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ABSTRACT

Two-component grout is nowadays the material most used for the backfilling phase in tunnelling with a shield machine. The operative simplicity of the technology
and the fast hardening reaction between the two components are the main reasons that have contributed to the intensive spread of the use of this backfilling
technique all around the world. Although bentonite is one of the basic ingredients for the grout production, its effect on the elastic properties of the grout has not
been completely investigated so far. In this work, six different two-component grouts and their elastic properties have been studied by means of geophysical
measurements. The six grouts were characterised by the same mix design and five different bentonites, while one grout had no bentonite. The variation of the
dynamic parameters over time was analysed at short curing times (up to 24 h). In detail, the shear wave velocity, the dynamic moduli and Poisson’s ratio were
determined by means of the ultrasonic pulse velocity technique. The results show that the grouts with the bentonites have higher dynamic moduli than the grout
without the bentonite. Moreover, a final analysis of the experimental data provided an analytical relationship to calculate the shear-wave velocity for each of the six

grouts at any curing times.

1. Introduction

Shielded machines are nowadays the machines most commonly used
in tunnelling. The difference between the diameter of the head of the
machine and of the extrados of the assembled lining is expressly
designed in order to avoid the machine locking, on the one hand, and to
permit the assembly of linings under the shield protection on the other.
The creation of this gap, which is referred to as the annulus, is essential
(Wan et al., 2021). As reported by Thewes and Budach (2009), the
annulus commonly ranges between 13 and 18 cm and it is determined by
four different factors: the overcutting tools (located circumferentially on
the head to produce a bored diameter slightly larger than that of the
machine), the shield conicity, the shield thickness, and the depth of the
tail brushes (the main mechanical component that forms the sealing
system together with the grease).

The annulus must be continuously filled and the backfilling phase
occurs at the same time as the machine is advancing. Different tech-
nologies can be used for backfilling (EFNARC, 2005; Pellegrini and
Perruzza, 2009). To date, two-component grout is the most commonly
used backfilling technique because it is characterised by the fastest
hardening reaction among the existing alternatives (Boscaro et al., 2015;
Peila et al., 2011). This singular property guarantees the locking of
segments in the designed position and prevents surface settlements

(Oggeri et al., 2022). Furthermore, after just 1 h of curing, two-
component grout exhibits enough strength to bear the backup load
and to distribute a possible punctual load to a higher surface, thanks to
its ability to create a uniform layer between the linings and the ground
(Ivantchev and Del Rio, 2015; Shah et al., 2018). Despite the worldwide
spread of the technology (Todaro et al., 2020a; 2022b), not all of its
aspects have been completely studied. For example, considering the
ingredients used for grout preparation, the role of bentonite is still un-
clear. It is used to increase the waterproofing capacity of the hardened
grout, but it also helps in the gelation phase (Pelizza et al., 2010; Pelizza
et al., 2011; Peila et al., 2011). Even though its fundamental role in
mortar stabilisation or in the sealing material in borehole applications is
well known (Mesboua et al., 2018; Viccario, 2018), its involvement in
the strength at short curing times has only recently been investigated
(Todaro et al., 2022c). At this point of the investigation, speculating on a
sort of parallelism with standard mortars, a scientific question arises:
could the bentonite also be involved in the elastic properties of the two-
component grout? Indeed, it should be reported that currently the
Young’s modulus (and to a slightly lesser degree also the shear modulus
and the Poisson’s ratio) is becoming the most important mechanical
parameter for the characterisation of two-component grouts. This
parameter is in fact required first by designers during the project and
then during the construction phases to verify the compliance of a given
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grout with the technical specifications (Camara, 2018). However, the
need for information related to these parameters faces the lack of suit-
able standard regulations for their reliable assessment. The main diffi-
culties are related to the particular behaviour of two-component grout: it
can be assimilated to a clay in the short term and to weak concrete (or
hard soil) in the long term (Oggeri et al., 2021). This evolution is a
function of the curing time (Todaro et al., 2021; Oreste et al., 2021) and
the mix design, and can barely be framed from the available standards.
Therefore, a unique, recognised method for the assessment of the elastic
modulus is still not available at present, and has received little attention
in the scientific literature (Mahner & Hausmann, 2017). Todaro et al.
(2019) reported different charts related to UCS test for several mix de-
signs of two-component grout and, although the elastic segment on the
o-e curves was clearly recognizable also for short curing times, an
analysis on the elastic parameters was not carried out. A last issue is the
age of the two-component grout, which is of interest in tunnelling: short
ages (up to 24 h) are undoubtedly the most important because in this
time period the freshly cast grout is loaded with the weights of the lin-
ings that will form the newly assembled ring as the machine advances.

In the light of the above-mentioned situation, in this research the
potential involvement of the bentonite in the elastic properties of two-
component grout is investigated. A large test campaign focused on the
elastic properties of two-component grout at short curing times was
carried out by means of a geophysical approach. The procedure
described in Todaro et al. (2020b) was followed and used as a com-
parison for the outcomes obtained. One typical mix design was selected
and kept constant for all the test campaigns and 5 different bentonites
were used. An additional mix design was completely scheduled without
using bentonite. The results obtained provide evidence for the role of
bentonite in the elastic properties of the grout. Furthermore, the orders
of magnitude for the dynamic shear modulus (G), the dynamic Young’s
modulus (E), and the dynamic Poisson’s ratio (v) are provided and
correlated with the experimental curves obtained from the investiga-
tion. These curves were interpolated by using a power law with three
coefficients with 95 % confidence. The equations obtained are useful
instruments that analytically summarise the obtained outcomes, i.e, the
elastic parameters for a typical two-component grout mix design up to
24 h of curing.

2. General principles of two-component grout

Two-component grout is a cement-based technology characterised
by two fluids that, once thoroughly mixed, give rise to a gelled material
that starts instantaneously and continuously to harden (Hashimoto
etal., 2005). The component A is a cement slurry, commonly made up of
cement, bentonite and a retarder/fluidifying agent. However, in recent
years new ingredients have also been used in the component A pro-
duction to increase the strength and durability. Since studies on stan-
dard mortar can be considered forerunners for two-component grout,
different innovative ingredients are now being tested (Li et al., 2021;
Zhang et al., 2020), but the usage in two-component grouts is currently
limited to ground blast furnace slag, fly ash, and metakaolin (Aboulayt
et al., 2020; Andre et al., 2022; Schulte-Schrepping and Breitenbiicher,
2019; Song et al., 2020). The component B is a hardening accelerator,
commonly composed of a silicate solution (Pellegrini and Perruzza,
2009). The mix design is expressly designed in order to guarantee a long
workability and stability of the component A (commonly assessed by
performing a bleeding test, as described in Wang et al. (2021) and Youn
at al. (2016)), a gel time of the order of seconds and good mechanical
properties in terms of strength and elastic properties. Both fluids run
separately from the batching station, located outside the tunnel, to the
injection nozzles located circumferentially on the shield tail. Here, only
a few centimetres from the outlet of the nozzle into the annulus, the
fluids are mixed and injected under pressure into the annulus (Hashi-
moto et al., 2005). From the mixing to the loss of fluidity of the obtained
grout only a few seconds elapse and this time-lapse is defined as the gel
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Table 1
Mix design used.

Ingredients Dosage (kg/m%)
Water 853
Component A Bentonite 30
Portland Cement CEM I 52,5 R 230
Retarding/fluidifying agent — Mapequick CBS1 3.5
Component B Accelerator - Mapequick CBS3 81

Table 2
Chemical properties of the used cement (Cement CEM I 52,5 R).

Parameter Test method Indicative values
Sulphates (SO3) UNI EN 196/2 <3.7%
Chlorides (Cl -) UNI EN 196/2 <0.08 %

Loss on ignition UNI EN 196/2 <5.0 %
Insoluble residue UNI EN 196/2 <1.0%
Water-soluble chromium VI UNI EN 196/10 < 2 ppm

Table 3
Physical/mechanical properties of the used cement (Cement CEM I 52,5 R).

Parameter Test method Indicative values
Blaine specific surface area EN 196/6 4000-5500 cm?/g
Initial setting time EN 196/3 >90 min

Volume stability EN 196/3 <10 mm

Flow test UNI 7044 >70 %
Compressive strength after curing for EN 196/1

2 days >35.0 MPa

28 days >56.0 MPa

time. After the gelation, the mechanical parameters start to increase
continuously, reaching values that are a function of the mix design
(Todaro et al., 2019).

3. Material used and component a production

The mix design taken as the reference to produce two-component
grout is reported in Table 1.

From this cornerstone, 6 different mix designs were created by
changing the bentonite type (5 mix designs obtained) and removing it (1
mix design obtained). In this last case, the weight left by the bentonite
was filled with water, according to the most common technique used to
compile a two-component grout mix design. The difference in the water/
cement ratio (w/c) with respect to the usage of the bentonite is equal to
10 kg/m3. According to EFNARC (2005), this difference of 1.1 % in the
dosage of the water does not affect the w/c and it can be considered that
all the studied mixes are characterised by the same w/c. Indeed, the
threshold value of tolerance in the metering phase of construction sites is
+ 2 %. Irrespective of the considered mix design, the gel time ranges
between 5 and 8 s.

Concerning the used cement, it contains at least 95 % of clinker and
up to 5 % of minor constituents, that do not include the addition of
calcium sulphate and additives. Further chemical and physical/me-
chanical information are reported in Table 2 and in Table 3.

Pertaining to the used bentonites, the prevalent adsorbed cation is
Na* for all of them. The unit weight range is 2.5 — 2.7 kg/L. The swell
index, a parameter that can simply characterise the aptitude of a certain
bentonite to swell when it interacts with water (Lee and Shackelford,
2005), was experimentally assessed according to ASTM D5890-18. The
X-ray diffraction analysis (XRD) was performed in order to characterise
the used bentonites. The XRD technique is based on the observation of
the scattered intensity of an X-ray beam, which is directed toward the
sample, interact with it and produces a diffracted ray as a function of the
incident and diffraction angle, of the polarization, and of the wavelength
or energy. The outcomes for our samples (XRD tracks) are reported in
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Fig. 1. XRD tracks of the used bentonites.
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Table 4

Details of the six different mix designs: the name, the bentonite picture and the

swell index (SWI).
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Table 5
Component A laboratory procedure, impeller speed and duration of the mixing
step.

Name of Bentonite pictures Smectite SWI
the mix content (% by (ml/
weight) g)
B1 92 23
B2 98 13
B3 88 14
B4 94 12.7
B5 72 19.7
B-less / /

Operation Impeller rotation Duration
speed (rpm) (min)
Fill the tank with water and start the mixer 800 /
Add the bentonite, increasing the propeller from 800 to 2000 0.5
speed at a constant rate (bentonite 2000 6.5
activation)
Add the cement 2000 3
Add the retarding/fluidifying agent 2000 2
5.4
/ 26
\
3 |
Te]
\

A

Fig. 2. Scheme of the used mould. All measures are expressed in mm. The two
halves, before the casting, are linked together. A: orthogonal section; B: verti-
cal section.

Fig. 1, showing the intensity of the signal as a function of the incidence
angle. The analysis of the XRD tracks has permitted to estimate the
percentage by weight of the smectite, a useful data often used for
characterise bentonites (Dominijanni et al, 2019). For commercial rea-
sons, the complete mineralogical distribution, and the relative miner-
alogical abundance have not been reported.

Table 4 reports the name of the mix designs, the bentonite pictures,
the swell index (SWI) and the smectite percentage. “B-less” indicates the
mix design without bentonite.

The component A was produced in the laboratory using a laboratory
stirrer equipped with an impeller, according to the procedure described
in Todaro et al. (2019). The duration of each mixing step is reported in
Table 5.

The B-less mix design had an overall mix duration of only 5 min
because of the lack of bentonite. Sample casting was performed
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Fig. 3. The apparatus for the experimental measures. On the left, the holder bench (1) is the base support; the 250-kHz shear-wave transducers (2) are coupled to the
sample, which is hold in the PVC mould (3). On the right, the Pundit Lab® instrument (by Proceq) (4) consists of a pulse generator, a receiver amplifier, and a time-
measuring circuit. The Pundit Lab® is connected to the transducers via BNC cables (5).

according to Todaro et al. (2020a) and the sample shape was cylindrical,
with dimensions chosen according to CEN (2004). The moulds were
made up of two halves (coupled before the casting) obtained by tube of
PVC PN 16 with an internal diameter of 52 mm and thickness of 5.4 mm
(the PVC density ranged between 1.35 and 1.46 kg/1). The scheme is
reported in Fig. 2.

The height was chosen as 55 mm (i.e., half of that described in the
test campaign by Todaro et al. (2020b)) in order to minimise as much as
possible the presence of air bubbles trapped in the grout (longer samples
were tested and discarded because during the gelation the air bubbles
inevitably remained trapped in the grout). All the sample casts were
characterised by 2 perfectly flat bases and the transducer coupling
pressure was calibrated for each assessment in order not to exceed the
surface compression strength (SCS) (Todaro et al., 2020a) of the tested
grout, in relation to the tested curing time. The density of the grout,
irrespective of the mix design and curing time used, was kept constant at
1.204 kg/1. This assumption was confirmed realistic after a trial phase
aimed at assessing the density value of the grout for each mix design. It
was found that no differences were appreciable if the kind of bentonite
changed since all values were averagely close to 1.204 kg/1. As concerns
the curing condition, the samples were tested in a watertight condition,
because they were protected by the mould on the lateral surface and
covered by the transducers on the cylinder bases.

A preliminary test phase was performed to verify the possible in-
fluence of the casing on the results. After some laboratory tests, it was
observed that the outcomes were not affected by the mould presence.

4. Methods
4.1. The UPYV test

The ultrasonic pulse velocity (UPV) method is commonly adopted to
assess the properties of hard concrete, such as elasticity and strength, to
detect potential voids and cracks (Domone and Casson, 1997; Khan
etal., 2011; Sturrup et al., 1984) and when a fresh grout is considered, to
determine the rheological properties of cement-based grouts directly in-
line (Rahman & Hakansson, 2013; Rahman et al., 2017). This non-
destructive geophysical method is of pivotal importance if core sam-
pling of existing concrete elements is not possible (Crawford, 1997;
McCann and Forde, 2001; Popovics, 2003) or if the physical parameters
of new concrete-based materials are unknown (e.g., Park et al., 2019;
Todaro et al., 2020b). The UPV method is based on the propagation of

longitudinal vibration pulses through rock materials and then on the
measurement of the pulse velocities of the first-arrival elastic waves
(longitudinal and shear waves). At the laboratory scale, an ultrasonic
pulse is forced to propagate through a specimen (usually with a cylin-
drical shape) from an electro-acoustic transducer (the transmitter),
which is placed in contact with one surface of the specimen, to another
transducer (the receiver) placed on the opposite side. The pair of
transducers usually have a central frequency of 54 kHz and a natural
frequency ranging from 100 to 250 kHz. Once the ultrasonic pulse is
detected by the receiver, the travelling time is measured and the ultra-
sonic velocity is easily calculated because the transmitter-receiver dis-
tance is known. The ultrasonic pulses depend on the density and elastic
properties of the material (Aydin, 2013).

The velocities of the first arrival of the longitudinal P-wave (V) and
of the transverse S-wave (V;) are calculated to finally retrieve the dy-
namic mechanical properties of the investigated material. Given its
density (p), the following equations (1) — (4) were adopted to estimate
the shear modulus (G), the bulk modulus (K), the dynamic Poisson’s
ratio (1) and the elastic modulus (E):

G=pV; ¢3)
— 2 4
Y, 2V, ®3)
T o
E=2G(1+v) 4

Equations (1) — (4) should be corrected if the constrained condition
occurs. Anyway, we experimentally proved that due to a minimal
shrinkage phenomenon, an infinitesimal gap between the sample and
the mould avoided the constrained condition.

This observation was also proved by preliminary test campaigns,
performed by UPV tests on samples with and without moulds: the first
arrival of the waves was exactly the same, proving that the mould did
not affect the system. Therefore, we adopted the mould in all the labo-
ratory tests. The above-reported equations were hence used for the
computation. It should be signaled that if different types of mould are
used (i.e., deformable moulds), the correspondence between results
obtained with and without moulds should be preliminarily verified since
it is not guaranteed. It is worth mentioning that the density of the
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Fig. 4. Typical seismogram for signal acquired by varying the angle between the two transducers from 0° (blue line) to 90° (red line) to 180° (black line) in order to
accurately detect the S-wave first arrival. This signal is of the B5 two-component grout at 6 h of curing time and the S-wave first arrival is at around 367 ps. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

material should be accurately determined since it influences the calcu-
lation of the dynamic moduli. Moreover, these dynamic parameters are
expected to differ from the static ones derived from loading experiments
(Philleo, 1955; Lee et al.,1997; Agro et al., 2009; Todaro et al., 2022a).

4.2. Experimental measures

The UPV tests were carried out using the instrument Pundit Lab®
(manufactured by Proceq), which complies with the following stan-
dards: EN 12504-4 (Europe), ASTM C597-02:2016 (North America), BS
1881 Part 203:1986 (UK), ISO 1920-7:2004 (International), IS
13311:1992 (India), and CECS21:2000 (China). The device was con-
nected via a USB to the power supply and to a laptop for the visualisation
and saving of the measurements. Pundit Lab® comprises a pulse
generator, receiver amplifier and a time-measuring circuit. A pair of 250
kHz shear wave transducers were connected to the device via BNC
cables.

The transducers and the specimen were placed in a specific apparatus
(Fig. 3), composed of a holder bench and a rotating handle that applied
compression stress to the two free surfaces of the cylindrical specimen.
The applied pressure was not a unique value for all the test campaign,
but it was calibrated for each assessment performed, in function of the
curing time and of the used mix design. For each test, in fact, the
coupling pressure was selected as the maximum one applicable without
damaging the sample. Practically, during the manually increasing of the
pressure, a careful observation phase was carried out, focused on the
transducers in contact with the grout. When water drops started to
appear (bleeding water) on the edge transducers-grout, this was
considered a clear warning of an applied pressure close to SCS. Conse-
quently, the increasing of the pressure was interrupted and the
geophysical measurement was acquired. This apparatus has been suc-
cessfully adopted to ensure uniform and controlled conditions for the
test and hence consistent results (Todaro et al., 2020b; Zarei et al.,
2019), but it should be reported that a certain level of experience is
required to select the contact pressure able to provide signals of high
quality. In fact, if from one side the observation of small drops of water
indicates a contact pressure close to the SCS (that should mean an
excellent coupling and consequently a very good signal quality), it
should be remembered that a layer of water can negatively affect the
signal. A trial phase for the selection of the contact pressure is suggested,
by continuously checking the signal quality with the Pundit Lab®.
Providing some reference values, according to ISRM (1977), the applied

pressure was about 0.3-0.4 MPa for the shortest curing time.

The excitation voltage was 500 V (the maximum allowed by our
instrument). The receiver gain was either 10x or 100x, depending on the
detected signal, which changed a lot as a function of the curing time of
the two-component grout. An external amplifier (1 — 10 dB) was occa-
sionally used if the signal was too weak to be detected at the early stages
of curing (up to 3 h from casting). The time frame was 5 ms at the
beginning of the tests and 1 ms after 2 h from casting.

Before the measurements, the Pundit Lab® was zeroed by means of
the calibration of the transducers. They were put on both sides of the 25
us calibration rod. A specific coupling gel was applied homogeneously to
ensure no air was trapped between the transducer and the calibration
rod. For the tests with the two-component grouts, the same gel was
applied on the 250 kHz transducers. This non-toxic, water-soluble
organic substance has high viscosity that allows shear waves to be
properly transmitted into the grout. A good coupling between the
transducer and the specimen is a condition for an accurate estimation of
the UPV (Aydin, 2014).

During the measurements, the S-wave transducers were perfectly
aligned in order to ensure a correct picking of the S-wave first arrival. In
fact, S-waves are generated in a single plane and when the two trans-
ducers are orthogonal (90°) or misaligned the signal disappears or at-
tenuates. A further check on the S-wave first arrival was done by rotating
the parallel S-wave transducers from 0° to 180°. These two waveforms
have the same first arrival and a very strong S-wave component, but they
are opposite in phase. An example of this is shown in Fig. 4, where the
signal acquired with 0°-aligned transducers is plotted in blue while that
acquired with 180°-aligned transducers is plotted in black. The S-wave is
strongly attenuated when the transducers are orthogonal (red line). This
procedure was constantly applied for each S-wave measurement.

The first inspection of the waveforms was conducted on a laptop
running the software Pundit Link. The recording was semi-automatic
thanks to the data logging mode. The geophysical parameters of the
two-component grouts are known to be dependent on the curing time
(Todaro et al., 2020Db). Therefore, the V,, and V; resulting from the ul-
trasonic frequency of 250 kHz were calculated at different time steps.
The signal was recorded every 15 min for curing times between 0 and 3
h, every 30 min for curing times between 3.5 and 6 h, and every 60 min
for curing times between 7 and 26 h. The short curing time was densely
recorded because it is of crucial importance in field operations. The
record was composed of five readings per event, that is, five measure-
ments at a time. The total number of recorded traces was between 139
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Fig. 5. The seismograms of 123 traces at different curing times (from 1 to 25 h after casting) for B5 grout. The first arrival times for V;, and V can be recognised. The
signal highlighted in blue and red refers to the S-waves. The B5 grout was chosen as the representative grout as the other seismograms were quite similar. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
The values of V;, v, G, and E at 1 h from casting for the five two-component
grouts (B1 - B5) and the grout without bentonite (B-less).

1 h from casting

Grout Vs (m/s) Poisson’s ratio (v) G (MPa) E (MPa)
B1 43.2 0.4997 2.3 7.0
B2 46.4 0.4994 2.6 7.8
B3 30.6 0.4998 1.1 3.4
B4 36.0 0.4997 1.6 4.7
B5 52.5 0.4994 3.3 10.0
B-less 31.6 0.4997 1.1 3.4
Table 7

The values of Vi, v, G and E at 24 h from casting for the five different two-
component grouts (B1 - B5) and the grout without bentonite (B-less).

24 h from casting

Grout Vs (m/s) Poisson’s ratio (V) G (MPa) E (MPa)
Bl 253.4 0.4770 77.4 228.7
B2 278.9 0.4892 93.8 279.4
B3 250.0 0.4767 75.4 222.6
B4 248.8 0.4708 74.7 219.6
B5 257.9 0.4803 80.2 237.5
B-less 198.4 0.4843 44.9 133.2

(grout B2) and 187 (grout B4).

At the end of the tests, the acquired data were exported to be pro-
cessed and analysed in Matlab. The travel time analysis was accom-
plished by manual picking of the first arrival time of V,, and V; for each
recorded trace.

5. Results

The seismogram in Fig. 5 represents the traces recorded for the two-
component grout B5. It has been chosen as an example since the seis-
mograms of the other grouts were quite similar. The first arrival of the S-
waves can be easily recognised by the signal highlighted in blue and red
(it ranges from 1000 ps at 1 h from casting to 200 ps at 25 h from
casting). The first arrival of the P-waves is not reported in Fig. 5 because
of difficulties in graphical representation due to strong differences of the

wave intensity and first arrival.

However, irrespective of the mix design, the P-waves exhibited a
quite constant trend over time ranging from 50 ps (for B4) to 40 ps (for
B5 and B-less) and 30 ps (for B1, B2, B3). Since the slight variation on the
first arrival time (in the range of few ps) would have minimally influ-
enced the value of the moduli (which is mostly influenced by Vi), a
constant value of V), for each grout was used for the subsequent
computations.

Once the arrival times were picked, the following parameters were
calculated for each grout: V;, Vs, G, and E. The bulk modulus K was not
included in this study since it is not required by the stakeholders in the
field of two-component grouts. The computed values are listed in
Table 6 for 1 h of curing time and in Table 7 for 24 h of curing time.

The comparative plots in Fig. 6 allow the visualisation of the
behaviour of the six grouts with time: B1 (dotted line), B2 (circles and
solid line), B3 (dash-dotted line), B4 (triangles and solid line), B5
(dashed line) and B-less (red solid line). The S-wave velocity is plotted in
Fig. 6a) and increases with time with a similar trend for all the grouts,
except for B-less that increases at a slower rate. The Poisson’s ratio
(Fig. 6 b) slightly decreases from 0.5 to 0.48 (B2, B3, B-less) or to 0.47
(B1, B4, B5) during the 1-day of hardening. All the grouts show
increasing values of E and G with time (Fig. 6 ¢ and d, respectively).

6. Final remarks/comments

Taking into account Fig. 6 as a whole, it jumps out at readers that no
curves start from time zero. This issue was unavoidable due to me-
chanical limitations because, even though the two-component grout had
completed its gelation process, the material was too weak to guarantee a
good transducer coupling before 45-60 min of curing (SCS around 0.4
MPa that yields a UCS of about 0.1 MPa — Todaro et al. (2020a)). It
should be reported that only two grouts (B4 and B-less) allowed a good
signal recording at 30 min of curing time with no damage to the sample-
transducer interface. Moreover, it is worth mentioning that it is impos-
sible to detect the S-waves at the shortest curing times due to the large
amount of water (w/c ~ 3.71) that, after the gelation, is still not
involved in the hardening reaction in the specimen. S-waves do not
propagate in water. As the hardening process of cement starts, the free
water gets involved in the hardening reaction, allowing the detection of
the S-wave arrival. Another comment regards the increasing trend of the
S-waves: the first arrival of the S-wave considerably decreases in the 12
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Fig. 6. Comparison of the four computed parameters: a) S-wave velocity (Vy), b) Poisson’s ratio (v), c) elastic modulus (E), d) shear modulus (G) for the two-
component grouts B1 (dotted line), B2 (circles and solid line), B3 (dash-dotted line), B4 (triangles and solid line), B5 (dashed line) and B-less (red solid line).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

h after the casting and then becomes stable. In fact, after 12 h of curing, a
percentage between 75 and 80 of the maximum value of V; is reached,
irrespective of the mix design. Considering Fig. 6 a), it can be observed
that the range of Vs is between 31 m/s (B3) at short times and 279 m/s
(B2) at long times. Furthermore, it can be easily recognised that, irre-
spective of the curing times, the grout without bentonites (B-less) has the
lowest Vi throughout the 24 h. It can then be concluded that the use of
the bentonite in the mix design results in an increment of V; ranging
between 25 % and 80.5 % with respect to the B-less. This remark is very
important since it proves the engagement of the bentonite in the hard-
ening process of the two-component grout.

Pertaining to Poisson’s ratio, Fig. 6b) can be analysed. Irrespective of
the mix design, all curves started from a value of v equal to 0.5 (the value
characterising incompressible materials like water) for curing times
close to 1 h. This finding matches the statement previously reported, i.e.,
the two-component grout for curing times shorter than 1 h has a
behaviour controlled by the presence of water, rather than by the other
ingredients of the grout. During the hardening, a reduction of v is
observed, reaching values ranging between 0.4708 and 0.4892 (related

to B2 and B4, respectively) at 1 day of curing. B-less shows a trend above
all the other curves up to 12 h, whereupon it reaches a value within the
range reported above.

Concerning the elastic moduli E and G, Fig. 6 ¢) and d) can be
inspected, respectively. At 1 day of curing time, the weakest moduli are
for B-less, with E < 150 MPa and G < 50 MPa. All the other mix designs
exhibited values higher than 219 MPa and 74 MPa for E and G,
respectively. The use of the bentonite has a strong effect on both the
moduli: an increment between 65 % and 110 % can be obtained by
adding the bentonite to the mix design of the two-component grout. For
completeness, the highest moduli recorded are developed by grout B2,
with E = 300 MPa and G = 100 MPa at 26 h of curing time.

Similar inferences can be observed at lower curing times.

In light of the presented result, some comments related to the
bentonite properties are due. Unfortunately, no dependence between the
SWI and the elastic properties analysed can be spotted as well as the
smectite content does not provide support in this task. Considering Fig. 6
and taking as reference B2 (that exhibited the highest values of E and G
after 12 h of curing), it can be stated that this bentonite is characterised
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Fig. 6. (continued).

by the highest value of smectite content (98 % by weight), but this
parameter cannot be taken as reference for choosing the best bentonite
since for shorter curing times (<12 h) it behaves similarly to B5, that has
the lowest smectite content of the used bentonite (72 %). Moreover,
their relative SWI are different (13 and 19.7 ml/g, respectively). Similar
conclusion can be obtained observing the behaviour of B1, B3 and B4,
with approximately the same trend (Fig. 6 a, ¢ and d) but different
characterising parameters. In conclusion, it can be stated that at this
moment a valuable parameter of the bentonite able for predicting the
behaviour of the two-component grout has not been recognized. Prob-
ably, some additives commonly used for preparing commercial ben-
tonites play an important role in the curing of the two-component grout.
The practice of adding polymers to the bentonite for improving the
stabilizing aptitude, for example, is quite common and how this practice
affects the curing of the grout has not yet been investigated. The prev-
alent adsorbed cation does not provide useful information as well, since
all the studied bentonites are sodic. Anyway, a general hypothesis can be
advanced, pertaining to the general role played by bentonites in the
elastic properties of a standard two-component grout compared to a
grout prepared without bentonite (B-Less). In fact, it can be speculated
that bentonite, due to its natural tendency to swell and to adsorb mol-
ecules of water, could slightly decrease the water/cement ratio,

Table 8

The coefficients of the power law that interpolates the V, data for the five two-
component grouts (B1 - B5) and the grout without bentonite (B-less). The R? of
the interpolation is also provided.

Grout a b c R?

Bl 793.4 0.07589 —-751.8 0.9951
B2 —2406.0 —0.03643 2424.0 0.9950
B3 853.8 0.07556 —832.4 0.9964
B4 224.1 0.20670 -179.0 0.9902
B5 —1953.0 —0.03907 1991.0 0.9949
B-less 55.1 0.45840 —25.1 0.9887

providing as effect an increasing of the moduli (as well as presumably an
increasing of SCS), for a certain curing time, respect to the grout pro-
duced without bentonite.

As the last step of the work, a further analysis of the V data was
performed. In fact, considering the slight decreasing of the P-wave ve-
locity for the studied curing time, irrespective of the mix design used, it
has been assumed that the S-wave velocity mainly influences E, G and v.
Consequently, the V; data were processed to find the fitting curves that
best analytically explained them. The Curve Fitting Toolbox™ in Matlab
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was used for this purpose. The best interpolation of the experimental
data was the power law with three coefficients:

Vi(t) = at® +¢ 5)
where t is the curing time in hours. The coefficients (with 95 % confi-
dence bounds) and the R-square of the interpolations are listed in
Table 8 for each grout. Fig. 7 represents the data fitting between the
observed V; and the interpolating analytical curve that follows the
power law for two representative grouts: B1 and B-less.

This last analysis provides the parameters that allow the recon-
struction of the experimentally obtained Vs curves following Equation
(5). This could represent a valid tool for all the stakeholders involved in
the two-component grout field since by using these parameters it is
possible to reproduce the trends of Vs and obtain values of E, G and v for
any curing times ranging between 1 and 24 h. The provided outcomes
are innovative: at the present time, the geophysical approach described
in this work is the only able to provide numerical values pertaining to
the elastic parameters of the two-component grout at short curing times
(shorter than 24 h). If, on one side, the order of magnitude of the elastic
parameters as a function of the studied curing time is precious for
calibrate the numerical model, on the other side, the UPV method could
be a valid method applicable also in construction sites, integrating it in
testing protocol commonly adopted for assess the grout compliance with
the technical specification. A last clarification is due: parameters pro-
vided in this work are “dynamic” and should not be confused with the
“static” parameters (Todaro et al., 2022a).

7. Conclusions

This research was carried out in order to study the potential role of
the bentonite in the elastic parameters of two-component grout at short
curing times and to provide a reliable order of magnitude of the elastic
parameters related to the curing times, this being of more interest for
tunnelling engineers. In fact, at the present time, the scientific literature
has recognised the role of the bentonite only in component A stabilisa-
tion and in the SCS at short curing times. In this paper, the geophysical
UPV technique made it possible to highlight the role of the bentonite
also in the elastic parameters of the hardening grout. Irrespective of the
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bentonite used (B1 — B5), considerable increments of E and G were
recognised with respect to the grout without the bentonite (B-less). The
bentonite’s influence on the Poisson’s ratio was less than on the dynamic
moduli, even though v for B-less is larger than the others up to 12 h.
Having recognised V; as the main parameter of the study (because V),
decreased minimally for the analysed curing times), the power-law
interpolation performed in Matlab provided the specific analytical
equations of the six mix designs. This outcome represents a very useful
tool for all the stakeholders involved in the two-component grout field,
since it makes it possible to forecast the elastic parameters of the two-
component grout for any times ranging between 1 and 24 h.

According to the author’s knowledge, this is the first work that
highlights the influence of bentonite on the elastic parameters of the
two-component grout. This influence could be due to the aptitude of
bentonite to swell, causing a slight reduction of the water-cement ratio
and consequently an increasing of the mechanical performances. To
date, it is not possible to unequivocally predict the elastic parameters of
a two-component grout as a function of a certain specific bentonite. The
typology of the prevalent adsorbed cation seems not to have a strong
effect, as well as the smectite content. This issue, for a given mix design
(fixed dosages), could depend on the chemical composition of the
bentonite, since some special polymers/additives are often added to the
clay powder in order to improve the required characteristics. Unfortu-
nately, the potential presence of these added polymers is still unde-
tectable if common tests for the characterisation, such as the SWI, are
adopted.
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