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ABSTRACT: The underground bypass of the new high-speed and high-capacity railway line in
Florence (IT) involves the construction of about 7 km of twin tunnels beneath the historic city
centre. To minimise the impact of tunnelling works, mitigation measures using the compensation
grouting technique were integrated into the design stage with the aim of limiting the induced settle-
ments and the risk of damage to nearby structures. A field trial near the Campo di Marte railway
station was carried out to assess the efficiency of the compensation measure and establish
a successful grouting strategy. This paper presents a three-dimensional numerical model of the field
trial, explicitly implementing both the grouted volumes and the injection sequence. The grouted
area is represented by non-porous soil bulbs with enhanced stiffness properties and the expansion
process is simulated through imposed volumetric strains. The injections from each valve of the
sleeved pipes (tubes-a-manchettes) are activated in a stepwise procedure, mirroring the injection
sequence. The effectiveness of the proposed strategy is validated against recorded displacements in
the field trial, demonstrating that the application of non-isotropic volumetric strains (i.e., vertical
strains larger than horizontal ones) is able to accurately reproduce the observed heave.

1 INTRODUCTION

The city of Florence (IT), globally renowned for its cultural and historical significance, is under-
going excavation work to improve national mobility and alleviate its impact on the environ-
ment. Started in 2023, the construction of a twin-bore tunnel and modern railway station
(Firenze Belfiore) aims to enhance train transit and reduce journey times along the existing HS/
HC railway system, as part of the Scandinavian-Mediterranean Corridor (TEN-T Network).
Given the project location within the city centre, an extensive assessment was conducted on
over 230 buildings to identify any potential interference with existing structures and to develop
appropriate mitigation strategies, such as compensation grouting, to keep deformations below
acceptable thresholds (Zurlo & Sorbello 2022). Furthermore, the interaction between twin tunnel
excavation and the Fortezza da Basso (a notable Renaissance fortress in the Historic Centre of
Florence, listed as a UNESCO World Heritage site from 1982) was investigated using
a comprehensive 3D finite element analysis for class-A prediction of the induced level of damage
in an optimal tunnel scenario (i.e. considering a surface volume loss of 0.5%) to exclude any poten-
tial induced damage (Boldini et al. 2023). As part of the scheduled interventions utilising the com-
pensation grouting technique, preparative works have been initiated involving a compensation
field trial close to the Campo di Marte railway station, where Ponte al Pino is located (Figure 1).
This paper describes the performed Compensation Grouting Trial (CGT) and the 3D numer-
ical model implemented to simulate the grouting process. The proposed method adopts a novel
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formulation based on the grout efficiency factor to assess the appropriate strain magnitude to
simulate the grout expansion, and aids in gaining further insight into the complex interaction
between the volume of injected grout and soil response in terms of vertical displacements.
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Figure 1. HS/HC Florence bypass project: Fortezza da Basso and compensation grouting field trial.

2 THE FIELD TRIAL

2.1 Site conditions

The CGT is located in an area characterised by the presence of made ground, gravels in
a sandy matrix from the Arno river Supersystem, and silty clays and clayey silts with lenses
and layers of gravel from the Florece-Prato-Pistoia lake Supersystem.

Geotechnical characterization was conducted based on the results of site investigations and the
laboratory tests closest to the CGT carried out during the 1997 and 2007 campaigns (Figure 1).
The site investigation included the borehole B2CGT, two cone penetration tests with piezocone
(CPTUICGT and CPTU2CGT) and a downhole seismic test (DH7). Table 1 synthetizes the
6-layer geotechnical model; the piezometric surface is located at 9 m below the ground surface
(42 m a.s.l.) and the pore pressure distribution is hydrostatic. Table 2 summarizes the main

Table 1. Site stratigraphy.

Elevation (m a.s.l.)

Layer from to Description

R 51.0 47.5 made ground: coarse-grained material in a silty matrix
LA1 47.5 45.0 silty layer with very consistent clay

SL 45.0 43.0 fine silty-sandy and weakly clayey layer

GSL1 43.0 37.5 gravelly layer in a sandy-silty matrix

LA2 37.5 34.0 silty layer with very consistent clay

GSL2 34.0 28.5 gravelly layer in a silty matrix

Table 2. Properties of the soil layers.

Layer Yay GNMY) oy (kNfm’) ') ¢ (kPa)  Konc()  OCR  Kooc ()
R 18.5 185 415 0 0.337 - 0.337
LA1/2 18.5 20.0 25.0 20.0 0.577 2.25 0.813
SL 17.0 17.0 30.5 5.5 0.494 2.85 0.838
GSL12 200 20.0 45.0 0 0.293 - 0.293
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properties of the soil layers. K, values for coarse-grained soils were derived from Jaky’s equation
(1994), while the equation from Mayne & Kulhawy (1982) was used for overconsolidated strata.

2.2 Methodology and grouting design

Compensation grouting field trials are commonly employed to calibrate the adequate applica-
tion of compensation injections (e.g. Sciotti et al. 2012). Additionally, numerical studies have
been proposed to simulate the grouting process and to assess its impact. They consist in the
application of internal pressure or of volumetric strains to interface or solid elements (e.g.
Addenbrooke et al. 2002, Schweiger et al. 2004, Wisser et al. 2005).

Even when considering 3D conditions, a plane state of deformation can be assumed around
the TAMs. The volumetric strain, &), to be applied to the cylindrical solid elements, repre-
senting the pre-treated soil volumes, can be therefore calculated as in Schweiger et al. (2004),
modified after Masini et al. (2014) to account for the different sources of grouting inefficiency:

Vinj__ & Vin
ma’  nmgng ma’

(1)

8v01:822+8xx:n]:

where Vi, is the grout injected volume and a is the radius of the cylindrical solid elements. & is
the grout efficiency factor that represents the ratio between the surface heave volume generated
by the grouting and the volume of the injected material. It is composed of three multiplicative
factors: the grout filtration (), the soil compaction (ns) and the geometry effect (ng).

According to Nicolini & Nova (2000), the single components of the volumetric strain can be
obtained as a function of a size parameter, A, here made coincident with &, from Equation 1,
and a shape parameter, o, varying from 0 (i.e., isotropic expansion) to 1 (i.e., vertical expan-
sion only). This approach allows to account for non-isotropic strains and to identify
a preferential direction for the grouting diffusion. Differently from the original formulation,
the version here applied considers a plane state of deformation around the cylinder: as such,
the strain component along the longitudinal axis of the cylinder, &,y, is considered as always
null and the isotropic part is divided by two instead of three:

€z22= i (1 _a)gvol + 0€yol
{ 2% (1—a)&yol (2)

where z is the vertical direction and x is the perpendicular one transversal to the cylinders (Figure 2).
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Figure 2. Scheme of the grouting strategy: a) front view (a = radius); b) side view (i= valve inter-axis).

2.3 Observed behaviour

The field trial was carried out near shaft no.5 and consisted of two distinct zones formed by two
different reinforced concrete (RC) plates. The present study focuses on one of them (RC plate 2),
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with a plan size of 8x8 m and an area of influence equal to 240 m> (Figure 3). Throughout the
testing the vertical displacements of the plate were measured at 9 monitoring points.

:
RC Plate 2

Figure 3. Location of RC plate 2, with TAMs array from shaft no. 5, close to Campo di Marte.

The CGT included the following operative phases: installation of tubes-a-manchettes
(TAMs), pre-treatment (PT) phase, preliminary (PR) phase, and the proper mitigation phase,
subdivided into two further stages (M1 and M2).

The seven TAMs, each with a length of 29.6 m, were installed approximately 7.5 m below
the RC plate and arranged in a fan array layout, with each tube containing 26 valves. During
the PT phase, a total of 29 m?® were injected during five different sub-stages. The PR phase
was carried out with a uniform simultaneous injection with volumes of 100 l/valve (total
injected volume of 4.8 m?), allowing the estimation of the initial grout efficiency factor
(& = 9.4 %). This parameter was averaged based on the areas of influence identified around
the nine displacement monitoring points on the RC plate.

The subsequent mitigation phase comprised two different stages: a homogeneous one (M1) and
a multi-stage phase (M2), involving the application of a differential strategy from different valves
depending on the measured heaves. The homogeneous phase resulted in a simultaneous injection
of 3.4 m® and an estimated & of 12.4%, providing the target injected volume for the next phase. In
the second stage (corresponding to an injected volume of 1.1 m?), excessive heave values were
recorded, if compared to those expected, especially at the central control points. In addition,
a shifting effect of some parts of the plate was observed and the final estimated & = 21% value has
to be considered as overestimated. It turned out that the process was less controllable as the injec-
tions were more differentiated.

Figure 4 shows the response of the RC plate to all the described stages, achieved by con-
ducting Kriging interpolation over the recorded heaves of the control points. In general, an
inclined heave can be observed during the pre-treatment and preliminary stages, while pro-
gressively higher heaves are recorded at the central points during the mitigation stages.
Table 3 lists the measured displacements, total injected volumes per phase, and the calculated
grout efficiency factor.

3 FINITE ELEMENT MODELLING

3.1 The geotechnical model

The finite element analyses were conducted with the PLAXIS 3D® software (Brinkgrave et al.
2021). A soil domain 120.0x120.0%22.5 m was chosen for minimizing boundary effects. The
model reproduces the 6 soil layers and the local hydraulic conditions.

A concrete plate was placed in the centre of the model, resting on the ground surface, with
a uniform thickness of 0.1 m. A simple isotropic linear-elastic material model was assigned to
the corresponding solid volume (y = 27 kN/m®, E = 37 GPa, v = 0.2). A roughness angle equal
to that of the underlying soil was considered for the soil-plate interface.
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Table 3. Incremental vertical displacements per
phase and final cumulated displacements at plate
control points.

Vertical displacements (mm)

12 Control points PT PR M1 M2 Final
» Cl 57 45 14 09 125
s 2 46 49 14 12 121

s C3 35 16 48 25 124

o = 7Y C4 43 17 45 37 142

; o, C5 43 47 49 22 16l

. E C6 44 36 55 30 165

s\ m o\ c7 49 46 47 24 166

N e C8 50 55 42 1.5 162
Nf St 9 49 50 50 24 173

Xm 5, ot = Vip (m?) 289 48 34 1.1 382

£ (%) 30 94 124 209 -

Figure 4. Deformed plate from cumulated control-
point (C1-C9) displacements at the end of each injec-
tion phase (PT = pre-treatment, PR = preliminary
stage, mitigation M1 = 1% stage, M2 = 2" stage).

All the soil layers were modelled with the Hardening Soil Model with Small Strain Stiffness
(HSsmall), an advanced elastoplastic constitutive model (Benz 2007) which could account for
the dependency of soil stiffness on the stress level, its progressive decay with increasing strain
level, and the early accumulation of hardening plastic deformations. The profile of small shear
strain stiffness, Gy, with depth, z, was determined by calibrating the model parameters Go™"
and vyo.7 against the down-hole DH7 experimental results (Figure 5). The parameters adopted
in HSsmall for different layers are summarised in Table 4. The DH7 experimental profile was
slightly adjusted in the vertical direction to align with the soil stratigraphy at the field trial
site, which is extremely close to the borehole B2CGT and therefore arguably shares the same
stratigraphy.

0 200 40\(/; (m/ggo 800 1000 Table 4. Soil parameters for HSsmall.
00 ‘ ‘ Soil layer
25 R
- - - T T~ Parameters R LAIL2 SL GSL1/2
5.0 LAl
Al T o (°) 41.5 25.0 30.5 45.0
[ i GO v () 0 0 0 0
100 . m (-) 0.3 0.8 0.4 0.2
B e Vur (5) 0.2 0.25 0.2 0.2
Y125 L’ o Gp”f (MPa) 286.8  91.3/318.9  188.72  733.9/998.9
- - = = - - = E’ur‘ef(MPa) 137.7  45.6/190.9  90.58 352.3/479.5
150 * Eysor"f(MPa) 459 15.2/63.7 30.19 117.4/159.8
s — — — e Eoed™ (MPa) 459 15.2/63.7 30.19 117.4/159.8
’ . Yo.7 (%) 0.01 0.01 0.01 0.01
200 - p™ (kPa) 100 100 100 100
. GSL2 Re(-) 0.9 0.9 0.9 0.9
225 b
¢ DH7 = HSsmall — w.t. == TAMs
Figure 5. Calibration of HSsmall

model from DH7 test results.
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3.2 Modelling of compensation grouting

The compensation grouting injections were modelled by introducing cylindrical soil volumes with
modified stiffness properties around the TAMs, and concurrently applying volumetric strains in
the global vertical (g,,) and x-direction (&x). Four of the seven cylinders were completely immersed
in the SL layer, the remaining three partly affected the LA1 layer. The soil stiffness inside the cylin-
ders was modified as a function of the intensity of grouting, I,, defined as the ratio between grout
volume (i.e., recorded injected volumes of grout) and the grouted soil volume (i.e., initial cylinder
volumes). The TAM arrangement in plan view was derived from technical drawings, with the cen-
tral TAM oriented along the global y-axis of the model, and the other 6 TAMs arranged as
spokes of a wheel, owing to the common origin in the access shaft. They were rotated of 5° to one
another, resulting in an overall opening angle of 30° (Figure 6). Each cylinder was 13 m long, sub-
divided into 13 segments representing the influence volume of each valve (i = 1.0 m).

Following the actual grouting sequence, the analysis was subdivided into 6 consecutive
phases. After the initialisation of initial stresses following the K, procedure, the concrete plate
was activated at the ground surface in the 2" phase. In the 3™ phase (i.e., the PT phase), the
soil cylinders around the TAMs were activated, and their stiffness was modified according to
the chart from Falk (1998), considering I, = 15%. In addition, the unit weight of the cylinders
was increased, according to the injected volume, and the volumetric strains were prescribed.
In the next three phases, corresponding to the preliminary and mitigation stages, only volu-
metric strains were applied, as summarised in Table 5, considering the further stiffening and
overloading of the grouted soil body as negligible. The last phase (i.e., the M2 phase) was fur-
ther subdivided into 8 sub-phases, accounting for the real injection sequence of the different
groups of valves, as specified in the field-trial technical report (Passante AV, 2012).

Volumetric strains were separately calculated for each valve according to Equations 1-2,
starting from the injected volume data for all phases as reported in the technical papers. The
subdivision into the z- and x-direction was determined on the basis of simple considerations: i)
in the initial stress condition, K, = 0.8 in the LA1 and SL layers, suggested a nearly isotropic
subdivision into vertical and horizontal components in PT phase; ii) in the following phases

a) b) plate
R
central cylinder
7 cylinders l LA1
SL
piezometric surface
plate GSL1

y z
L L LA2
X X GSL2

Figure 6. 3D model of the plate and the cylinders: (a) top view, (b) front view.

Table 5. Modifications to the soil parameters inside the cylinders and calibration parameters.

Yunsat (KN/m®) Go™(E oed™") (MPa)

Phase LAl SL LAl SL E)  me ) a()
1 Initial 18.5 17.0 91.3(45.6) 188.7(90.58) - - -

2 Plate activation 18.5 17.0 91.3(45.6) 188.7(90.58) - - -

3 PT 21.5 20.0 456.4(228.2) 754.9(362.3) 3.0 5.6 0.0
4 PR 21.5 20.0 456.4(228.2) 754.9(362.3) 9.4 16.5 0.6
5 M1 21.5 20.0 456.4(228.2) 754.9(362.3) 12.4 21.8 0.6
6 M2 21.5 20.0 456.4(228.2) 754.9(362.3) 20.9 36.7 0.6
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the proportion was made varying toward a predominant deformation in the vertical direction.
This assumption was based on the idea that repeated injections of grout into the soil would
eventually result in a stress state in which the effective horizontal stress exceeds the vertical
one and preferential horizontal fractures develop (Bezuijen et al. 2011, Falk 1998).

Parameters o and ng were treated separately: while the first was defined on the basis of the-
oretical considerations, the second was calibrated in order to obtain a comparable level of dis-
placements with monitoring data at the control points. Laboratory results in silty soils show
a n in the range 55-85% (Masini et al. 2014), which are expected to further reduce in sandy
soil and in field conditions.

3.3 Results and comparison with field data

The simulated and measured displacements of the plate were in good agreement at the end of the
last mitigation phase (Figure 7a), even if a larger curvature was observed in the FE results, as
already noticed in Masini et al. (2014). The absolute difference between maximum displacements,
8 = Wimulated - Wmeasured» at the end of phase M2 is shown in Figure 7b: the minimum values were
about -3 mm (-18%) along two of the four edges of the plate, while for more than 50% of the
surface the difference was less than -9% of the measured values (i.e., reconstructed from control
points). In Figure 7c the progressive heaving of the plate during all the grouting phases together
with the non-uniform deformation of the central cylinder segments is shown. The maximum
heave of the plate at C9 is 17.5 mm, about 1% more than the corresponding recorded value.

The simulation of the single phases was not always able to catch the asymmetry of the dis-
placement field induced on the real plate, despite the accurate modelling of (a) the TAMs
arrangement, (b) the grout volumes injected per valve and (c) the differential grouting strategy
in phase M2. In particular, the simulation did not reproduce the inclination of the plate
during the PT and PR phases, when the edge close to Cl1 and C2 experienced the largest
heave. This may be due to the complex stratigraphy in the vicinity of the field trial site, which
can be inferred from the analysis of boreholes, and might cause differential displacements
and/or affect the permeability around the TAMs and, consequently, the grout efficiency.
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Figure 7. FE results: (a) deformed plate at the end of each injection phase (compared to measured final
displacements); (b) difference between simulated and measured displacements (phase M2); (c) deformed
mesh of the central cylinder at depth and of the plate at ground surface in all grouting phases.
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4 CONCLUSIONS

The paper summarises the numerical modelling of a CG field trial carried out in preparation
for the excavation of the high-capacity railway line tunnel below the Florence city centre.

Despite the many practical details of the experimental campaign, the partially simplified
numerical procedure was able to capture the displacement field generated by the compensa-
tion grouting injections, also thanks to the use of an advanced soil constitutive model properly
calibrated in terms of stiffness. While the proposed strategy is highly site-specific and demands
careful calibration, it has the potential to assist practitioners in determining the volumes to be
injected during full-scale mitigation interventions.

The calibration of injection parameters (i.e. shape factor o and grout filtration efficiency
factor ng) resulting from this study will allow to investigate the effect of compensation grout-
ing in the occurrence of an unlikely critical scenario (i.e. a surface volume loss of 1.5%) during
tunnelling below the Fortezza da Basso, characterised by similar subsoil conditions. In
a unique 3D finite element model, the interaction among tunnelling, soil and structural
response, and grouting processes will be simulated, thus permitting a more detailed assessment
of the protective effect of the mitigation strategy.
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