak layer
characterised by a larger amount of bubbles. Trimming of the sample must be
performed within 1 minute after the casting because scraping the sample after any
longer time lapse can cause irremediable damage to the cast surface.

R : iy S A
Figure 42 - Samples cast calculating a bigger total volume of components. Bubbles are clearly visible on
the cast surface (left). Samples trimming performed with a spatula (right) allows the removal of the potential
weak points due to the presence of bubbles.

Immediately after the scraping, the count for the curing time starts. The cast
samples are sealed watertight using suitable plastic bags (in order to avoid
dehydration), located and protected inside the mould, and set aside far from
potential temperature shocks. If the scheduled curing time is less than 24 hours,
the plastic bags are simply removed and the test performed. Instead, if tests have
to be performed after 24 hours, after one day the samples are demoulded and
immersed in water. The curing water temperature was 23 £ 2 °C, the same as in
the laboratory.

7.3.4 Tests on hardened grout

Concerning tests on hardened grout, the compression strength was taken into
account as a reference parameter. Because of the lack of proper specific standards
for two-component grout, the standard EN 196-1:05, as mentioned in the previous
paragraph, was selected as the base reference although different adaptations were
needed due to the singular features of the two-component technology.

If a rigorous analysis is performed, EN 196-1:05 is not integrally applicable
for the two-component technology. Firstly, it is clearly underscored that this
standard cannot be used for mortar with a very short setting time. Secondly, the
standard refers to mortars composed of concrete and sands, mixed mechanically
by using certain specific kinds of mixers. Furthermore, a compaction process
using a flow table is foreseen. However, it is considered that this standard:

e is easy to follow;
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e is well-established and known in the tunnel engineering world (in fact,
before the worldwide use of the two-component technology, the most
frequently used backfilling technology was the mono-component,
which is a mortar with fine aggregates, tested successfully following
EN 196-1:05);

e despite the abovementioned incompatibility, is the one that normalises
the mortar, the most similar material to the component A (which is the
greater part of the hardened two-component grout);

In conclusion, for these three reasons, EN 196-1:05 has been used.

Concerning the technical prescriptions of the standard, two constraints have
never been respected. The first one pertains to the curing temperature of the
samples. Instead of 20 + 2 °C, the laboratory and the curing water temperatures
were 23 + 2 °C. Secondly, tests were not performed in load control mode with a
speed of 2400 + 200 N/s, but all tests were performed in displacement control
mode, with speeds differing as a function of the curing time (Table 8).

Table 8 - Compression strength test speeds.

Curing time | Displacement speed

3 hours 0.25 mm/min
> 24 hours 0.5 mm/min

Tests were performed using the frame for the compression strength test
(hereinafter also called “comprimitor”) and the frame for the three-point bending
tensile strength test (or alternatively, three-point flexural tests), as depicted in
Figure 43.

Figure 43 - “Comprimitor” (left) and frame for three-point flexural test (right) certified according to EN
196-1:05.
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A load cell of 5 kN was used for the load recording for all performed tests.

EN 196-1:05 suggests performing first the three-point flexural test to obtain
the indirect tensile strength and two half-samples. After that, both half-samples
can be successfully tested under the comprimitor. The comprimitor is equipped
with constraints to ensure that the sample is fixed exactly in position, with two
platens with dimensions of 1600 mm?, perfectly aligned, applying compression
stress to the specimen.

Some considerations are relevant to the choice of the press and the relative
test parameters. From the literature analysis and from the first preliminary tests,
the evidence of dealing with a “weak’ material (weak compared with the common
cement mortar) was clear. Consequently, considering the load speed required by
the standard and considering an application area of 1600 mm?, in terms of
strength, a rate of 1.5 MPa/s was judged much too high. Furthermore, there was
evidence that the two-component hardened grout exhibited a behaviour similar to
that of concrete only after 28 days, while for shorter curing times the material
behaves as a compacted clay. For all the other tests, a clear peak is not easily
identifiable on the stress—deformation graph; therefore, the modality of
displacement controls was preferred.

The press was kindly provided by the Geotechnical Laboratory of DISEG
(Politecnico di Torino).

From this point on, EN 196-1:05 is considered the standard, including the
above-mentioned changes.

7.3.4.1 Short-term tests

“Short term” or “short curing time” is defined as the first 9 hours after the mixing
phase (Todaro et al., 2020) although, with a view to mechanical tests, this range is
commonly reduced to the first 3 hours of curing.

In this phase, the grout material is more similar to a hard clay than a weak
concrete. According to this statement, ASTM D2166/D2166M-16 can be added as
a further reference for the choice of 0.25 mm/min as the compression rate. In this
regulation, the unconfined compressive strength of cohesive soil is normed, in
terms of total stresses. The main requirements not respected concern the sample
shape, which, according to the American standard, should be cylindrical
(minimum diameter of 30 mm and height-to-diameter ratio ranging between 2 and
2.5) while the chosen compression rates respect the prescriptions guaranteeing
that the test ends between 10 and 15 minutes.

For the short curing time, tests are performed 3 hours after casting of the
samples. After different trial tests, it was established that it was impossible to
demould samples before this curing period without irreparably damaging them.
This problem was overcome by using a polystyrene mould, which it was simpler
to destroy without stressing the sample.

Unfortunately, during the flexural test the samples were so weak that the
supports indented the sample surface, without splitting it (Figure 44).
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Figure 44 - Indentation phenomenon occurring on the central support of the flexural test frame.

Finally, in order to overcome all these drawbacks, it was decided to skip the
splitting phase by manufacturing specific moulds, suitable for obtaining proper
testing specimens after 3 hours (Figure 45).

Figure 45 - Mould for compression strength at 3 hours of curing.

The location of the plastic layers along the sample can be carried out roughly.
It is important only to be sure that at least the sample has a length longer than 40
mm. Consequently, not all the obtained samples had exactly the same lengths but
this aspect did not affect the test quality.

After the 3 hours of curing, the samples were demoulded simply by breaking
the mould. The specimens were tested and the uniaxial compression strength was
assessed.
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7.3.4.2  Tests after 24 hours

A curing time of 24 hours is not enough for carrying out the three-point
flexural test successfully, just as the tests performed after 3 hours.

Therefore, the two half-samples were obtained just by cutting each sample
with a blade. Then, the uniaxial compression strength was obtained.

7.3.4.3  Long-term tests

“Long term” or “long curing time” refers to tests performed after at least 28
days of curing, according to Todaro et al. (2020).

In this case, EN 196-1:05 was followed completely for the three-point flexural
test.

7.4 Preliminary laboratory test campaign

The preliminary laboratory test campaign was developed on four different
mix designs.

In the following paragraphs the outcomes of the previously introduced testing
procedure are reported. Concerning EN 196-1:05 applied integrally for tests at 28
days, the frame for the three-point flexural test was used for splitting the sample,
but the indirect tensile strengths were not computed.

Finally, some preliminary considerations on the dependence of the assessed
parameters on the mix designs are reported and discussed.

7.4.1 Mix designs

The same type of water and a highly resistant cement (Buzzi CEM I 52.5 R)
were used for all the mix designs. Two different kinds of sodium bentonite were
used and three different chemical enterprises were contacted for provision of the
chemical ingredients (retarding/fluidifying agents and accelerators). The mix
designs 1 and 2, prepared using the retarding/fluidifying agent and the accelerator
from the same supplier, differed only in the bentonite used. Table 9 summarises
all the mix designs used.

Pertaining to the bentonites, both were sodium bentonite but the degree of
purity (% of montmorillonite) was different (obviously not communicated by the
suppliers).
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Table 9 - Mix designs used in the preliminary test campaign.

Mix design 1 2 3 4
Cement (kg) 230 230 230 260
Bentonite (kg) 30 (type2) | 30 (type 1) | 28 (type 1) | 28 (type 1)
Water (kg) 853 853 819 819
Retarding/fluidifying agent (kg) 3.5 3.5 5 2.5
Accelerator (kg) 81 81 90 80

From the mix designs, the water/cement ratio and the percentage of the
accelerator per 1 m?® (considering the unit weights proper of each accelerator) can
be computed. As previously stated (chapter 4), the w/c is computed by weight,
while the accelerator dosage is computed by volume.

Outcomes are reported in Table 10.

Table 10 - W/c ratios and accelerator percentages per 1 m? (by volume) of the mix design used.

Wi/ec 3.71 3.71 3.56 3.15
Accelerator (%) 6.00 6.00 6.57 6.01

7.4.2 Unit weight
Table 11 reports the measured unit weights for the four studied mix designs.

Table 11 - Average unit weights for the four studied mix designs.

Mix design | Unit weight (kg/L)
1 1.15
2 1.17
3 1.19
4 1.22

7.4.3 Flowability

Table 12 summarises the measured values of flowability. All the mix designs
were tested just after the mix preparation and daily, up to 72 h.

Table 12 - Flowability assessed on the fresh mortar and on mortar collected 24, 48 and 72 hours after
batching. Outcomes pertaining to the four studied mix designs.

Flow time (s)

Mix design | Fresh mortar | 24 h |48 h | 72h
1 32 36.0 | 39.0 | 43.8
2 34.5 41.0 | 43.0 | 51.2
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7.4.4 Bleeding

Table 13 reports the bleeding values assessed after 3 and 24 hours for the four

studied mix designs.

Table 13 - Bleeding values assessed after 3 and 24 hours from the batching. Outcomes pertaining to the

four studied mix designs.

Bleeding (%)

Mix design | 3h | 24h
1 0.52 | 2.80

2 1.04 | 2.09

3 0.70 | 2.40

4 1.21 | 8.50

7.4.5 Gel time

For the gel time results, Table 14 reports data related to the component B
percentages for each mix design, i.e. the fixed amount of component A and B
reported in the mix designs (Table 10). Figure 46 shows the outcomes pertaining

to the four gelling functions.

Table 14 - Gel times pertaining to the four studied mix designs.

Mix design | Gel time (s)
1 11
2 8
3 10
4 7
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Figure 46 - Gelling functions.

7.4.6 Uniaxial compression strength

Table 15 reports the average UCS values assessed after 3, 24 hours and 28
days of curing related to the four studied mix designs. Figure 47 presents the
outcomes graphically.

Table 15 - Average values of the uniaxial compression strengths assessed after 3, 24 hours and 28 days
of curing.

UCS (MPa
Mix design | 3 hours | 24 hours | 28 days
1 0.32 1.04 1.50
2 0.35 1.04 1.64
3 0.24 1.05 1.52
4 0.23 1.09 1.21

Concerning the measurement precision, for all mix designs a standard
deviation close to 0.01 MPa was computed for the tests performed at 3 and 24
hours of curing. Pertaining to the tests carried out at 28 days of curing, the
outcomes were more scattered (irrespective of the mix considered), with a
standard deviation of about 0.1 MPa.
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Figure 47 - Uniaxial compression strength of the tested mix designs.
7.4.7 Comments

The tests showed that the unit weight of the component A is fairly constant.
However, there is a trend directly led by the w/c ratio, namely the lower the w/c,
the higher the specific weight. Considering mixes 1 and 2 (which are exactly the
same except for the kind of bentonite), it can be speculated that the bentonite
plays a role in the unit weight assessment.

Considering the bleeding assessment, the outcomes show that, except for mix
4, all the other mixes behave in a quite similar way, with values ranging between
0.52% and 1.04% after 3 hours and between 2.09% and 2.80% after 24 hours.
Comparing mixes 1 and 2, it is not possible to determine absolutely which is the
better bentonite for bleeding control; whereas after 3 hours mix 1 seemed to be
better, at 24 hours the result was reversed.

Concerning the flowability, it should first be noted that a variation of + 1
second is not significant. Thereby, starting from mix design 3, it can be deemed
that after a slight increase of the flow time in the first 24 hours, the mortar is
stable and exhibits no further viscosity increase until the end of the test. Mix
design 4, instead, exhibits a strong rise of the flow time in the first 24 hours and
this growing trend is confirmed also in the subsequent assessment till failure of
the test occurred after 72 hours. This could be explained by a wrong design of the
mix, particularly concerning the volume ratio between the retarding/fluidifying
agent and the cement. Taking into account mixes 1 and 2, it is possible to affirm
that the quality of the bentonite plays a role also in the flowability, since the
outcomes are different even though the mixes are substantially the same.

Regarding the uniaxial compression strength, the tests performed after 3 hours
of curing show a substantial equivalence between the different grouts. After 24
hours all grouts show values close to 1 MPa. Nevertheless, at 28 days the
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differences are marked, with a difference between the best mix (mix 2) and the
worst mix (mix 4) of 0.43 MPa. This evidence indicates that the w/c ratio is not
the only parameter that drives the UCS, and indeed the highest performance was
reached by mix 2, with the highest w/c. Furthermore, from the comparison
between mixes 1 and 2, it can be stated that the bentonite also plays a role in the
UCS.

Referring to the gel time, it should be noted that a variation of + 1 second is
not significant. Mix design 4, as well as mix 2, showed the fastest gelation
process, while the mix designs 1 and 3 are characterised by almost equal values of
10-11 seconds. Taking into account the gelling functions, it appears that while for
small component B percentages the outcomes are compacted in a range of 3
seconds, for bigger component B percentages the range widens, up to more than
10 seconds for the highest B %. In the light of these comments, the concept
expressed in key concept 5 seems clearer. A high w/c is not the only key for a
good overall performance, since all the ingredients have to be correctly measured
as a function of the desired result. The decision to test two mix designs that were
identical other than in the different bentonites was taken in order to provide an
example of key concept 3: replacing just one of the sample’s ingredients (keeping
the dosage constant) leads to different grout performances.

In conclusion, with the exception of mix 4, the other three were judged
potentially suitable. However, only one mix design was chosen for the
construction site test campaign. Because the UCS parameter was considered by
the building enterprise to be the most important, mix 2 was chosen for the next
research step.

7.5 Construction site tests

The test planning follows exactly the laboratory testing path, with one
exception for the component A, which was prepared by using the construction site
turbomixer. The raw materials used were taken from the silos located close to the
batching station.

7.5.1 Construction site: the batching

Component B was taken from the proper silo, while component A was
produced by using the batching station turbomixer. Figure 48 shows the
turbomixer display. Beforehand, the batching parameters, clearly visible on the
left of the display, were set up on the turbomixer, according to the dosages of mix
design 2.
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Figure 48 - Turbomixer display with mix design 2 set up.

The difference of 3 kg concerning the water dosage was set in order to
balance internal dosage fluctuations of the water metering. However, the
consequent divergence of 0.3% is negligible according to EFNARC (2005), which
set the threshold at £2%. Furthermore, the value of 0.3% is much lower than the
2.6% that was the threshold limit of the water dosage reported in Camara (2018).

The turbomixer had a rotation speed of 1500 rpm. The metering was based on
a weighting system for all the ingredients used for manufacturing component A.
The volume produced for each batch was 1 m?® (about 333 times the volume
produced in the laboratory) in 160 s (less than % of the time spent in the
laboratory). Table 16 lists the batching steps and their durations.

Table 16 - Batching station procedure for the component A production.

Operation Duration (s)
Water metering /
Bentonite addition and turbomixer activation (start of the mixing 120
process)
Cement addition 10
Retarding/fluidifying agent addition (end of the mixing process) 30

After the metering parameters were set up, a trial batching was performed,
after which the component A to be used for testing was produced.

7.5.2 Outcomes of tests on the construction site

All tests regarding the construction site context were carried out by using the
component A produced in the same batching operation. For the uniaxial
compression strength tests, samples were sealed and transferred to the Politecnico
di Torino laboratory, where the curing phase firstly and the testing phase secondly
were performed according to the laboratory testing procedure previously
described (paragraph 7.3). The bleeding test performed after 24 hours from the
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batching was the only one not performed personally. The result was
communicated by the engineers of the project management.

Table 17, Table 18 and Table 19 report the outcomes of the construction site
campaign. In order to simplify the comparison, also the laboratory outcomes are
reported.

Table 17 - Component A bleeding, gel time and unit weight assessments.

Bleeding
(%)
Component A produced in: | 3h 24h | Geltime (s) | Unit weight (kg/L)
Laboratory 1.04 | 2.09 8.0 1.17
Construction site 1.39 | 4.88 8.7 1.20

Table 18 - Component A flowability assessments.

Flowability (s)
Component A produced in: | Fresh mortar | 24 h |48 h | 72 h
Laboratory 34.5 41 | 43 | 51
Construction site 34 33 | 37 | 37

Table 19 - Uniaxial compression strength for hardened two-component grout.

UCS (MPa)
Two-component samples cast in: | 24 h (MPa) | 28 days (MPa)
Laboratory 1.04 1.64
Construction site 1.04 1.78

Concerning the measurement precision of the UCS tests, the standard
deviation is close to 0.04 MPa for 24 hours of curing, while for 28 days the
measurements are more scattered, with a standard deviation of about 0.1 MPa.

For reasons strictly linked to operative constraints, the uniaxial compression
strength tests after 3 hours of curing were not assessed during the construction site
test campaign.

7.6 Discussion

Starting from the component A assessment, it is possible to state that the
mortars produced in the laboratory and at the construction site are similar but
some differences are appreciable.

Considering the bleeding values, the component A produced in the laboratory
shows more stability: starting with a bleeding value of 1.04% at 3 h, after 24 h the
value doubles to 2.09%. For the mortar manufactured at the construction site,
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instead, the bleeding starting point is barely higher, with a value of 1.39% that
more than tripled at 24 h. The difference is confirmed also by the unit weight
assessments, which show a slightly higher value for the construction site
component A. Finally, the flowability assessment shows a considerably higher
tendency of the mortar produced at the construction site to preserve the initial
level of flowability and workability. The reason for these differences can be found
in the different ways of mixing, namely the different volumes produced and the
different mix durations. Considering that the bentonite is the main ingredient
responsible for the mortar stability, it can be speculated that the longer activation
process of the laboratory procedure leads to a more activated bentonite, namely a
more stable mortar.

Pertaining to the uniaxial compressive strength, a marked match can be seen.
Samples cured for 24 hours showed exactly the same UCS value, while those
cured for 28 days had slightly different values, although this difference was less
than 8%. However, it should be underlined that while for 28 days of curing the
standard deviations were equal, with values close to 0.1 MPa, tests performed
after 24 h on samples cast at the construction site exhibited a slightly more
scattered distribution than the laboratory ones.

Regarding the gel time, considering the intrinsic test accuracy, the values are
considered equal.

In conclusion, it can be summarised that the proposed laboratory procedure
obtained, at the smaller scale, a component A that was considerably similar to the
one produced in the batching plant of the construction site. The results obtained in
terms of component A characterisation, gel time and UCS are similar, except for
very slight differences that can be easily explained by, first, the completely
different mortar manufacturing and secondly the different testing conditions (i.e.
despite all efforts, conducting tests in an environment different from the
laboratory undoubtedly affects the quality of the outcomes).

7.7 Additional information

7.7.1 The unregulated penetrometer test

The impossibility of performing uniaxial compression strength tests after 3
hours of curing at the construction site opened a new scenario, focused on the
impossibility of ensuring that a certain mix design successfully fulfills the
technical requirements at short curing times when operating at the job site scale
(unless a suitable press is available at the job site). Furthermore, as reported in
Chapter 4, at many construction sites the UCS is required after only 1 hour of
curing.

This issue was overcome by introducing the penetrometer. The use of this
device is covered in more detail in the next chapters, but, in this context, a brief
introduction is provided and the outcomes obtained both in the laboratory and at
the construction site are shown (Table 20).
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The penetrometer is a load cell equipped with a circular bit. The force
required to penetrate the grout surface divided by the bit area provides a strength
value. Tests are performed at short curing times only (even if it is hard to carry
out tests after 3 hours of curing), by pressing the bit perpendicularly on the grout
to a depth of 5 mm. Samples are not demoulded but are tested inside their casting
mould.

In this research phase, the penetrometer used was an IMADA DS2-1000N
with a bit area of 134.7 mm? (Figure 49). At least three determinations were
performed for each assessment.

Figure 49 - IMADA DS2-1000N used for the penetrometer assessment.

Table 20 - Penetrometer strength assessment for gelled two-component grout.

Penetrometer strength (MPa)

Two-component samples cast in: | 1 h (MPa) 3 h (MPa)

Laboratory 1.00 1.38

Construction site 0.31 0.94

Considering the results reported in Table 20 and considering first the strength
assessed after 1 hour, the laboratory value is about three times the job site value.
Samples tested after 3 hours of curing show a smaller but basically non-negligible
difference. The main reason for this discrepancy can be spotted in the different
curing temperatures. In fact, while the samples tested in the laboratory were cured
at 2342 °C, at the construction site the temperature was about 10 °C less.
Although proper references are not available in the literature, this temperature gap
certainly influenced the strength development expressly at short curing times.
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7.8 Key concept

KEY CONCEPT 7: The procedure proposed by Todaro et al. (2019) allows
the production, at the laboratory scale, of a component A similar to the one
produced with the turbomixers at the construction sites.

The component A can be studied by assessing: the unit weight, the flowability
and the bleeding. The gel time assessment foresees the use of both components,
while the hardened grout can be tested with a laboratory press computing the
UCS.

From the preliminary results, it can be stated that, although in the scientific
literature the UCS values have always been linked with the w/c values, also the
bentonite plays a role in the compression strength, in addition to influencing the
viscosity and the bleeding. Concerning the studied mix designs, three of them
provided suitable results according to the situation-specific technical
requirements, but the builder chose the one that exhibited the highest UCS at long
curing times (the incompressible bubble theory did not determine the engineers’
choice).
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Chapter 8

Short-term uniaxial compressive
strength

Once it was certain that a valid procedure for studying the two-component
technology at the laboratory scale was established, an open point remained from
the recently finished test campaigns: the uniaxial compressive strength at short
curing times assessed by using the penetrometer.

The content of this chapter is partially taken from the published paper Todaro
et al. (2020a).

8.1 The issue and the state of the art

The need to assess the uniaxial compression strength at short curing times is
crucial if we take into account that during the continuous process of mechanised
tunnel excavation, the ring just locked with the backfilling material must bear the
weight of the successive segments and the weight of the machine backup,
commonly in just 1-2 hours.

This concept is clearly expressed by all the requirements of the mix designs
reported in Chapter 4, where a provision concerning the short curing time is
present throughout. In order to fulfil these requirements, Peila et al. (2011) and
Pelizza et al. (2012) suggested the use of a pocket penetrometer, but no more
information is provided on how to use it, its advantages and/or limitations. Dal
Negro et al. (2017) was the first work to clearly introduce the use of the
penetrometer for assessing the mechanical strength at short curing times in a
checking protocol. Antunes (2012) underlined that contractors and designers
typically specify the early strength of the grout, but the operation is difficult as
there is no directly applicable ASTM standard. However, nowadays the use of
penetrometers is spreading at many construction sites, applied both in the mix
design testing phase and in daily checking protocol, although its use is not
officially regulated.
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In general, the use of penetrometers is faster and simpler than a compression
testing machine (a device also more commonly called a laboratory press, or
simply a press). Furthermore, tests can be carried out on samples cast in moulds of
different shapes. However, can the penetrometer replace the press? Can the
penetrometer be successfully used for assessing the uniaxial compression strength
at short curing times? These were the crucial issues. Moreover, Antunes (2012)
stated that by comparing the two approaches for obtaining uniaxial compressive
strength values using a penetrometer and a press, the outcomes are different. More
particularly, it can be stated that the outcomes are different physical quantities
although this aspect is often not recognised or is ignored. Often, the two types of
test are considered similar, and consequently the outcomes are confused,
overlapped or wrongly correlated. Furthermore, the absence of a clear standard
procedure for the use of penetrometers on two-component grout should be
highlighted.

8.2 The idea

Firstly, a procedure for the use of penetrometers was drawn up. Secondly, a
double test campaign was scheduled using the penetrometer and a standard
laboratory press, choosing the same curing time for both determinations. All
samples were obtained following the same mix design and the outcomes were
correlated. The desired result consists in computing a correlation factor that is
able to provide an estimation of the UCS starting from penetrometer
determinations.

8.3 Materials and test procedure

The component A and samples were manufactured according to the
procedures set out in the previous chapters (paragraphs 7.2 and 7.3.3).

Starting from the official standard regulations for concrete, an innovative
procedure for testing two-component grout at short curing times with the
penetrometer was devised. Subsequently, a time testing path was scheduled: tests
performed after a curing time of 60, 65, 70, 90, 100, 120, 125 and 180 minutes
were programmed to be carried out following both the penetrometer procedure
and the press procedure. The irregular time scheduling was for technical reasons
(demoulding, sample checking and sample testing). Consistent with the available
raw materials, five test campaigns were carried out. For the penetrometer tests,
five samples were tested for each time, obtaining three assessments for each
sample, i.e. 15 strength values for each curing time were available for
computation of the average value. For the press tests, five samples were tested for
each curing time, thus obtaining five strength values available for computation of
the average value.
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8.3.1 Apparatus

The test campaign was carried out using a penetrometer SAUTER GmbH
Ziegelei 1 D-72336 Balingen digital model dynamometer (max force of 1000 N,
0.5 N of resolution) equipped with a flat circular bit, with a thickness of 5 mm and
an area of 177.9 mm? (Figure 50).

[ 13 1
2336 Balingen digital model dynamometer (left) and bit

Figure 50 - SAUTER mbH Ziegelei 1 D-7
details (right).

The compression testing machine used was a Wykeham Farrance, commonly
used for clayey soil. The machine works in displacement control modality with a
speed displacement ranging between 0.001 and 1 mm/min. An LVDT sensor was
used for recording the vertical displacements, with the purpose of better
identifying the peak of the obtained functions.

8.3.2 Penetrometer tests: the surface compressive strength

The penetrometer is not an innovation in the civil engineering field; indeed it
is usually applied for assessing the setting time of concrete. So, beforehand, a
study of the available material concerning the penetrometer used was performed
in order to better understand if its application would be useful for our purpose.

ASTM C403/C403M-16 can be taken as reference. This standard refers to
concrete, composed of cement and aggregates, and for testing concerning the
setting time, it should be previously passed through a 4.75 mm sieve. It is evident
that this provision is strictly linked to the nature of the concrete, but obviously it is
not the only one. Indeed, for example, other prescriptions like the consolidation
process of the mortar performed by stroking of the mould, or the removal of
bleeding water from the casting surface during the curing time are clearly
phenomena of the concrete itself (the mixed two-component grout does not
require strokes for consolidation and never exhibits bleeding water on top of the
casting surface after gelation). Furthermore, the technical standard does not
foresee the use of only one kind of penetrometer bit (in the document these are
called needles) but different dimensions are available and the choice is a function
of the curing time (i.e. as a function of the expected strength).
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It is known that two-component grout is a material different from standard
concrete, but some prescriptions reported in ASTM C403/C403M-16 were
adopted to devise an innovative procedure suitable for testing the two-component
grout.

Some changes to the ASTM regulation were made about the bit area and its
penetration thickness through the tested material. In particular, the required depth
of 25 mm was reduced to 5 mm. This reduction was to avoid having to consider in
the computation also the shear strength that potentially developed on the lateral bit
surface. Furthermore, considering that the samples for testing must be cast in a
mould according to EN 196-1:05 (mould thickness of 40 mm), by penetrating
only 5 mm the negatively board effect due to the mould bottom can be
successfully avoided (preliminary tests showed this).

After these preliminary but fundamental considerations (and divergences from
ASTM C403/C403M-16), the test could be run. First, the mould containing the
specimens to be tested must be located on a flat surface. Then, according to
ASTM C403/C403M-16, the dynamometer is equipped with the bit and placed
perpendicularly to the sample casting surface. Increasing pressure is applied
manually, trying to apply this as far as possible at a constant advancement speed.
The test ends after 10 seconds. During the test, the peak force (Fp-pen) is recorded.
Finally, by computing the ratio between the peak force (Fppen) expressed in
Newton and the bit area (Ap) expressed in mm?, it is possible to obtain a physical
quantity equal to the pressure, expressed in MPa (Equation 4). This quantity is
herein called the SCS (surface compression strength).

p—pen

F
SCS = A— (MPa) 4

b

In our case, Ap = 177.9 mm®.

Although ASTM C403/C403M-16 referred to the same quantity as
“penetration resistance”, it was decided to rename this pressure “surface
compression strength” (SCS) in order to underscore the implicit differences
adopted in the testing procedures. In particular, the ASTM procedures suggest the
use of different bits that, inserted for a length of 25 mm, lead to diameter/depth
ratios ranging between 1.14 and 0.18, while the adopted bit is flat and with a fixed
diameter/depth ratio equal to 3 when penetrated for 5 mm. Consequently, it can be
stated that the failure mechanisms are completely different: the shear strength
plays a non-negligible role for the ASTM procedure, while in the case of the SCS
the failure mechanism is more similar to a load-bearing capacity mechanism.

Some further practical information should be provided in order to carry out
the penetrometer test successfully on the two-component grout. These suggestions
are the result of a long trial and error preliminary study phase. In order to
maximise the number of potential outcomes without affecting the data quality,
considering each single cast sample according to EN 196-1:05, three different
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tests distributed along the cast surface of the specimen can be performed. Figure
51 depicts the testing scheme.
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Figure 51 - Scheme of a sample tested with the penetrometer and geometrical disposition of the bit
prints. Dimensions expressed in mm.

Although the central test has a bigger undisturbed space along the longitudinal
direction, both the other tests (performed nearer to the mould boundary) did not
show differences of value. In other words, the effect of the mould boundary on the
final result can be considered constant and does not change between the central
determination and the other two. In conclusion, for each sample three surface
compression strength values can be successfully obtained.

In order to better control the penetration of the bit for 5 mm, two steel guides
were designed and realised. Putting this steel guide across the testing sample and
suitably calibrating the distance between the bit and the penetrometer body, it was
possible to penetrate the grout for exactly the required length.

During the test campaign, the moulds used were made of rigid PVC.
Generally, it is required to use a rigid mould in order to avoid any deformation
due to the load application. Alternatively, polystyrene ones have been successfully
used, equipped with a rigid frame aimed to prevent deformations. Figure 52
depicts a testing phase. In this specific case, the polystyrene mould is locked by
the wood block device. Furthermore, the steel guide is visible.

96



Figure 52 - Penetrometric testing phase. In this specific case, the mould in polystyrene is locked by the
wood block device. The mould displacements are constrained. The steel guide leads the bit penetration to the
wanted length.

8.3.3 Press tests: the uniaxial compressive strength

The press tests were performed according to the procedure introduced in
paragraphs 7.3.4 and 7.3.4.1 (Todaro et al., 2020a).

In compliance with this procedure, the displacement rate was chosen as 0.25
mm/min. The outcomes of the tests were force—displacement graphs on which the
peak force Fypress can be identified. Using Equation 5, considering the Fppress
expressed in Newton, the UCS can be computed considering the comprimitor
platens area of 40*40 mm?.

F —pr
UCS = ﬁ (MPa) 5

8.3.4 Mix design used

The mix design used is reported in Table 21.

It is basically similar to mix design 2 of the previous chapter, but in this
context the water used came from Turin’s water network and the ingredients are
identified also by their commercial names and producers.
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Table 21 - Mix design used.

Ingredients E;j;%(;
Water 853
Component Bentonite Clariant Bentonil CV 15 30
A Cement Buzzi CEM 1 52.5 R 230
Retarding/fluidifying agent Mapei Mapequick CBS 1 3.5
Component B Accelerator Mapei Mapequick CBS 3 81

8.4 Results

Table 22 reports the outcomes in terms of average values.

Figure 53 and Figure 54 report respectively the strength trends as a function
of the curing time and the ratio between UCS and SCS, both as a function of the
curing time.

Table 22 - Outcomes of the short-term test campaign.

Curing time (h) | Curing time (min)| SCS (MPa) [UCS (MPa) [ SCS/UCS (-)
01:00 60 0.41 0.08 4.99
01:05 65 0.47 0.11 441
01:10 70 0.54 0.10 5.25
01:30 90 0.72 0.15 4.66
01:40 100 1.00 0.17 5.77
01:50 110 1.17 0.22 5.45
02:00 120 1.26 0.24 5.37
02:06 126 1.34 0.24 5.67
02:10 130 1.41 0.27 5.30
03:00 180 1.65 0.33 4.94

The tests performed with the penetrometer were characterised by a standard
deviation ranging between 0.05 and 0.20 MPa, while the UCS exhibited smaller
values, ranging between 0.01 and 0.05 MPa.
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Figure 53 - UCS and SCS trends related to the curing time.
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Figure 54 - Trend of SCS/UCS related to the curing time.

8.5 Discussion

Figure 53 clearly highlighted the marked difference between the functions of
SCS and UCS.

The SCS function exceeds the UCS one for each testing time. The difference
can be explained considering two aspects. Firstly, the failure mechanisms induced
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by testing are different, i.e. samples are broken in a confined way for SCS while
for the UCS there are no confinement forces.

Secondly, the SCS assessments were carried out on samples held in the mould
(no stress for demoulding), while the UCS samples must be demoulded to be
tested, and the demoulding operation, especially at very short curing times, could
apply stresses capable of damaging specimens.

Considering the testing precision, the scattered distribution of the results
pertaining to the SCS could be attributed to the smaller area of interest in the test.
Although all the previously described precautions were always taken during the
casting phase, it is evident that any hidden weak point near the testing area leads
to fluctuation of the results. Considering that for the UCS the active area is about
nine-fold larger, it is evident that the UCS is less sensitive to the possible presence
of weak points.

Considering Figure 54, it can be stated that the ratio shows an almost constant
trend, close to 5. This value is indirectly confirmed by Antunes (2012), referring
to a curing time of 1 h. In that paper, the author tested three different mix designs
to assess the UCS and the penetration resistance (according to ASTM C403-16).
The outcomes were summarised in a table, but computing the ratio between the
UCS and the penetration resistance confirmed the value of 5.

In conclusion, it can be stated that:

e the penetrometer is a useful equipment and simple to use both in
the laboratory and at construction sites. However, no standards are
available, so in order to perform reliable tests, the above-
mentioned guidelines could be used,

e the SCS and the UCS are different physical quantities. They must
not be confused and the results absolutely do not overlap;

e concerning this specific mix design, for curing times between 1
and 3 hours, the SCS and the UCS are correlated by a factor of 5.
This value should not be used indifferently for all two-component
mix designs, but it can be considered as a first reference value, in
order to estimate expeditiously the order of magnitude of the UCS
of a certain two-component grout.

e it is suggested that at least 15 tests should be performed using the
penetrometer in order to obtain an average value.

8.6 Additional information

This paragraph reports some brief considerations regarding the dimensions of
the samples used for assessing the UCS.

Before using the mould related to EN 196-1:05, bigger dimensions were
tested, with the idea of completely avoiding boundary effects and trying to
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perform tests without confinement effects. All the tests failed because the samples
broke with punching collapse (Figure 55 and Figure 56). Furthermore, without the
possibility of using a spatula, an additional difficulty was obtaining a suitable
surface for the SCS assessment, with many weakness points and/or irregularly
cast surfaces (Figure 56, right).

Al o e

Figure 55 - Cubic sample (150*150*150 mm) of two-component grout, demoulded, tested with the
penetrometer. Test failed.

Figure 56 - Prismatic sample (100*100*40 mm) of two-component grout, demoulded, tested with the
penetrometer. Test failed.

Only tests of samples held in the mould could be performed (Figure 57), but
successful casting of 3.375 L of two-component grout was very difficult (one
good sample per three attempts). Although such a big size ensures the absence of

mould boundary effects on the SCS assessment, this possibility was discarded due
to the unsustainability of the amounts of raw ingredients needed.
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Figure 57 - Cubic sample (150*150*150 mm) of two-component grout, tested with the penetrometer.

In conclusion, it was decided that introducing other mould shapes was not
advantageous and not aligned with the idea of a smart test performed using the
penetrometer, so samples according to EN 196-1:05 were chosen.

8.7 Key concept

KEY CONCEPT 8: The use of a pocket penetrometer is fundamental for
assessing the grout strength at short curing times (< than 3 hours), easily and
quickly. The measured strength (SCS), obtained by penetrating the circular bit to
a certain depth and shearing the peak force value on the bit area, is dimensionally
a pressure, but should nevertheless not be confused with the UCS. For the studied
mix design and by following the above-described procedure, the UCS can be
estimated by penetrometer test assessment using the following equation:

UCS=SCS/5t<3h
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Chapter 9

Shear strength

In this chapter the test campaign related to the shear strength of the two-
component grout hardened material will be described.

Two-component grout quickly changes its properties during the curing
process but no-one has ever highlighted this peculiarity by using the direct shear
test. The principal aim of the study is to develop a failure criterion that could
evolve with time, which may be of interest for the various stakeholders.

A special thanks to the geotechnical laboratory of DISEG (Dipartimento di
Ingegneria Strutturale, Edile e Geotecnica) of the Politecnico di Torino, especially
Dr. Oronzo Pallara for help in the development of the laboratory tests and Prof.
Guido Musso for suggestions on interpretation of the results.

9.1 State of the art

Shear strength can be considered as a recent issue in the study of two-
component backfilling grout. Few authors in the last decade have addressed this
topic and in the following the main concepts reported and a short review of their
works are presented.

The first reference to the shear strength of two-component grout can be found
in Antunes (2012). In this work, the author highlighted the crucial importance of
assessing the properties of two-component grout in the short term, these being the
information usually required by designers and contractors. The shear strength test
was introduced as a valid approach for fulfilling that requirement, as a substitute
or integration of the UCS or the penetrometer test; unfortunately, no results or
testing methodologies were reported.

Thewes (2013), with reference to annulus backfilling but without specifying
the technology, recognised the undrained shear strength as the most important
property for providing an immediate support of the rings. Furthermore, this work
underlines that the shear strength at short curing time never comes from the
cement setting but is due to consolidation or chemical reactions. Eventually, as a
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simple reference value for quick calculations, the value of 3—5 kPa of shear
strength is suggested. This work was the first to suggest also how to conduct the
tests, i.e., to present a methodology based on the cone-penetrometer.

Youn & Breitenbiicher (2014), reporting typical parameters for cementitious
grout applied to the annulus gap, listed a shear strength higher than 2 kPa,
commonly in the range of 5-10 kPa, 24 h after the mixing. This range is
considered as the minimal shear strength to ensure the avoidance of deformations
caused by the buoyancy forces applied to the rings. This paper focuses on the
influence of the dewatering phenomenon on the shear strength of mono-
component grout (as a function of different binder element percentages and
aggregates); however, very interesting information on the procedure for testing is
provided. DIN 4094-4 is used as a technical standard and a shear vane was pre-
installed in the testing sample at a depth of about 90 mm. Tests were carried out at
programmed times, ranging between 5 and 480 min after the mixing phase.

Mihner and Hausmann (2017) explained clearly the importance of assessing
the shear strength of the grout used for filling the annulus. They highlighted that a
newly assembled tunnel ring tends to float upwards in the injected mortar,
immediately after the injection, when the segments are out of the shield
protection. A simple scheme of the phenomenon is depicted in Figure 58. Three
areas can be identified: the machine (where the new ring is assembled), the mortar
fluid hardening area and the hardened mortar area. In the second one, the flotation
forces (uplift force) should be balanced by the ring dead load and the friction due
to the cylinder thrusting forces. Additionally, a sufficient shear strength exhibited
by the mortar should completely eliminate the flotation.

Mortar fluid to
hardening

Shield
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E Mortar hardened
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Thrust =
cylinder force |
Ring deadload
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l |
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Figure 58 - Scheme of forces system for rings (Méhner and Hausmann, 2017).

These authors introduced a calculation algorithm that, taking into account the
geometrical tunnel dimensions, mortar parameters and the machine advancement
rate, provides the value of the shear strength that is able to avoid any stress on the
ring joints. For the presented case study relating to a tunnel diameter of 10 m and
a mono-component mortar used as backfilling technology, a shear strength of 2
kPa was obtained as the minimum value that should be guaranteed. In addition to
the algorithm, the authors described also the laboratory study that was performed
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according to DIN 4094-4, using a shear vane and testing samples cured for times
ranging between 10 and 480 min after mixing. The value of 2 kPa was reached
after 67 hours.

The last reference (chronologically) is a paper published by Schulte-
Schrepping & Breitenbiicher (2019b). These authors designed and developed a
special device to simulate the annular gap grouting on a semi-technical scale.
After the grouting phase was performed using a common two-component mix
design, the shear strength was tested with a shear vane, according to DIN 4094-
4:2002-01. The outcomes showed a shear strength of 23 kPa after 40—50 min and
52 kPa after 90 min.

9.2 The issue

Mihner and Hausmann (2017) explained better than other authors the
importance of the shear strength of the material used for the backfilling. Their
performed and published study focused on the short curing time, testing the grout
by using a shear vane. However, no study has investigated a curing period of more
than 8 hours. In general, all authors used the vane test, obtaining the values of the
undrained shear strength.

The use of the vane test is certainly positive in allowing an easy procedure,
and it can be considered as undoubtedly correct at very short curing times (i.e. up
to 1 hour of curing). Nevertheless, some doubts arise considering longer curing
times. The output of the vane test is the undrained shear strength, as the test is
generally much too fast to ensure the dissipation of the water pressure. It can be
consequently deduced that the measured stress is due to two factors: the strength
of the material and the water pressure. Moreover, during the curing process, the
conductivity of the two-component grout changes (it can be deduced indirectly by
comparing the consolidation charts for different curing times). Consequently, the
role of the water pressure has a different weight in the measured undrained shear
stress as a function of the curing time. Therefore, vane tests performed at different
curing times provide as their outputs undrained shear strengths where the roles of
the water and hardened grout are not clearly separated.

In conclusion, the possibility was considered of finding a failure criterion for
the two-component grout, with the classic geotechnical approach to the material.
This research path was not chosen in order to cast a negative light on all the work
performed by other researchers, yet this possibility was warmly welcomed by
backfilling designers, who remarked on the utility of a failure criterion as an
innovative instrument for better projecting and calibrating the mix design.

9.3 The idea

A mix design was chosen for performing tests, yet the basic aim of this
chapter is not primarily to find numerical values but to try to devise a reliable
procedure, a methodology that can be used in future applications.
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The best approach for assessing the failure envelope of a material is to
perform triaxial tests. However, in the preliminary program phase, it was decided
to discard the triaxial tests, as the preparation and running time of this type of test
was much longer than the hardening reaction velocity of the two-component
grout, especially at short curing times. Consequently, the investigation of the
failure envelope and its evolution in time was scheduled by using direct shear
tests.

The last issue that required reflection was the modality to adopt for the shear
tests referring to the neutral pressure. The shear test was developed for testing
soils in drained conditions. Lancellotta (2001) stated that, as it is impossible to
control the real drainage flow from the sample during the direct shear test (for
technological reasons, the shear box is not equipped with pressure gauges), the
shear rate must be chosen to guarantee a drainage condition. It is also underlined
that if the drained condition is not guaranteed, the outcomes will be unreliable or
hard to interpret. The Mohr—Coulomb model was chosen for drawing the failure
envelope, this choice being made in view of the simplicity of use and
interpretation by designers.

According to these statements, tests were planned in an effort to guarantee a
drainage approach.

9.4 Materials and procedure

The component A and samples were manufactured according to the
procedures set up in the previous chapters (paragraphs 7.2). The sample
production was performed according to the procedure described in paragraph
7.3.3, with the exception of the mould shape. In this test campaign, cylindrical
moulds with a diameter of 50 mm and a height of 30.54 mm were used. The mix
design was the same as in the previous chapter, summarised in Table 21.

The shear tests were performed at 1, 3, 24 h and 28 days of curing time. Four
different vertical stresses were used in order to consolidate (firstly) and test
(secondly) the samples. In the absence of any references, the vertical strengths
were chosen close to the uniaxial compression strength of the two-component
grout cured for 3 hours (Table 23).

Table 23 - Vertical strengths used for assessing the direct shear tests.

o’ (kPa)
1 49.96
2 99.92
3 199.85
4 299.77
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9.4.1 Apparatus

For the shear test campaign, a Casagrande shear box with cylindrical samples
was used (¢=50 mm). The shear machine was equipped with two different
displacement transducers, to record both the horizontal and the vertical
displacements of the sample. Two different acquisition programs were written, the
first for the consolidation phase and the second for the shearing phase.

9.4.2 Summary of the technical standard and procedure

The direct shear tests were performed according to BS EN ISO 17892-
10:2018.

The standard is applicable in undisturbed, remoulded, re-compacted and
reconstituted soils. Depending on the type of the material, the standard allows also
the specimen fabrication; therefore, for our particular case, samples were cast
directly in the shear mould. Figure 59 depicts (from left to right): the moulds
pattern and the two tanks with the correct proportional amounts of component A
(the grey liquid) and component B (the transparent liquid), the samples covered
after the casting and the same samples after 3 hours, just before testing. It can be
seen that the uncovered material is completely cracked due to dehydration (the
same phenomenon could occur also if the samples were not properly sealed).

Figure 59 - From left to right: the moulds pattern and the component tanks, the samples covered after
the casting and the same samples after 3 hours, just before testing.

Beforehand, measurements of the samples density were assessed. Since
sample extrusion from the mould is difficult, the weights were measured without
demoulding, subtracting retrospectively the mould tares from the gross weights.
This operation was of paramount importance, being the only instrument
(excluding the visual check) able to recognise potentially wrongly cast samples.

The next step was to put the sample into the shear box. This operation was
performed particularly slowly and gently, with special care for samples tested

107



after only 1 hour of curing. Figure 60 shows photos concerning the demoulding
and insertion of the sample in the shear box, including in particular the sample (1)
in the shear box (2) and the push cylinder (3) under the pushing frame (4).

Figure 60 — Sample of two-component grout in the mould (left) and transferring phase of the sample
from the mould into the shear box (right).

After the sample allocation inside the shear box, all the shear equipment was
prepared: the shear box was fixed on the shear machine, the shear tank was filled
with water (mainly to prevent the dehydration process), the weights needed for a
certain axial strength were put on the load shaft (without yet applying the load on
the sample) and the acquisition software was run. After that, the consolidation
phase could be started, applying the load on the sample and running the
acquisition software. The output of the consolidation phase consists in the
determination of the maximum allowable rate of shear displacement (Viax).
Drawing a graph of the vertical displacement (d) and the square root of the time,
the time—settlement curve can be displayed. Recognising the two tangents on the
two main linear parts of the function, the primary consolidation time can be

assessed (\/t_c) as the interception of the line extensions (Figure 61). 7. is the time
that the water needs to drain from the tested sample.
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Figure 61 - Example of a time—settlement curve to determine the time for primary consolidation.

After that, the minimum time to failure # can be calculated by using Equation

tf:13*tc 6

and consequently, with Equation 7, the maximum allowable rate of shear
displacement vyax (mm/min) is obtained:

Umax = Sf/tf 7

Some further consideration pertains to the value of sy: this value indicates the
horizontal shear deformation at failure, and, without experience on the tested
material, can be chosen as equal to 1 mm. This value of 1 mm is confirmed also
by ETCS-ISSMGE (1998), which suggests this value for marly clay (the most
similar material listed in the technical rules).

After the choice of a shear rate (lower than vi.), the shearing phase can be
started. After each test, the Tpeak is obtained as:

- _ Tpeak
peak A

where Tpeak 1s the maximum shear force recorded during the test and A is the
integer sample area.

After each test, values of Tpeak and Gy’ allow the drawing of one point on the
failure criterion chart.

9.4.3 Shear test: 3 hours, 24 hours and 28 days of curing

Shear tests were performed at 3, 24 hours and 28 days of curing using the
same test parameters.

The calculation of the v« was based on the consolidation phase pertaining to
the case of 3 hours of curing, this being the youngest two-component grout
characterised from the slower consolidation process.
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After a consolidation phase duration of 10 minutes, the two different
consolidation functions were clearly visible (Figure 62) for all the o’ and
consequently the 7. was computed, ranging between 0.1 and 0.2. After that,
considering an sy equal to 1 mm, the vuax (choosing the more burdensome ¢.) was
computed equal to 0.43 mm/min. Finally, in order to compensate any possible
speed fluctuation of the machine, a shear rate (vs) of 0.132598 mm/min was set
(one third of the maximum allowable value). The duration of each shearing phase
until the shear peak ranged between 5 and 9 minutes.

After analysis of the outcomes, it was confirmed that the value of 1 mm used
for sy was realistic. The sy values obtained ranged between 0.7 and 1.2 mm.
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Figure 62 - Time—settlement curves related to samples cured for 3 hours.

9.4.4 Shear test: 1 hour of curing

Shear tests performed after 1 hour of curing were the most complex to
perform. This short curing time was not simple to manage because of the
following aspects:

e all the operations after casting had to be performed quickly;
e the samples were weak, so all the handling had to be carried out gently;

e the material was in the core time of evolution, namely the strength
parameters were growing very quickly (proven by the previous test
campaigns performed with the penetrometer and the press, chapter 8).

It was clear that for this curing time it was not possible to apply the same
shearing rate used for the other cases. Consequently, the durations of both the
consolidation phase and the shearing were fixed at 5 and 10 minutes respectively.
The consolidation phase started after 55 min of curing time, whereupon the
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shearing started. Considering for the shearing a maximum value of horizontal
displacement of 5 mm (chosen arbitrarily), the vy was calculated as equal to 5
mm/min.

The indirect approach for the determination of the shear rate was adopted in
order to guarantee the completion of the tests in a time compatible with the
required curing time of 1 hour. The possibility of carrying out tests potentially in
an undrained condition was known, but in fact, analysing the time—settlement
curve for 5 minutes duration, it was never possible to identify the \/t_c . As an
example, Figure 63 reports the time—settlement curve for the smaller c,’.

0 1 1 1 1 ]
0.5 1 1.5 2 2.5

-0.1 A

-0.2 A

-0.3 A

0.4 A

-0.5 A

6 verticali (mm)

-0.6 4

-0.7 A

-0.8 A

-09 -

radg(min)

—&— 0'v=49.96 kPa

Figure 63 - Time—settlement curve concerning the test carried out on two-component sample cured for 1
hour and tested with a vertical stress of 49.96 kPa.

However, waiting until the right value of \/t—c could be spotted was not
reasonable. For completeness, only one consolidation test was performed
completely, and a value of vuax equal to 0.01 mm/min was computed. Simulating
the use of this shear rate, also for a shearing distance of only 1 mm, a duration of
100 min was computed, which was plainly pointless for our purpose. Furthermore,
the value of \/t_c was strongly affected by the curing evolution of the sample, so
this approach cannot be successfully applied, as the system is in the fast evolution
phase.

Summing up, for shear tests performed at 1 hour of curing, each test was
accomplished in 10 minutes. The consolidation phase, with a duration of 5
minutes, was performed, starting after 55 minutes of curing. The shear rate was
set equal to 0.5 mm/min.

9.5 Results

In this section the following symbols are used:
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Table 24 - Symbols used.

Initial bulk density p (kg/L)
Effective vertical strength oy’ (kPa)
Max shear stress Tpeak (kPa)
Horizontal failure displacement | dnf (mm)

The initial bulk density (p) was calculated as the ratio between the sample
weight and its volume, before starting the test. The horizontal failure shear stress
displacement (Jnf) is the displacement corresponding to the max shear stress (Tpeak)
recorded during the shearing.

Each curing time has a dedicated paragraph below, which reports:

- a chart of the shear strength as a function of the horizontal displacements;

- a table summarising the outcomes obtained;

- a chart representing the Mohr—Coulomb failure envelope.

As concerns the last type of chart, the equation reported in the form y = o +
Bx was computed by using the linear regression method, which is able to provide
as output a slope value B and y-intercept a. These values were used for the
computation of the cohesion (c’) and the friction angle (¢’).

9.5.1 1 hour

After ending the tests performed according to the vertical strengths listed in
Table 23, the shear test campaign related to 1 hour of curing was extended
considering another three values of oy’. This choice was made after the unclear
trend obtained by plotting the preliminary outcomes. Specifically, values equal to
74.96, 149.88 and 249.81 kPa were added as further values of 6’.

In the following, the horizontal displacement vs shear strength and the shear
peaks values as a function of the corresponding effective vertical strengths are
reported in Figure 64 and Figure 65 respectively. Table 25 summarises the
outcomes obtained.
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Figure 64 - Shear stress as a function of the horizontal displacement. 1 hour of curing.

In Figure 64, the first consideration is the absence of peaks of shear strength
(the curves tend to asymptotes), while the second peculiarity concerns the chaotic
nature of the different functions. In particular, the curve that reaches the highest
values of shear strength can be seen to correspond to a vertical effective strength
of 249.81 kPa, which is not the highest one. Continuing, the curve with the second
highest values of shear strength corresponds to the vertical effective strength of
99.92 kPa, namely the third smallest value of ,’. Evidently, considering such a
short curing time, the load applied during the consolidation phase and preserved
during the shearing interacted significantly with the hardening process. As
reported in Table 22, after a curing time of 1 hour the UCS is close to 80 kPa.
Clearly, the mechanism of vertical loading during the consolidation phase is
different, having in this case the lateral confinement. However, at the current state
of the art it 1s impossible to neglect a priori the potential interaction caused by the
vertical strength on the sample for 1 hour of curing.

Table 25 - Outcomes pertaining to the direct shear tests performed at 1 hour of curing.

Test 1 |Test2| Test3 | Test4 | Test5 | Test 6 | Test 7
pkg/l) | 1.20 | 1.18 | 1.20 1.19 1.20 | 1.20 | 1.21
oy’ (kPa) | 49.96 | 74.94 | 99.92 | 149,89 |199.85|249.81|299.77
Tpeak (kPa) | 54.60 | 81.76 | 126.80|116.05| 85.70 | 160.97 |106.39

Onf (Mm) / / / / / / /

113



180 -
160 A [ ]
140 ~

120 A °

t (kPa)

80 A L
60 -

40 H

0 T T T T T T 1
0 50 100 150 200 250 300 350

6', (kPa)

Figure 65 - Diagram of outcomes pertaining to the direct shear test performed at 1 hour of curing.
9.5.2 3 hours

In the following, the horizontal displacement vs shear strength and the failure
envelope criterion are reported in Figure 66 and Figure 67 respectively. Table 26
summarises the outcomes obtained.
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Figure 66 - Shear stress as a function of the horizontal displacement. 3 hours of curing.

In Figure 66, the transition from brittle to ductile behaviour, i.e. peaks, is
clearly appreciable only for functions related to the smaller values of effective
vertical strengths, i.e. 49.96 kPa and 99.92 kPa. On the other hand, considering
the curve for 6y’ equal to 199.85 kPa, it can be observed that the curve tends to a
constant value close to 200 kPa for horizontal displacements ranging between 2
and 4 mm. Right after that, it seems that the function tends to increase slightly
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again, reaching the highest value of shear strength of about 219 kPa. Pertaining to
the choice of the peak, the asymptotic value of 200 kPa was deemed more correct,
and was consequently used for the Mohr—Coulomb failure envelope chart. A
similar situation can be seen for the curve related to the vertical effective strength
of 299.77 kPa, with a constant value close to 250 kPa reached in correspondence
to a horizontal displacement ranging between 3.5 and 4.5 mm. As in the
previously described case, the curve seems to rise for further displacements. The
peak value of 250 kPa was thus used for the Mohr—Coulomb failure envelope
chart.

Table 26 - Outcomes pertaining to the direct shear test performed at 3 hours of curing. For tests 3 and 4
the chosen Tpeak are the values reported after the arrows.

Test 1 | Test2 Test 3 Test 4
p (kg/l) 1.19 | 1.19 1.20 1.20
oy’ (kPa) | 49.96 | 99.92 199.85 299.77
Tpeak (kPa)|145.30|171.58 |218.79 — 200 |263.70 — 250
Onf (mm) | 1.00 | 1.15 / /
300 -
250 - y=0.4018x + 126.48..®
200 4 e e
= o
% 150 - IS
100 -
50 -
0 T T T T T T 1
0 50 100 150 200 250 300 350
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Figure 67 - Mohr—Coulomb failure envelope of the two-component grout at 3 hours of curing.

9.5.3 24 hours

In the following, the horizontal displacement vs shear strength and the failure
envelope criteria are reported in Figure 68 and Figure 69 respectively. Table 27
summarises the outcomes obtained.

The function related to the vertical effective strength of 99.92 kPa was
unfortunately not saved. However, the peak was manually recorded and
consequently the Mohr—Coulomb failure envelope reported in Figure 69 is
complete.
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Figure 68 - Shear stress as a function of the horizontal displacement. 24 hours of curing.

Table 27 - Outcomes pertaining to the direct shear test performed at 24 hours of curing.

Test1 | Test2 | Test 3 | Test 4
p (kg/l) 1.15 1.14 | 1.19 1.19
oy’ (kPa) | 49.96 | 99.92 |199.85|299.77
Tpeak (kPa) | 163.25]282.41|391.78|419.68
Onf (mm) | 0.69 | 0.97 1.04 | 1.21
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Figure 69 - Mohr—Coulomb failure envelope of the two-component grout at 24 hours of curing.
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9.5.4 28 days

In the following, the horizontal displacement vs shear strength and the failure
envelope criterion are reported in Figure 70 and Figure 71 respectively. Table 28
summarises the outcomes obtained.
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Figure 70 - Shear stress as a function of the horizontal displacement. 28 days of curing.

Table 28 - Outcomes pertaining to the direct shear test performed at 28 days of curing.

Test1 | Test2 | Test 3 | Test 4
p (kg/l) 1.17 1.19 1.18 1.20
oy’ (kPa) | 49.96 | 99.92 |199.85|299.77
Tpeak (kPa)|266.10|422.74 |449.66 | 523.81
Onf (mm) | 0.72 1.01 0.82 | 0.90
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Figure 71 - Mohr—Coulomb failure envelope of the two-component grout at 28 days of curing.

9.6 Discussion

9.6.1 1 hour

The tests performed after 1 hour provided outcomes that were hard to
interpret.

Firstly, considering Figure 62 and Figure 63, it can be stated that the # related
to the sample cured for 1 hour should be higher than the one cured for 3 hours.
However, as previously discussed, it was deemed appropriate to choose the
strategy of a higher shearing rate (5 mm/min) with the purpose of accomplishing
tests as close as possible to the right curing time.

Thereby, tests were not performed under the drained condition because of a
shear rate higher than the suitable one. On the other hand, it is also incorrect to
state that the tests were performed under the undrained condition because, in this
last case, commonly the shear strength (constant independently by the considered
Gv’) is close to half of the UCS value. In our case, speculating on the undrained
condition, the average shear strength is about 104 kPa, a very high value
compared to UCS/2 = 40 kPa.

Finally, it can be speculated that the shear tests performed after 1 hour of
curing were carried out under a partially drained condition. No meaningful
equation can be computed based on the outcomes obtained. The results are not
reliable and cannot be used for any application.

9.6.2 3 hours, 24 hours and 28 days of curing

The outcomes for curing times of 3, 24 hours and 28 days highlighted the
typical trend of the common shear tests under the drained condition.
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The failure criterion pertaining to 3 hours of curing became wide in the
diagram oy’-1, highlighting an increasing strength performance as a function of
the curing time. Figure 72 depicts the failure envelopes according to the Mohr—
Coulomb model.
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Figure 72 - Mohr-Coulomb failure criteria of the two-component grout as a function of the curing time.
3, 24 hours and 28 days.

The values of cohesion ¢’ (kPa) and friction angle @’ (°) can be obtained from
the equations reported on each chart, considering ¢’ = a and ¢’= arctan(f3). Table
29 reports the final values.

Table 29 - Cohesion and friction angle of the two-component grout cured for 3, 24 hours and 28 days.

Curing time | ¢’ (kPa) [ ¢’ (°)
3 hours 126 22
24 hours 154 45
28 days 272 41

As expected, the two-component grout exhibits different values of cohesion
and frictional angle as a function of the curing time. Three different materials
were studied, each characterised by its specific failure criterion envelope.
Considering the cohesion, the trend is not a linear increase: taking as the starting
value the value assessed at 3 hours of curing, an increment of 25% was observed
after 24 hours and subsequently a further increment of 77% was seen between 1
day and 28 days. Regarding the friction angle, after 24 hours of curing the
material can be deemed to be ripe: the computed value of 45° is double the
friction angle measured after 3 hours, whereupon it remains close to this value.
However, the outcome of the last determination assessed after 28 days was a
friction angle value slightly lower than the previous one.
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9.6.3 Final consideration

In conclusion, it can be stated that, according to the scientific literature, the
results obtained are decisively the first values of shear strength parameters
obtained from the study of two-component grout material. The main result is the
proposed procedure, which is quite easy to perform and can provide useful results
for the designers. For the specific analysed material, the results are summarised in
Figure 72 and Table 29. Concluding, the direct shear procedure successfully
applied to the two-component grout material could be a useful instrument for
tunnelling designers and all the stakeholders involved in the tunnelling world;
namely, to have a failure criterion envelope as a function of the curing time could
be successfully used to calibrate the mix design for the required performance
during the design phase of a tunnelling project.

Considering the scientific literature, a comparison with the outcomes provided
by the other authors cannot be easily done, since those results were expressed in
terms of undrained shear values and were obtained from different mix designs.

9.7 Additional information

In the light of what was discussed in paragraph 9.6.1, it was decided to
investigate the undrained shear strength (c,) in greater depth, scheduling a test
campaign by using the vane test on the two-component grout material cured for 1
hour.

A vane device consists of two main parts: the vane and the torque gauge
(Figure 73). The vane is a device with four, flat and thin steel blades welded with
angles of 90°. The torque gauge permits the measurement of the applied moment
and is usually specifically designed to record the peak value during testing.

t

torque gauge four-bladed vane

Figure 73 - Vane device used during the undrained shear strength assessment.

According to ASTM D2573/D2573M-18, the vane shear test involves
inserting the four-bladed vane inside the intact material and rotating it from the
surface. The required torque is manually and gently increased (6°/min) till the
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sample is broken along a cylindrical surface determined by the vane dimensions.
The peak torque is thereby converted to a shearing resistance of the failure surface
by limit equilibrium analysis. Commonly, this test is used in order to assess the cy
of saturated fine-grained materials and clays in a variety of geotechnical
explorations. Furthermore, it is also intensively used in the laboratory as a first
analysis step, commonly followed by cone penetrometer tests and unconsolidated
undrained triaxial compression tests.

The vane test device used for the test campaign (Figure 73) is a Model 16-
T0174 produced by CONTROLS. The vane test device is composed of vanes of
three different dimensions; after preliminary tests, the smallest one was chosen.
The cylinder described by the four-bladed vane has dimensions of 16 x 32 mm.

According to Youn & Breitenbiicher (2014), a first attempt at testing was
carried out by pre-installing the vane in the grout. Operatively, the vane was
manually suspended in the air at the chosen depth in the tank, after which the
casting was performed (Figure 74).

R s

Figure 74 - The vane pre-installed in the grout (left) and the assembled vane test device just before
testing (right).

Although the torque gauge was fixed on the vane just before testing (in order
to avoid any kind of unwanted stresses), the outcomes highlighted very small
values compared with those obtained when exactly following ASTM
D2573/D2573M-18 (namely by inserting the vane manually into the intact
material). The reason for this significant discrepancy was found in the fast
gelation process, which prevented the complete and perfect embedding of the
four-bladed vane in the mortar before gelation. In light of this experimental
observation, the procedure was changed: the grout was cast in the tank, after
which the upper surface of the tank was sealed. After the curing time of 1 hour,
the cover was removed and the vane (previously assembled on the torque gauge)
was slowly and perpendicularly inserted into the grout until it reached about half
of the grout thickness. Finally the test was performed. The tank dimensions
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(average diameter of 104.2 mm) were chosen after a trial and error procedure,
aiming to find the smallest dimensions able to avoid any kind of boundary effects.

Figure 75 - Vane after the test and half-sample of the grout the day after testing.

As an example, Figure 75 depicts the vane immediately after testing (left) and
the half-sample after testing (right). The cylindrical shape of the shearing surface
is clear from both photos.

As concerns the outcomes, the average of the computed ¢, was 44 kPa while
the standard deviation was 3.3 kPa.

The first consideration is to compare the values of UCS/2 and c,. The
difference of 4 kPa is negligible and indicates the reliability of both the undrained
shear test campaign and the UCS test campaign described in chapter 8. The
second consideration is instead to compare the average of the peak shear strengths
achieved after the direct shear test campaign, and the value of cu. Assuming a
undrained condition with the shear strength independent of the normal stresses
applied, a shear strength close to 104 kPa was computed. Consequently, it is
judged that this discrepancy of about 60 kPa proves the untruth of the undrained
condition, and can instead be considered as the effect of the partial drainage
process that affected the direct shear test. Figure 76, in terms of total stresses,
provides a graphical representation to summarise all the stresses concerning the
two-component grout after 1 hour of curing. The Mohr circle refers to the average
value of the UCS test campaign, ¢, is the average undrained shear strength
obtained with the vane test campaign, and c,q is the average of the peaks value
obtained by testing the two-component grout with the direct shear test (the
subscript pd stands for partially drained).
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Figure 76 - Undrained stresses obtained studying the two-component grout after 1 hour of curing. The
Mohr circle refers to the average UCS value, cu is the undrained shear strength obtained by using the vane test
and cpq is the average of the peaks value obtained by testing the grout with the direct shear test.

Strictly speaking, the chart in Figure 76 is partially incorrect, because cpa is an
artificial stress and reporting it on a chart in terms of total stresses could be a
forcing. In any case, the representation should be interpreted not strictly from a
geotechnical point of view but only as a further vision of the discrepancy obtained
between the two values of shear strengths.

9.8 Key concept

KEY CONCEPT 9: The evolution of the two-component grout’s mechanical
performance as a function of the curing time has been confirmed also from the
shear strength assessment. In fact, the obtained Mohr—Coulomb failure envelope
criterion widens in time, highlighting a growing trend of the cohesion and the
friction angle of the material. The direct shear test provides reliable results for
curing times equal to or longer than 3 hours, but it is inappropriate for testing
younger grout. The procedure introduced can be integrated in the construction
site testing protocol for checking the compliance of the grout with the technical
specif