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ARTICLE INFO ABSTRACT

Keywords: The use of Fibre-Reinforced Self-Compacting Concrete (FR-SCC) has increased significantly in recent decades,
Fibre-reinforced self-compacting concrete due to its superior flowability, workability, and enhanced mechanical performances. These characteristics have
(1;R'SICC) made it particularly suitable for both cast-in-place and precast applications, ranging from slabs to tunnel
Rheology

segments. One of the main advantages of FR-SCC is the possibility to control fibre dispersion, which directly
influences the material’s structural performance. However, evaluating fibre dispersion within the targeted
elements remains a significant challenge, as it depends on both the rheological properties of the mix and
the casting process. Structural codes require to account for fibre orientation in the design phase through the
definition of an orientation factor. For complex applications, such as the casting of the FR-SCC tunnel lining
considered in this study, determining this factor in advance is particularly challenging. To address this issue, a
simple yet effective framework for predicting fibre orientation in arbitrary casting processes is proposed. A fluid
FEM-based numerical model is employed to accurately compute flow lines during casting. A time-dependent
Bingham law is used to reproduce the FR-SCC rheological behaviour, while calibrating the parameters, to
account for the effect of fibres, by means of ICAR rheometer tests. Based on the numerically computed velocity
field during casting, a novel definition of the orientation factor is introduced. The approach is validated through
comparison with experimental results obtained from a non-destructive magnetic survey of the fibre dispersion,
performed on full-scale mock-ups of FR-SCC tunnel linings.

Particle finite element method (PFEM)
Slip-forming tunnel linings
Fibre orientation factor

1. Introduction aesthetics to mechanical performance and durability. These superior

outcomes are primarily attributed to the unique mix design required

In recent years, the field of concrete construction has witnessed
groundbreaking advances, among which several are linked to the better
control over the fresh state, i.e., that phase occurring immediately after
mixing and before setting. As a matter of fact, the fresh state properties
not only play a pivotal role in determining the durability, strength,
and overall performance of the hardened concrete structures [1], but
also have a central role in the development of advanced construction
materials and technologies.

In the last decades, Self-Compacting Concrete (SCC) has been devel-
oped and popularized to solve, among the others, casting problems in
structural elements with highly congested reinforcement. SCC is in fact
characterized by high flowability, allowing the possibility to fill intri-
cate forms and heavily reinforced details without mechanical vibration.
This innovation, while simplifying the construction process, has also
resulted into a better overall quality of the finished structures, from
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to achieve enhanced performances in the fresh state.

These performances can be better quantified under the commonly
employed assumption that fresh concrete behaves as a homogeneous
Bingham fluid. Specifically, SCC is characterized by yield stress values
that are sufficiently low to guarantee the ability to flow under its own
weight, but high enough to prevent particle segregation under static
conditions [2]. Additionally, moderate values of plastic viscosity help
to maintain a uniform distribution of particle suspension during curing.

The slump test is the most common experimental method for eval-
uating the workability and the Bingham parameters of standard fresh
concrete in practice. The yield stress can be estimated using analytical
formulas [3,4] that correlate it with the measured height loss. In
the case of SCC, its high flowability necessitates using the spread
diameter at the end of self-weight-driven flow to estimate yield stress
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via analytical formulations. Additionally, the time to reach a 500 mm
spread or flow cessation [5] serves as an indicator of plastic viscosity
and dynamic resistance to segregation. Other tests like the V-funnel
and L-box provide additional insights into specific SCC properties [6].
The V-funnel measures flowability and viscosity by timing the ma-
terial’s passage through a narrow funnel, while the L-box evaluates
the ability of SCC to flow around obstacles without segregation. For
a more detailed rheological assessment, however, rheometer tests are
essential [7].

Rotational rheometers, through the measure of the rotational speed
and torque, can provide a complete and accurate evaluation of the
rheological parameters of the Bingham’s model [8] or of its power-law
variations [9]. Moreover, rheometers can asses the material flow curve,
highlighting nonlinear phenomena like shear-thinning and shear-
thickening or time-dependent reversible effects, i.e, thixotropy [10].
A recent review of the types of rheometers commercially available and
their functioning is reported in [11].

Combining the SCC technology with that of Fibre-Reinforced Con-
crete (FRC), the so-called Fibre-Reinforced Self-Compacting Concrete
(FR-SCC) is obtained. The use of FR-SCC offers significant benefits with
respect to standard FRC, such as improved fibre dispersion preventing
downward settlement, enhanced fibre-matrix bond, and greater dura-
bility due to the high compactness of the SCC matrix [12]. Additionally,
as reported in [13] this synergy enables to obtain a uniform distribution
of fibres within the cast elements, or alternatively, to align fibres along
preferential directions by means of a tailored casting process.

This is an important point, since fibres distribution and orientation
can greatly affect the toughness of the hardened material [14] and
hence the overall performance of the intended FR-SCC structural appli-
cation. The fib Model Code 2010 [15] and the recently issued fib Model
Code 2020 [16] provide prescriptions and recommendations for the
identification of suitable post-craking constitutive law representative
of the true crack bridging effect exerted from fibres. In particular,
they recommend to scale the post-cracking relationship based on an
orientation factor, which accounts for fibre orientation with respect
to the direction of the principal (tensile) stress [17]. However, the
structural codes do not prescribe a specific way on how to compute the
orientation factor, which instead requires to be experimentally quanti-
fied with reference to each specific case [18]. In a recent study [19],
possible definitions for the orientation factor in 2D and 3D, as well as
practical methods for assessing fibre orientation, were reviewed.

Destructive methods are straightforward and can rely either on
direct manual counting of the fibres on the fracture surface [20,21]
in case of low fibres dosages, or on image analysis [13,22] and X-ray
imaging [20] for higher fibres dosages and if quantitative information
on fibre orientations are required. Various non-destructive techniques
have also been developed for monitoring fibre dispersion, including
impedance spectroscopy with alternating current [14,23], magnetic
surveys [18,24], and computed axial tomography scanning [25].

In all these cases fibre distributions can only be assessed a posteriori.
A simplified semi-empirical relation allowing for the prediction of the
average orientation factor in a section as a function of the rheological
behaviour, the length of the fibres and the geometry of the element to
be cast has been proposed in [26]. Alternatively, numerical simulations
tools for fresh concrete flow [27] can be extended to account for the
presence of fibres.

In the pioneering work by Folgar and Tucker [28] a mathemat-
ical model was introduced describing the fibre orientation state in
form of a probability density function. The model was later modified
in [29], introducing an orientation tensor and its evolution equation,
accounting for transport (by the flow) and diffusion (due to fibres
interaction). Even though the computational cost of these approaches
is non-negligible, they can efficiently predict fibre orientation when
coupled with FEM [30] or particle-based methods [31]. A different
approach, acceptable if the fibres concentration is moderately low,
would be to assume fibres aligned with the flow curves [26]. This
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strategy was validated for example in [32,33], where a Lagrangian FEM
model was exploited to determine fibre orientation during casting of
simple beams and slabs.

All the methods discussed above rely on a one-way coupling as-
sumption, i.e., fibre orientations are influenced by the flow, but not the
contrary. A more realistic representation of the casting process, can be
done by materializing the fibres in the simulation. Some examples of
two-way coupling simulations based on this approach are [34], relying
on the discrete element method, or [35], where the fluid part was
treated with CFD techniques, while fibres were modelled as immersed
rigid objects.

The aim of this work is to present a simple yet effective procedure
for predicting the orientation factor, required for structural design
calculations in accordance with the fib Model Code 2010 [15] and
2020 [16], in the context of complex casting processes. Rather than
relying on time-consuming manual measurements, an approach based
on an advanced, in-house developed numerical tool, calibrated using
rheological test data, is proposed. The objective is to enable rapid
estimation of the orientation factor even for complex geometries and
full-scale engineering applications, where experimental measurement
is often impractical due to size and geometric constraints. Specifically,
the study focuses on the work conducted by the Italian company Hinfra
Ltd, which is developing the Extruded Tunnel Lining Regeneration
(ETLR) technology for refurbishing existing tunnel linings [36]. This
technology involves segmental extrusion of steel FR-SCC tunnel linings
using a horizontal automated slip-forming process, offering a more
efficient approach to tunnel refurbishment compared to traditional
methods.

The work focuses on the following original aspects:

1. ICAR rheometer measurements were conducted following a
custom-developed protocol to assess the effect of fibres on the
rheological properties of the cementitious mix. Additionally, the
role of fibres in influencing both reversible (thixotropic) and
irreversible structuration phenomena was also established.

2. A Particle Finite Element Method (PFEM) [37,38] model of the
casting process of the tunnel lining mock-ups was developed,
incorporating a time-dependent Bingham law to describe the
material behaviour. The parameters for this model were cal-
ibrated using the rheometer test data, enabling the accurate
computation of the flow lines during mould filling. Given the
relatively low fibre volume content (approximately 0.5%) in the
matrix of the FR-SCC used in the casting process, the material
can be considered to be in the diluted regime [39]. This supports
the adoption of a one-way coupling approach, where fibres are
assumed to align with the flow streamlines.

3. A straightforward yet effective method for computing the orien-
tation factor, based only on the knowledge of the velocity field
during casting, is proposed. Its generality ensures applicability
with any numerical tool capable of generating the flow lines for
the casting process.

4. A non-destructive survey campaign, by means of a magnetic-
inductance based method, was performed on the four full-scale
slip-formed mock-ups to evaluate the actual fibre distribution
within/inside the structures, as built. Comparisons between
the experimental results and the numerical predictions demon-
strated good agreement, validating the developed framework
and confirming its applicability to different case studies.

The paper is organized as follows. In Section 2 the composition of
the employed cementitious mixes is given, the rotational rheometer
tests are described and the results in terms of the identified Bingham
rheological properties and their time-evolution are reported and com-
mented. In Section 3 the FEM numerical model is concisely presented,
focusing on the geometry of the problem, the casting process and
the inclusion of the time-dependent effects. Section 4 firstly reports
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(c)

Fig. 1. Mix M1 composition (a), ICAR rheometer (b) and vane and container of the ICAR rheometer geometry (c).

the simulation results, including the representation of the flow line at
different time instants. Successively, it details the proposed procedure
to evaluate the orientation factor and computes it on thirteen rele-
vant sections of each of the investigated full scale mock-ups. Finally,
the numerical results, in terms of fibre orientations, are compared to
those obtained from the magnetic survey on the full scale mock-ups,
validating the overall procedure.

2. Materials and methods
2.1. Cementitious mix compositions and ICAR rheometer

The two mixes considered in this work, developed by Hinfra Ltd
specifically for the ETLS project, are both SCC mixes, characterized by
the constituents represented in Fig. 1-a and the relative proportions
reported in Table 1. The second mix (M2), differs from the first one
(M1) due to the presence of Dramix®3D steel fibres, of 60 mm length
and 0.9 mm diameter, thus resulting in an aspect ratio r = 66.7. The
fibre volume content is ¢, =~ 0.5%, thus according to [39], the fibre
factor, which is defined as ¢ - r = 0.34 is by far lower than the upper
limit for the diluted regime, indicating that the influence of the fibres
on the rheological behaviour of the cementitious material is low.

Table 1

Cementitious mixes compositions.
Component Mix M1 Mix M2
Binder 600 kg/m? 600 kg/m?>
Water 210 kg/m* 210 kg/m’
Aggregates 1400 kg/m’ 1400 kg/m®
Superplasticizer 11.7 kg/m’ 11.7 kg/m’
Steel fibres - 40 kg/m’

For each mix, the constituents were weighted to respect the pro-
portions indicated in Table 1 and then gradually added in a concrete
mixer. First, the powder components were mixed, after which the water
and superplasticizer were added simultaneously. In case of mix M2,
steel fibre reinforcement were added only at the end, and mixed for
a couple of minutes. Specific details about the binder composition
and mixing procedure are omitted due to patent protection. Once the
mix was ready it was poured in the ICAR rotational rheometer. The
ICAR rheometer [40], represented in Fig. 1-b, is a portable instrument
composed of a cylindrical container and a motorized vane, whose
dimensions are reported in Fig. 1-c.

2.2. Rheometer protocol

Two different test are generally performed with a rotational rheome-
ter: the stress growth test and the flow curve test [40]. In the stress

growth test the vane is generally rotated at a constant speed of 0.025
rps. The maximum torque measured during the test is used to calculate
the static yield stress with the formula [40]:
- 2T ’
QR (72 +1)

where T is the maximum recorded torque during the test and R, and
H are respectively the radius and the height of the vane, as shown in
Fig. 1-c.

The flow curve test is used instead to determine the dynamic yield
stress and the plastic viscosity. It begins with a “breakdown” period in
which the vane is rotated at maximum speed to provide a consistent
shearing history before measuring. The vane speed is then decreased
to zero through a specified number of discrete steps. During each step,
the speed is held constant and the average torque is recorded. Plotting
the torque (T) versus the vane rotational speed (w) gives the T-w flow
curve. Notice that the rotational speed is measured in rotations per
second (rps). Analytical relationships have been developed to correlate
the T-w flow curve to a corresponding shear rate-shear stress law. If the
T-w curve is linear, i.e., the material follows the Bingham model, the
Reiner-Riwlin equations [41] can be exploited for this task:

(L_L>
2 2
Rl RZ

@

TH = R—To, (2)
In (—2)4;:H
R,
1 1
B R
1 B/e 3
K 4z H ©))

where T, and G are respectively the intercept with the 7T-axis and
the slope of the fitted line in the T-w graph, and R, is the outer
container radius. Some tailored extensions for the Herschel-Bulkley and
the modified Bingham law have also been proposed in [42] to deal with
cement pastes showing moderate shear thinning or thickening.

The protocol employed in this study consists of periodically alter-
nating along the selected measuring time frame the stress growth and
the flow curve tests, as shown in Fig. 2. The protocol was initiated ~10
min after the contact of the binder with the water. These initial 10 min
were allocated for the mixing and the pouring of the material from the
mixer into the rheometer. Alternating the two tests in time provided
indications on the evolution of the rheological parameters due to
structuration effects [43], either reversible (thixotropy) or irreversible
(early-age hydration). The protocol was then terminated at 30 min,
since the measured torque became excessively high, with the risk of
damaging the rheometer.

Each constant stress growth test lasted 4 min and was conducted
at the minimum rheometer velocity of 0.01 rps in order to allow the
material to structure. In the flow curve test the initial breakdown
period was instead replaced with a step-wise increase of the rotational
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mixing material
filling rheometer

. ! 1)

20 25 30

t [min]

Fig. 2. Adopted rheometer protocol, consisting of alternating a modified (ramp-up and ramp-down) flow curve test and a stress growth test.

speed (ramp-up phase), symmetric to the step-wise descent (ramp-
down phase). The ramp-up was composed of five velocity steps of
the duration of 5 s each: 0.01-0.128—0.246—0.364—0.482—0.6 rps. The
ramp-down five velocity steps, again of the duration of 5 s each,
were inverted: 0.6—0.482—0.364—0.246—0.128—0.01 rps. At the end of the
ramp-up, a consistent shear history was obtained, with the advantage
that a ramp-up flow curve was also generated. As it will be detailed
in the following, by post-processing operations on the ramp-up and
ramp-down curves, it is possible to quantify reversible and irreversible
structuration effects.

2.3. Rheometer results

Firstly, the results from the flow curve tests, in terms of the T-w
flow curves obtained at times 10—15-20—25-30 min for both mix M1
(without fibres) and mix M2 (with fibres) are reported in Fig. 3.

Regarding mix M1 (dashed lines in Fig. 3), it is observed that the
ramp-up curves exhibit a slight shear-thinning thixotropic behaviour,
which tends to become more evident in time. On the contrary, the
ramp-down curves are substantially linear and remain so throughout
the time frame of investigation, i.e. up until 30 min. This fact sug-
gest that the structuration is almost exclusively reversible, since the
ramp-up protocol is always sufficient to break the developed internal
microstructure.

Looking at mix M2 results (continuous lines in Fig. 3) it clearly
appears that fibres are playing a non-negligible role on the fresh state
performance and its evolution over time. In particular, the ramp-up
flow curves show a very marked non-linear shear-thinning behaviour,
which can be explained with a reasoning on fibre orientations. In the
initial steps of the ramp-up, fibres are randomly oriented, thus creating
a relevant opposition to the motion. Instead, for higher rotational
velocities the fibres start to align with the flow, creating less resistance
and thus decreasing the mix viscosity.

To quantify thixotropic effects (i.e., fully reversible structuration
[44]), the area between corresponding ramp-up and ramp-down flow
curves can be computed. This operation has been performed over
the range of rotational velocities of 0.128—0.482 rps. The initial and
final velocity values have been excluded, as they may be less reliable
due to their association with transient flow conditions. Similarly, the
total (reversible and irreversible) structuration is given by the areas
between the ramp-up curves at the considered time and the ramp-down

curve at the initial time (+ = 10 min), in the same range of velocities
0.128-0.482 rps, as shown for both Mix M1 and Mix M2 in Fig. 4.

Following a similar approach to that presented in [45], by sub-
tracting from the total structuration the reversible structuration, the
irreversible one can be computed. The results summarizing all these
computations are plotted in Fig. 5-a for mix M1, showing how the irre-
versible structuration is very limited, and starts only after the 20 min.
Almost all the structuration can be attributed to reversible effects phe-
nomena, i.e., thixotropy. Results for Mix M2 are instead presented in
Fig. 5-b, showing that the total structuration has doubled with respect
to mix M1. In particular, both reversible and irreversible structuration
phenomena seem to be increased by the presence of fibres. According
to [45,46], fibres enhance the material’s microstructure, increasing
yield stress and plastic viscosity. This effect is partially reversible in the
early-stages fresh cement paste, but becomes irreversible as the paste
hardens, locking the fibres in place.

The flow test is generally used to compute the dynamic yield stress
and the viscosity. Here, it was used for two reasons: clarify the role
of fibres on structuration effects and evaluate the viscosity with its
time evolution. In particular, the viscosity is computed at the different
times from the ramp-down flow curves with Eq. (3). Viscosity values at
different times are reported in Fig. 6-a and fitted with a linear law:

() = M=10 min + A:lh[xf, @

"

thix 1S the rate

where y,_;y nin is the initial value of the viscosity and A
of increment of the viscosity in time.

Similarly, from the stress growth tests results, the static yield
stress at each time can be computed with Eq. (1). Roussel thixotropy
model [2], which postulates a linear evolution in time of the static yield

stress, reads:

7o(t) = To =10 min + Arnix?> ®

where A,;;, is the flocculation parameter and f[min] is the time. By
fitting in the least squared sense a line through the static yield stress
data, it was possible to evaluate the parameters of Roussel model for
both mixes (see Fig. 6-b)

The linear fitting viscosity parameters derived from the flow curve
test and the Roussel’s model parameters computed from the stress
growth tests are reported in Table 2. The initial yield stress in both
mix M1 and M2 is about 7, = ~70 — 80 Pa. These are common values
for SCC concretes, which need moderate yield stresses to facilitate the
filling of complex frameworks.
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(e) t=30 min

Fig. 3. Comparison between the flow curves obtained at different times 10 — 15 — 20 — 25 — 30 min (a—e) for the M1 and M2 cementitious mixes.

Regarding the yield stress time evolution, Mix M2 is characterized
by A7 =291 Pa/min, which is much larger than in Mix M1 47" =
0.45 Pa/min. This result is also in agreement with other studies in the

literature [7,26] showing how fibres can favour re-flocculation and thus

accelerate thixotropic phenomena. Additionally, the presence of fibres
increases the percentage of irreversible structuration with respect to
the total structuration, from ~22% in mix M1 to ~34% in mix M2. This
phenomenon, also observed in [47], can be attributed to the dual role of
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Fig. 4. Ramp-up flow curves and initial (t = 10 min) ramp-down flow curve for Mix M1 (a) and Mix M2 (b). The indication of the relevant velocity range to be
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Fig. 5. Structuration of Mix M1 without fibres (a) and Mix M2
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Fig. 6. Time evolution for both mix M1 and M2 of the static yield stress (a) and of the Newtonian viscosity (b).
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Table 2

Comparison between the rheological quantities and their time evolution for the two cementitious mixes.
Mix T0,=10 min Hi=10 min Ap Al ;;:7'['[ - 100
M1 (SCC) 73.22 Pa 27.87 Pa s 0.45 Pa/min 0.11 Pa s/min 21.94%
M2 (SCC+fibres) 76.02 Pa 12.26 Pa s 2.91 Pa/min 1.27 Pa s/min 33.59%

fibres: directly contributing to the microstructure and indirectly aiding
in partially protecting and preserving the bonds between particles from
external shearing forces.

Regarding the viscosity, in mix M1 it remains almost constant in
time and approximatively of 28 Pa s, while in Mix M2 it starts from an
initial value of 12.26 Pa s and successively moderately increases over
time.

3. Numerical model
3.1. Governing equations and FEM discretization

The numerical method employed in this work relies on the frame-
work developed in [48] for the simulation of standard fresh concrete
tests and in [49-51] for the modelling of advanced manufacturing
processes with cementitious materials. The underlying assumption is
that fresh concrete can be considered as a viscous homogeneous fluid
and thus its motion is governed by the Navier-Stokes equations.

Considering an evolving fluid domain £, in a time interval [0, T'], let
us denote with x the position vectors at time ¢ in the local “or current”
configuration. The momentum balance and mass continuity equations
for an weakly compressible fluid, written for a Lagrangian observer
read:

p% =V,-c+pb inQ,x[0,T], 6)
dp :
E+Kvx.u=0 in 2, x[0,T], @

where p is the constant density of the fluid, 6 = o(x,?) is the Cauchy
stress tensor, b is the vector of the body forces, u = u(x,t) is the
velocity field, p = p(x,t) is the pressure field and K is the bulk
modulus of the material. The bulk modulus K can be estimated using
the relation K = pc?, where ¢ is the speed of sound in the material. For
fresh concrete, according to [52], ¢ ~ 200-500m/s. For the composite
material considered in this study, with a density of p = 2261.7kg/m’,
this yields bulk modulus values in the range K = 9.1 x 10’-5.7 x 108 Pa,
which are characteristic of a weakly-compressible fluid. A suitable set
of initial and boundary conditions must also be prescribed for the
problem to be well-posed.

In fluid dynamics it is convenient to decompose the Cauchy stress
tensor in a volumetric and a deviatoric part:

o=—pl +1, ®

where I is the identity tensor and r is the deviatoric stress tensor. The
deviatoric stress tensor expression is assigned through the rheological
law. For fresh concrete, the most adopted rheological law is the Bing-
ham model which accounts for the presence of a yield stress in the
material: if the stresses are lower than the yield stress the fluid behaves
as a rigid body, while, if the yield stress threshold is overcome, the fluid
starts to flow. The Bingham model reads:

e(u)

le@l if l17ll > 7, ©

T(u) =2pue(u) + 7,

e(w)=0 otherwise, 10)

where y is the fluid viscosity, 7 is the yield stress, ||+|| is the Von Mises
norm and e(u) is the deviatoric strain rate tensor. Due to the sharp
transition between the flow regimes, which can complicate the nu-
merical solution, the model implements the Papanastasiou exponential
regularization of the Bingham law [53].

Furthermore, because the casting process of the tunnel lining mock-
up takes place over a non-negligible time-span (~15 min), material’s
ageing becomes relevant. The effect of phenomena like thixotropy and
early-age hydration can be accounted for by prescribing proper time-
evolution laws for the Bingham’s model parameters. In particular, the
viscosity u = u(r) will evolve following Eq. (4), while the static yield
stress 7, = 7,(t) according to Eq. (5), where 7 is interpreted as the
material resting time. Additionally, since in practice structuration can
only start when the material achieves a resting configuration, in the
numerical model the time-evolution of the mechanical parameters is
initiated only in the unyielded regions.

The discretization process begins by expressing the governing equa-
tions in their weak form, following a standard Galerkin formulation.
The resulting integrals are then discretized leveraging the associative
property of integration: domain-wide integrals are decomposed into
a sum of element-wise integrals. Spatial discretization is carried out
by approximating the continuous fluid domain with a finite element
mesh. Within each element, the unknown pressure and velocity fields
are interpolated using nodal values and polynomial shape functions; in
this work, linear functions are used [54].

However, for incompressible or weakly-compressible materials, the
choice of interpolation spaces for velocity and pressure is critical to
avoid volumetric locking. Equal-order elements, such as linear triangles
in 2D and tetrahedra in 3D, are generally inadmissible. To address this
limitation and enable the use of equal-order pairs, the Pressure Stabiliz-
ing Petrov—-Galerkin (PSPG) method [55] is employed. PSPG introduces
a perturbation of the Galerkin weighting functions at the element level,
yielding a modified, stabilized form of the mass conservation equation.
The semi-discretized in space equation thus read:

ou

M, + Kyo,U = Fey, + DTP, an
M,op du
p
L L DU+LP+C==H, 12
e T +LP+C— 12)

where M, is the velocity mass matrix, K, is the deviatoric stiffness
matrix, F,,, is the vectors of the external forces, D is the discrete
divergence operator matrix, M, is the pressure mass matrix, L is the
PSPG Laplacian matrix and C and H are respectively a global matrix
and vector, associated to the PSPG terms providing consistency.

At this stage, time discretization is introduced using the implicit
backward Euler integration scheme. After spatial and temporal dis-
cretization, the governing equations result in a nonlinear system that
is linearized and solved iteratively using Picard recursive scheme.
Specifically, at a given time step 7, and iteration k + 1, the following
strongly coupled linear system, written in matrix form, must be solved:

M, k Tk
wn+l _ > k+1
At + dev,n+1 Dn+l Un+1
ko Cun My o i e
nt Lt n+l
Dn+1 * xkar + L'H"
Mk
k un+l
— Fext,n+1 + At U" (13)
= Mk . Ck X
pnt +1
ram P, + m Uu,+H,

The solver has been fully implemented in an in-house software
developed in Fortran to ensure high computational efficiency. The
Intel® oneAPI Math Kernel Library (oneMKL) is employed to store all
matrices and vectors in the Compressed Sparse Row (CSR) format and
to perform fundamental linear algebra operations. Furthermore, the
PARDISO solver from the MKL library is utilized for the direct solution
of the linear systems.



G. Rizzieri et al.
3.2. Particle Finite Element Method (PFEM)

The FEM formulation adopted in this work is based on a Lagrangian
point of view, which offers several advantages, among which the
effortless tracking of free surfaces and the elimination of nonlinear con-
vective terms in the equations of motion. However, since fresh concrete
can undergo large deformations, the finite element mesh may become
severely distorted during the analysis. This distortion can compromise
accuracy and convergence.

To address these challenges, we adopt the Particle Finite Element
Method (PFEM) [37,38], which augments the Lagrangian formulation
with an efficient and robust re-meshing strategy. Initially developed
for the simulation of free-surface flows and breaking waves [56],
PFEM has since demonstrated remarkable versatility and has been
successfully applied across various engineering domains. In particu-
lar, it has shown strong suitability for problems involving expanding
domains [49,50,57], as well as for modelling fluids with complex
rheological properties [48,54,58], making it especially well-suited for
the present study.

At the core of PFEM lies a re-meshing procedure: whenever the
mesh becomes excessively distorted, it is discarded, while preserving
the nodal positions. A new mesh connectivity is then generated using
an efficient algorithm such as the Delaunay triangulation [59]. Subse-
quently, the a-shape method [60] is applied to identify the physical
boundaries and reconstruct the free surface. For a detailed description
of PFEM, the reader is referred to [37,38].

While PFEM offers notable advantages, it is also subject to well-
documented limitations, including inaccurate volume preservation due
to remeshing and challenges in applying boundary conditions [38].
To address these issues within the specific context of this application,
the casting process of the tunnel segment, two techniques inspired
by [50,51] are employed:

1. Modelling the continuous inflow at the casting inlet: A non-
zero Dirichlet boundary condition is imposed by representing
the inlet as a set of Eulerian nodes. This approach enables
accurate enforcement of the inflow boundary condition while
preserving the inlet geometry. It constitutes a specific instance
of the general method for imposing non-zero Dirichlet bound-
ary conditions proposed in [50], which utilizes the concept of
Arbitrary Lagrangian-Eulerian (ALE) inlet nodes.

2. Enhancing the contact between the fluid and the rigid
mould: Instead of explicitly materializing the mould boundaries
with a set of nodes, their influence on the flow is modelled
through an equivalent boundary condition. Specifically, the
positions of the fluid nodes are continuously monitored during
the analysis, and whenever a node crosses one of the mould
boundaries, defined by closed-form equations, a zero Dirichlet
boundary condition is imposed on it. This strategy generalizes
the contact method originally proposed in [50,58] for the inter-
action of a fluid with a rigid horizontal plane and improves mass
conservation with respect to the standard way of treating rigid
boundaries in PFEM [38].

3.3. Case study geometry and boundary conditions

As previously mentioned, the Italian company Hinfra Ltd has devel-
oped the ETLR technology for refurbishing existing tunnel linings [36].
This innovative process involves the segmental extrusion of steel FR-
SCC linings using the horizontal automated slip-forming system repre-
sented in Fig. 7. The procedure starts by activating a moving module
equipped with a scraping system that removes damaged layers from
a 1-m-long segment of the existing tunnel lining. The thickness of the
removed layer depends on the extent of the damage. Successively, a
vault-shaped mould is positioned beneath the prepared section of the
tunnel. Fresh concrete is then pumped through a network of pipes into
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the formwork until it is completely filled. Once the concrete achieves
sufficient self-standing strength, the ETLR machine advances to the
next segment, repeating the process iteratively until the entire tunnel
is refurbished. Further details about this semi-continuous production
process can be found in [61].

Four scaled mock-ups of the real tunnel lining were cast for testing
and analysis purposes and are used as references in this study. The
geometry of a section of the tunnel lining mock-up is reported in Fig. 8,
highlighting the side face, intrados and extrados surfaces. Despite being
symmetric, it is indicated that casting will be performed from the left
side, as in happens in practice, where the left part of the mould is firstly
completely filled before concrete starts to flow in the right part.

The flow rate measured in practice when filling the three-
dimensional mould is of ¢°” = 20 m?/h and it is associated to a circular
opening of diameter d = 0.125 m and area A = % = 0.012 m?. From
this data the velocity of the flow was established to be uip =045 m/s
and the total filling process lasts r* = 878 s.

For simplicity an equivalent plane strain 2D problem has been
formulated and studied in this work, characterized by a linear filling
opening of length d = 0.125 m. The velocity of the real case is preserved
u? = 3P = u, = 045 m/s in order to keep unaltered the Reynolds
number of the flow and thus the physics of the problem. Consequently
the flow rate and the total time required to fill the mould in the
equivalent 2D problem will be respectively ¢*” = 203.25 m?/h and
2D =87 s.

To perform the simulations the material parameters derived by the
rheometer tests and summarized in Table 2 have been used. The only
difference is that the time-evolution laws are also scaled to achieve
the same level of structuration of the real 3D case at the end of the

. . 70.2D  _ 70,3D _ .
red;ched 2Dwt1rne, ie, A, = A" - t3p/thp = 29 Pa/min and
e = AT typ [ty = 12.8 Pa s/min, where t3p /1, ~ 10.

The continuous material inflow with designed velocity u, = 0.45
m/s has been assigned in input in the PFEM framework with the bound-
ary condition method developed in [49]. Gravity is acting downward
with a constant acceleration of g = 9.81 m/s>. A mesh size of h, =
% = 0.0125 m has been chosen and a time step of At = 1072 s has been
adopted.

As demonstrated in Section 2, the low fibre volume content indi-
cates a dilute suspension regime, meaning that the influence of the
fibres on the rheological behaviour of the cementitious material is
negligible. In this context, the fibres do not affect the flow dynamics,
but are instead passively transported by the fluid. This justifies the
use of a numerical method based on a one-way coupling approach
and the assumption that fibres align perfectly with the local velocity
streamlines [26]. This hypothesis significantly reduces computational
costs, but comes with two key limitations: (1) the influence of fibres on
the rheology must be characterized, and (2) fibre distribution and ori-
entation are not direct outputs of the simulation, but must be obtained
through post-processing.

The first limitation was addressed in the preceding section through
an extensive campaign of rheometer testing. In particular, the effect
of fibres on the material’s rheological behaviour was systematically
examined. This was achieved by calibrating the parameters of the
Bingham model - namely, the plastic viscosity and the yield stress -
and by quantifying how the presence of fibres alters their evolution
over time. Such calibration allowed a more accurate representation
of the material’s flow characteristics, ensuring that the fibre-induced
modifications to the rheology were properly captured in subsequent
analyses.

Regarding the second limitation, as previously stated, it is reason-
able to assume that fibres are transported by the flow. Consequently,
their orientation can be inferred by post-processing the velocity field
to compute the corresponding streamlines. This operation is relatively
straightforward, as the velocity field is a direct output of the numerical
simulation and streamlines computation is a standard, computation-
ally inexpensive procedure, performed also by many commercial and
open-source softwares.
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Fig. 8. 2D section of the tunnel lining mock-up, providing detailed information on the geometry (dimensions in millimetres) and boundary conditions.

4. Results

The numerical simulation of the filling of the entire mould section
took only 3 to 4 h using 8 cores on a computer equipped with an Intel®
Core™ i5-14600K processor (14 cores) and 32 GB of RAM. At the end
of the virtual casting process the computational domain consisted of
about 35 000 nodes and 70 000 triangular finite elements. The results
associated to six different casting times ¢ = >0 = 13.4, 26.8, 40.2, 53.5,
67 and 87 s are reported in Fig. 9. In the following the 2D times are
used, but it must be remembered that they are representative and can
be easily converted into the actual 3D times by means of: 3P ~ 2P . 10.

The snapshots of the filling process reported in Fig. 9 also show the
evolution in time of the static yield stress in the material at rest. Since
the left foot of the lining is filled before the other one, the material will
have more time to structurate, showcasing a difference in the static
yield stress of up to 35 Pa. It is interesting to observed how on the
left, a transition zone stands out below the nozzle, between the highly
structured material of the left foot and the newly cast material at the
end of the filling process. Even though in practice no evidence of a cold
joint was observed, this local behaviour could have a repercussion on
the fibres distribution. A similar trend to that shown by the static yield
stress is also followed by the viscosity.

In principle, fibres are transported by the flow until the fluid
velocity reduces to zero. However, once the velocity becomes zero,
computing flow lines is no longer feasible, creating a challenge in
evaluating fibres distribution at the end of the casting process. To
address this issue, it has to be considered that as a section fills, the
material’s velocity in that section gradually decreases to zero. It is
therefore practical to examine flow lines corresponding to a small but
non-zero velocity magnitude. A threshold velocity of u,,; = 0.001 m/s
has been chosen for this purpose. Typically, a particle requires ap-
proximately T ~ 1s to decelerate from u,, to zero. Assuming a linear
deceleration, the particle’s maximum displacement during this interval
is du = %utolT = 0.0005m. Interpreting this displacement as the
movement of the fibre’s tip and assuming that the fibre rotates about
its centroid, the corresponding rotation is 40 = 1;11/‘2 ~ 1°, where
l; = 60 mm is the fibres length. This rotation is negligible for the
purposes of this application, ensuring that the approximation remains
valid.

The flow lines results are reported during the casting of section
2 in Fig. 10-a and of section 4 in Fig. 10-b. As already commented,
flow lines associated to higher velocities are simply reproducing the
transient flow during the casting process, indicating how fibres are
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Fig. 9. Static yield stress distribution at different times (a—f) of the 2D process of filling of the mould.

oriented during the filling phase. Differently, flow lines associated to
smaller velocities, of the order of the threshold velocity u,, (darker
flow lines), can generally be considered representative of the final fibres
distribution in the section. It can be appreciated how the inclination of
the flow lines along the height is changing due to the changes in the
mould geometry, as the left foot is being filled.

The flow lines results are reported during the casting of section 10
in Fig. 11-a and of section 7 in Fig. 11-b. Comparing the previously
obtained flow lines in section 4 (Fig. 10-b) with those in section 10
(Fig. 11-a), it can be concluded that the filling process of the foots

10

of the tunnel lining segment can be considered symmetric and thus
the obtained fibres distribution will be specular. The experimental
observation introduced in the following will confirm this fact.

Additionally, it is interesting to observe the flow line distribution
at the key of the tunnel lining arch, i.e., at section 7. Since the two
side walls have already been filled, the casting process of the key will
resemble that of a rectilinear beam, with the material flowing from
one side. As also confirmed by [32,33] the outcome will be of fibres
oriented almost horizontally.
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Fig. 10. Flow curves with velocity magnitude corresponding to the filling of section 2 (a) and section 4 (b).
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Fig. 11. Flow curves with velocity magnitude corresponding to the filling of section 10 (a) and section 7 (b).
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Finally, once the flow lines corresponding to the threshold velocity
have been determined for all thirteen sections under consideration
(presented previously in Fig. 8), the results can be post-processed
to compute the orientation factor. According to the fib Model Code
2010 [15], there is no single definitive method for determining the ori-
entation factor. Various approaches have been developed, typically de-
signed to complement either destructive or non-destructive monitoring
techniques, as detailed in [19].

However, to the authors’ knowledge, existing literature does not
provide guidance on how to compute the orientation factor using
velocity field data extracted from CFD simulations. To address this
gap, a novel definition of the orientation factor is proposed, leveraging
the knowledge of the flow lines. In particular, the orientation factor,
hereafter denoted with k,, can be computed as:

L
./0 v,(s)-ds

«= T
/0 v(s)-ds

where a linear coordinate system s has been introduced spanning the

section of total length L, as represented in Fig. 12. Moreover, v(s) =

[lv(s)ll, = A/v(s) - v(s) is the L,-norm of the velocity and v,,(s) = |v(s) - n|
is the velocity projection on the section’s normal.

(14)

&
<

»
»

Fig. 12. Discretization of a generic section into a finite set of points, with
representation of key quantities of interest such as velocity, normal velocity,
and the angle between them.

Considering a generic scalar function f(s) whose values can be
computed at discrete points on the considered section, e.g., f = v(s)
or f = v,(s), the integrals can be evaluated in a simplified approximate
way as:

(As;_; + 4s) As, 1

——+/)——.  (15)

L As np=1
/ f(5)-ds = f()—F+ Y [O)
0 i=2

where As; = 5;,; — s; is the distance on the section between two conse-
quent points. Applying the procedure introduced above, the orientation
factor k, can be computed in each section at every time, as the ratio
between the integral over the section of the scalar normal velocity and
the integral over the section of the scalar magnitude velocity, where
both integrals can be numerically evaluated as in Eq. (15).

Fig. 13 shows the evolution of the orientation factor in time in cor-
respondence of sections 1, 3, 5, 6, 7 and 8. The initial time considered
corresponds to a situation in which the section is still characterized
by a transient laminar flow, with all the material just passing through
and thus associated to a k, = 1. Therefore, the period of interest
begins just after that, at the time #; when the section starts to being
filled with concrete, and fibres start accumulating within it. The final
time 7, is then defined as the moment when the average velocity ||7]|
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decreases below the threshold value u,,. Beyond this point, further
analysis of the orientation factor becomes impractical, as flow lines can
no longer be accurately computed. For each section the relevant time
span, identified as the period in between ¢; and t, is highlighted in
grey in Fig. 13.

Sections 1, 3 and 5 pertain to the left foot and the evolution of
the orientation factor is very similar to that obtained for the corre-
sponding symmetric sections 9, 11, 13 on the right foot. These sections
are characterized by fast and moderately turbulent filling processes.
Differently, longer times and smoother filling processes are associated
to the sections near the key, with the exception for section 6, which is
resenting of its position near the filling opening.

Although the relevant time span may vary for each section, the ori-
entation factor always tends to decrease. This reflects the tendency of
fibres to diverge from the initial flow direction (normal to the section)
during the filling process. Two significant values are considered: the
first is the minimum orientation factor, corresponding to the threshold
velocity, and the second is the average k,-factor over the relevant
time span. The average is used instead of the maximum because the
maximum typically occurs during the transient phase, when the section
has just started filling.

From these values extracted for each section (average and mini-
mum), it is possible to construct an envelope plot for the k,-factor.
This helps provide an indicative understanding of fibre orientation
in each section. Specifically, the minimum value represents the most
unfavourable estimate and serves as a lower bound, while the average
value offers an indicative upper bound.

A non-destructive experimental campaign was performed to mea-
sure the real fibres distribution on four tunnel lining mock-ups casted in
the framework of the ETLR project. The survey method is based on the
use of a magnetic sensor, that, when leaned against a SFRC structure,
can measure its inductance, which has been proved to be related to both
the fibres content and alignment with respect to the magnetic field flow
lines [18,24].

The measurements have been taken for the four tunnel linings at
mid-depth, both at the intrados, extrados and side face, in correspon-
dence of the thirteen sections under study; at each section measures
were taken at four different magnet inclinations with respect to the
circumferential direction: 0°, 45°, 90°, 135°. A single inclination mea-
sure with respect to the section normal has been obtained by taking a
weighted average between the angles, using as weights the associated
inductance values, at each section. Results are reported in Fig. 14-a,b,c.
Furthermore, to provide more consistent results, the inclination value
computed at each section for each mock-up has been averaged with the
values obtained from the other tunnel lining mock-ups, as shown in Fig.
14-d.

The decision to study the problem under a 2D plane strain assump-
tion is justified by the fact that the tunnel segment geometry remains
nearly constant along its depth. As a result, the flow development,
and consequently the fibre distribution, can also be assumed to remain
fairly uniform in the out-of-plane direction.

It is worth noting that minor variations in fibre orientation may
still occur, as a two-dimensional model inherently neglects three-
dimensional boundary effects. These are particularly relevant at the
top near the circular inlet opening and in the proximity of the two
side faces, where the presence of the mould may influence local flow
behaviour. Nonetheless, such effects are limited and have a negligible
impact on the overall fibre distribution.

This assumption is further supported by the results shown in Fig. 14-
d, which reveal similar trends in the orientation factor at the intrados,
extrados, and side face. These findings indicate that three-dimensional
effects are moderate, thereby validating the use of a 2D numerical
model.

The computed inclination angles at each section can also be trans-
formed into orientation factors, by considering the absolute value
of their cosine. Fig. 15-a,b,c compares the experimentally measured
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Fig. 13. Orientation factor evolution over the relevant time span (in grey) in section 1, 3, 5, 6, 7 and 8.
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Fig. 14. Fibres inclination and orientation factor distribution at the extrados (a), intrados (b) and side face (c). Single data measures from the four tunnel linings

(tl1, t12, t13, t14) analysed and the mean curves (d) are reported.

averaged fibres inclination angles (and orientation factors) with the
previously obtained numerical envelopes, at the extrados, intrados and
side face. Finally, the intrados, extrados and revside face experimental
fibres orientations can be averaged between them to obtain a more
global indication of the orientation factor at a certain section of the
tunnel lining, as it is reported in Fig. 15-d.

A remarkable agreement between the spatial trend of the
numerically-computed orientation factor envelope and the experimen-
tally measured data is found. The plot can be read either in terms
of the orientation factor, which is useful for design purposes or in
terms of the fibre orientation angle, which is the angle the fibres make
with respect to the normal to the section. Both the numerical and the
experimental results show a certain symmetry with respect to section 7,
corresponding to the key, thus reflecting the fact that the filling process
of the two side walls is similar. Also, the general trend is the same,
with higher orientation factors in key, due to the more laminar filling
process, resembling that of an horizontally-casted beam and with lower
ones along the side walls, where turbulent filling and more mixing has
occurred.

15

The numerical envelope not only provides a general overview of
fibre orientation along the geometry, but as already stated, can also
be used to draw a preliminary information on the orientation factors
that, according to the fib Model Code 2010 [15] and 2020 [16], should
be considered to perform the structural design of the investigated
tunnel lining. Interestingly enough, it appears from Fig. 15 that almost
all the experimental values are placed above the lower bound curve
of the numerically computed envelope. Thus the numerical approach
can be efficiently exploited for a safe-based design. Additionally, by
examining the conclusive plot (Fig. 15-d), which represents the average
experimentally-derived orientation factor across the intrados, extrados,
and side face sections of the mock-up, an overall indication of the
fibre alignment can be obtained. It can also be observed that nearly
all of the experimental data points lie within the defined numerical
envelope, and a significant portion is positioned closer to the upper
bound, highlighting the reliability of the experimental measurements
and at the same time providing confidence in the predictive capability
of the model.
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Fig. 15. Orientation factor (or equivalently fibres inclination with the section’s normal) numerical envelope and experimental mean curves at the extrados (a),

intrados (b), side face (c) and the average between them (d).
5. Conclusions

This study has introduced a novel and practical framework for
predicting the fibre orientations in Fibre-Reinforced Self-Compacting
Concrete (FR-SCC) during complex casting processes, with a particular
focus on the application related to an advanced tunnel lining refurbish-
ment technology. The methodology combines rheological characteriza-
tion with fluid FEM advanced numerical modelling tecniques.

More in detail, the effect of fibres on the rheology of the investigated
cementitious mixes was established by means of ICAR rheometer tests.
This allowed the identification of the equivalent static yield stress and
viscosity and also of their time-evolution. Notably, it was found that
the presence of fibres can greatly affect thixotropic phenomena and can
substantially accelerate non-reversible structuration.

The rheological data was used to calibrate a time-dependent Bing-
ham model, to be used in the fluid FEM simulations. The latter, were
performed with the Particle Finite Element Method (PFEM), a powerful
technique which easily allows the simulation of complex processes
involving free-surfaces and expanding domains. The model was used
to simulate the entire filling process of the tunnel segment, providing
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an accurate evaluation of the velocity field at the different times. From
post-processing operation the flow curves, representative of the fibres
distribution, were generated.

Structural codes for the design of FRC elements require the compu-
tation of the orientation factor. To address this need, a novel definition
of the orientation factor is introduced, relying solely on the knowledge
of the velocity field. The key advantage of this approach is that the
velocity field is a standard output in all CFD computational software,
making the proposed procedure both general and straightforward to
implement.

Finally, the experimental data from a magnetic survey campaign
on cast tunnel lining segments was used to validate the numerical
predictions. The measured fibre orientations closely matched those
predicted by the model, confirming the reliability of both the numerical
method and the novel orientation factor definition.

The results demonstrated that the developed methodology is ef-
fective for assessing fibre orientation in FR-SCC castings and can be
extended to other structural applications. It can be straightforwardly
applied for a design-wise evaluation of the orientation factor, as re-
quired by the structural codes. The advantages regarding structural
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design aspects will be further explored for the case of tunnel linings in
a subsequent publication. Additionally, it can also provide multiple in-
sights over the casting process itself, suggesting how to further optimize
it to achieve an improved fibres and material distribution.

Future research could extend this methodology by incorporating
two-way coupling approaches, particularly in cases where the fibre
volume fraction has a significant influence on flow dynamics, an effect
that the current approach does not fully capture. Another limitation
arises in problems characterized by highly three-dimensional flows,
where full 3D simulations are required. At present, the numerical ap-
proach is constrained by computational cost. Nevertheless, we believe
that with further optimization of the numerical model, and potentially
through the use of advanced CPU/GPU parallelization techniques, the
methodology could already be applied to predict fibre distribution from
flow in more complex geometries and even in large-scale industrial
settings.
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