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Abstract

In the construction industry, the design of dimensions of structural elements and material properties is generally separated from the design of material
composition and of the production processes used. Such divide is enabled by robust construction materials (like concrete) little affected by production
processes if minimum precautionary measures are in place. The same does not hold true for special concrete types; whose higher sensitivity to the mix
design and manufacturing compels a shift towards more comprehensive approaches that incorporate the production process into a holistic design. The
design driven by integrated numerical simulations encompassing from production to the long-term performance is already ordinary in the manufacturing
of plastic and metallic components. Nevertheless, it remains an alien to the construction industry. The objective of this paper is to review existing studies
that might underpin this holistic design approach in construction and show some of its capabilities. Advanced modelling strategies available to simulate
the behaviour from the fresh- to the hardened-state are discussed for the cases of pervious concrete and fibre reinforced concrete. This approach provides
a deeper insight about the material behaviour and aids to a new level of numerical optimisation of their compositions and production processes, unlocking
a potential transformation of the modus operandi of the construction industry.
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1 Introduction example of how processes occurring in the fresh-state can

significantly affect the performance in the hardened-state.
Since the birth of steel reinforced concrete as a building Discrete fibres dispersed in the matrix enhance its ductility,
material in the 19" century, there has been a divide between post-cracking strength, cracking and fire resistance in
design and construction. Designers work with models underground construction, pavements and in the precast
estimating dimensions of the structural elements and industry. The behaviour of hardened FRC is governed by the
material properties that satisfy a certain performance level; strength of the matrix and by fibre distribution and
constructors work to find a composition that satisfies these orientation, which depend on the rheological properties, the
properties and to produce the elements. Part of the casting procedure and the geometry of the element
successful, widespread use of concrete comes from an produced. Changes of more than 100% on the mechanical
implicit symbiosis between designers and constructors, residual strength have been reported in the literature
combined with the robustness of a material not hugely depending on the direction of testing or the production
affected by the production process if elements are properly process adopted [1-4].

cast and cured. For instance, conventional reinforced
concrete beams tend to show similar performance regardless
of the initial casting position or path (from centre or from
ends). Likewise, in a well compacted column, a slight increase
in energy of vibration should not induce massive changes in
the final performance of the element.

Another example in which production processes have major
influence on the hardened-state performance is found for
pervious concrete (PC) - generally used in pavements and
insulation layers. This material shows high permeability owed
to a reduction in the content of fine aggregates in the
composition, which tends to decrease the mechanical

This does not hold true for all applications or types of performance. After mixing, PC is transported, placed and
concrete. Particularly for special types with added generally compacted to a given density. The same
functionality or executed in extreme conditions, the composition may lead to a highly pervious or an almost
production process might have a significant influence on the impervious concrete depending on the level of compaction
behaviour achieved. Fibre reinforced concrete (FRC) is an introduced [5,6].
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The diversity of factors affecting the successful application of
these special concrete types entails an added level of
complexity that compromises the implicit symbiosis design-
construction mentioned previously. This is a potential source
of problems and uncertainties as the material might comply
with the design requirements at a laboratory quality
assurance test but not at a real-scale element, thus creating a
barrier for reliable, widespread applications. Evidently, the
traditional design approach for conventional concrete
elements does not suffice the needs of these special types of
concrete.

To overcome such issues, the design of material properties
must be linked to a design of production processes, both
based on predictive numerical models [7]. This philosophy —
broadly applied in the manufacturing industry —is still an alien
to the construction industry, which lacks the appropriate
tools and resources to deploy a more holistic design from the
fresh- to the hardened-state, including all intervening
production processes. The advent of accessible systems with
higher computing power will enable this philosophy, essential
for the evolution of concrete as a building material. The
objective of this paper is to show existing studies that might
underpin this holistic approach and show some of its
capabilities.

2  Fibre reinforced concrete

2.1 Modelling strategy

The holistic approach to assess the performance of FRC
should couple 2 models, as shown in Fig.1. The first simulates
the fresh-state behaviour over the stages of production of the
elements (i.e. mixing, transport, casting and vibration or
compaction) to assess the fibre distribution and orientation
after completion. The second simulates the hardened-state
behaviour considering the fibre distribution and orientation
obtained in the previous stage to assess a global mechanical
response.

The fresh-state behaviour of FRC has been simulated in the
literature using multi-phase Computational Fluid Dynamics
(CFD) [8,9] and Discrete Element Models (DEM). In the
former, the matrix is treated as a fluid and fibres behave as
solid inclusions that interact with the flow. A 1-way
interaction may be assumed (fibres are affected by the flow
but do not modify it) for small volume of inclusions, while a 2-

way interaction (fibres are affected and modify the flow) is
recommended for high contents.

In the DEM, the fresh matrix is represented by spherical
particles whose interaction are defined by Newton’s motion
laws. The contact between particles is usually simulated with
a Kelvin rheological model that includes elastic and viscous
components in the normal direction represented by a spring
and a dumper in parallel. Fibres are defined as clumps of
spherical particles bonded together. The fibres-matrix
interaction is generally modelled using a Bingham rheological
model in the normal direction, which consists of a Saint
Venant element and a dashpot connected in parallel.
Deformation is limited until the yield stress is reached, when
the model exhibits visco-plastic deformation. Other studies
have used alternative approaches, such as 3-dimensional
Lagrangian smooth particle hydrodynamics, to simulate the
flow of FRC [10,11,12].

In the hardened-state, the tensile or flexural behaviours of
FRC are usually simulated using sectional analysis or Finite
Element Models (FEM) considering a homogeneous material
with a non-linear constitutive law that represents the
interaction between concrete and fibres as a continuum.
Since fibres are not treated as discrete elements, their
orientation and distribution must be introduced via input
parameters obtained in back analysis of experimental results.
Authors [13,14] have developed more complex FEM that
simulate each fibre discretely, accounting for their interaction
with the surrounding matrix. This allows the consideration of
distribution and orientation but comes at a high
computational cost. It also brings convergence issues as many
fibre-matrix interfaces are generated and complex localized
cracking of the matrix occurs around the fibre during the pull-
out stage.

An alternative approach was proposed by Cavalaro and
Aguado [16] to account for the contribution of each fibre and
mitigate these disadvantages. To reduce the computational
cost, only fibres crossing the cracked surface are modelled.
These are identified in a preliminary stage by the position of
their extremities with regards to the cracked plane (see Fig.1).
To reduce convergence issues due to localized cracking,
individual fibres are represented by a 2-point interface
element (1 at each sides of the cracked surface). The
interfaces follow specific pull-out curves of each fibre
calculated using models from the literature.

Hardened-state (FEM)

f Fresh-state (DEM)

Casting Fibre distribution Identification of fibres
process & orientation crossing the cracked plance
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Figure 1. Holistic modelling strategy to assess the behaviour of FRC.
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These pull-out models usually depend on input parameters
relating to the fibre (diameter, embedded length, tensile
strength and inclination with the crack surface and with the
load direction), the matrix (average tensile strength) and key
points of the load-crack opening curve obtained from pull-out
tests of a single or multiple fibre. Among the alternatives from
the literature [17-20], Cavalaro and Aguado [16] chose the
pull-out models proposed by Laranjeira for straight [21] and
hooked-end fibres [22]. Fig.1 shows a schematic diagram of
the pull-out curve with the key points for hooked fibres. The
input parameters and the models are further described by
Laranjeira et al. [21,22], including validations with results
from Leung [23], Robins [24] and Van Gysel [25]. The pull-out
curve estimated for each fibre is introduced in the FEM that is
processed to determine the global structural response of the
specimen. The model is adequate to simulate specimens with
a preferential cracking plane and softening behaviour. In case
hardening occurs, additional interface elements must be
placed to account for multiple cracking.

2.2  Capabilities of the approach for FRC

The hardened-state model from Cavalaro and Aguado [16]
was used to simulate bending tests according to BS EN
14651:2005+A1:2007 [26] conducted by Blanco [27] in
concrete specimens with 20 kg/m? of hooked-end steel fibre.
The fibre distribution for a highly fluid concrete measured in
several experimental programmes with an inductive method
[28-30] was assumed. Fibres were generated inside the
specimen following probabilistic the law described by
Cavalaro and Aguado [16]. Pull-out parameters of the fibre
were calibrated to guarantee the fit between experimental
and numerical results. As expected, a good fit is observed for
the whole extent of the average curves, as shown in Fig.2.

Although the fibre average orientation is nearly the same in
all models generated with identical input parameters, slight
differences in position and inclination occur due to the
randomness of fibre distribution. Consequently, a different
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load-CMOD curve is obtained every time a geometry is
generated and processed, producing a numerical scatter
similar to that found in experimental programmes. This
enables studies of the influence of different parameters (e.g.
size of specimen, fibre content or type of concrete) in the
structural response and the intrinsic scatter of the material
[16].
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Figure 2. Experimental [27] and numerical results.

The influence of the geometry of the specimen on the post-
cracking response is assessed in terms of the equivalent
flexural residual strengths fz; and fz4 in @ 3PBT configuration -
used by the Model Code 2010 [31] to estimate the
constitutive equation of FRC. Fig.3 shows the evolution of
both residual strengths with the width of the specimens with
heights of 150 mm (H150), 200 mm (H200) and 300 mm
(H300). Each point in Fig.3 is an average of at least 20
simulations considering the wall effect induced by the
formwork. Notice that specimens H150 with width 150 mm
do not correspond to the standard specimen defined in
EN14651 as no notching is applied in these models.
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Figure 3. Average and coefficient of variation assessed for a) fr1 and b) fra.in specimens with different cross-sections subjected to 3PBT.
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Fig.3 reveals that fr; and frs decrease as the width of the
specimen increases. For instance, an increase in width from
150 mm to 2000 mm in specimens H150 leads to a reduction
of 37.7% and 21.3% in fr: and  frs, respectively. The results
also suggest that higher specimens tend to exhibit smaller
flexural residual strengths. The residual strength reduction
observed with the increase of the cross-section size is a
consequence of the wall-effect of the formwork. In small
elements, the formwork influences the fibre orientation in a
significant portion of the cross-section, thus promoting a
favourable preferential fibre alignment perpendicular to the
crack. Conversely, in bigger elements, the wall effect modifies
the orientation of fibres located in a smaller proportion of the
cross-section, allowing fibres to assume less favourable
orientations with the cracking plane. Notice that 96% of the
cross-section of H150 with 150 mm of width is affected by the
wall-effect, against only 22.4% for H300 with 2000 mm of
width.

Fig.3 also shows the intrinsic coefficient of variation (CV) of fr;
and fzs from the numerical simulations (not considering the
variability induced by production and testing processes). A
significant reduction in CV occurs as the cross-section size
increases. Similar results were already reported in the
literature [32-36] and in numerical studies by Cavalaro and
Aguado [16]. Although the wall-effect also contributes to this
outcome, the main cause is the variability in the number of
fibres effectively bridging the crack. Specimens with smaller
cross-section have a reduced number of fibres contributing to
the residual strength. Slight variations in the number of fibres
from one model to another may lead to significant changes in
the residual response, augmenting the CV. By contrast, the
increase in cross-section size also increases the number of
fibres bridging the crack, diluting the influence of variations in
the number of fibres in the cracked plane from one model to
another and, thereby, the CV.

Fig.4 shows the average and the CV of fz; and fr4 estimated for
specimens H150 with 150 mm of width and those for
specimens of the same size that received a 25 mm notch
(H125), as specified in EN14651. According to the results, fz;
and fgs are respectively 42.9% and 14.5% bigger for the
specimen without the notch, which again is consistent with
the notch sensitivity experienced by quasi-brittle materials
and may be explained by the influence of the wall-effect. The
notch deactivates fibres located closer to the formwork,
which were more likely to have a favourable orientation
perpendicular to the crack.

The CVs of fz; and fz4 are respectively 8.1% and 21.7% smaller
for the specimen without the notch. This is due to the bigger
failure surface of the specimen without the notch, which
contains more fibres crossing the cracked section, reducing
the influence of variations in the number of fibres. Notice that
these simulations consider a pre-defined position of the crack
due to the presence of the notch. Specimens without the
notch crack in the weakest section, hence these variations in
the crack position could lead to an increase in scatter of
specimens.

3  Pervious concrete

3.1 Modelling strategy

Fig.5 shows the holistic strategy for assessing the permeability
and strength of PC. The integrated model combines discrete
element method (DEM) - to simulate the compaction process
in the fresh state, obtain the meso-structure and model the
mechanical behaviour - with computational fluid dynamics
(CDF) - to predict the flow profile and permeability of the
meso-structure.

Few studies are reported in the literature regarding the
simulation of the compaction of PC. Studies either employ
lattice models [36] or DEM [6]. In the DEM, aggregates are
generally considered bi-phasic spherical particles, formed by
an inner core (aggregate) and an external layer (surrounding
cement paste). The interaction between particles during the
compaction are defined by force-displacement laws. The
normal interaction between the external layers of the
particles are simulated using a Kelvin-Voigt model aligned
with an additional spring and a dumper, whereas the normal
contact between inner cores is modelled with a purely elastic
interaction law. Tangential interactions follow a modified
Bingham-Hooke law [6]. During the compaction process, the
separation between particles is reduced and the paste
surrounding the aggregate is pushed away from the initial
contact point due to its visco-elastic rheology. Hence, the
cement paste is redistributed, the lateral volume increases
and a meniscus or contact bridge (CB) is formed. The 3d meso-
structure generated after compaction is formed by the solid
phase (aggregates and cement paste) and the pore phase
(voids between particles).
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Figure 5. Modelling strategy to assess the permeability and strength
of PC
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The permeability of the hardened PC is assessed by meshing
the porous phase and the surface of the solids since the water
flow is governed by the voids. More details on the mesh
generation and mesh refinement can be found in [37]. The
proper consideration of the CB’s geometry is paramount
given its influence in the total volume of voids and the
tortuosity of the system, thus affecting the porosity and
permeability. After generating the mesh, Navier-Stokes
equations may be used to predict the flow [37]. A similar
methodology is found in Zhang et al. [38], who simulated the
permeability by meshing the porous phase obtained through
computed tomography.

The mechanical performance of PC may be assessed in terms
of the pre-cracking and post-cracking strength in tension and
compression using either FEM or DEM. The DEM is the most
commonly found in the literature [39,40] and account for two
types of particle interactions: cohesive and non-cohesive. The
latter is associated to the bond between cement paste and
aggregates (might involve a degree of damage depending on
the load level), whereas the latter represents a fully damaged
contact or new interactions between particles not initially in
contact. The cohesive constitutive law transmits tensile and
compressive forces in the normal direction and shear forces
in the tangential direction, whereas the non-cohesive
interaction transmits only compression forces in the normal
direction and friction forces in the tangential direction.

3.2 Capabilities of the approach for PC

The meso-structures obtained in DEM simulations of the
compaction process were used to assess the permeability via
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CFD simulations and the mechanical properties via DEM
simulations according the procedure described in [41]. Fig.6a
shows the experimental and numerical results for the
permeability and the porosity of four PC mixes categorised by
the weight ratio between paste and aggregate (P/A) in the
composition. Degrees of compaction (DoC, expressed in
terms of the ratio between the reduction of height and the
initial height of the specimen) of 10%, 15% and 20% were
simulated. The permeability of all mixes was multiplied by a
constant factor (Kn,adj) regardless of their P/A and DoC to
compensate for simplifications regarding the shape
(considered as perfect spheres) and size distribution (three
different sizes) of the aggregates. Fig.6b presents the
correlation  between experimental and numerical
permeability coefficients.

The trueness (estimation of the systematic error) of the
results is 0.00 mm/s and the precision is 2.27 mm/s, with an
average prediction error of 0.11%. The good agreement
between experimental and numerical results confirms that
small corrections for the simplifications assumed are
sufficient to ensure a robust model sensitive to variables such
as P/A and DoC.

The model allows assessing characteristics extremely difficult
to evaluate experimentally, such as the fluid flow streamline
and how it is affected by the tortuosity of the meso-structure.
Fig.7a shows the variation of the velocity of the fluid in the
cross-section. Fig.7b shows the tortuosity (ratio between
height of the specimen and average length of the path taken
by the fluid passing through the specimens) against the
porosity for mixes with different P/A.

Increases of the P/A (increasing the cement paste content)
from 0.27 to 0.41 has a small influence on total porosity, in
the path of the flow streamline and in the tortuosity. The
results show a non-linear relation between porosity and
tortuosity, where the latter increases significantly as porosity
decreases. Given the influence of porosity and tortuosity on
the permeability coefficient, these results also suggest a non-
linear relation between the porosity and the permeability
coefficient.
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Figure 6. Experimental and numerical permeability coefficient: a) versus numerical porosity and b) direct comparison [42].
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Fig.8 shows the experimental and numerical results for the
compressive and tensile strengths depending on the porosity
of the matrix. The scatter yielded by the model is similar to
that observed experimentally both for the compressive and
the tensile strength, which confirms the ability of the model
to reproduce the variability of PC. A good fit is observed
regardless of the variation in the DoC and P/A.

4  Conclusions

This paper describes holistic modelling approaches for special
types of concrete highly influenced by their fresh-state
behaviour and the production process. The potential of a
discrete modelling philosophy was demonstrated for FRC
(whose behaviour is governed by the fibre distribution and
orientation) and for PC (whose permeability and mechanical
performance depends on the compaction process). Evidences
included here suggest that existing numerical models can
simulate the fresh- and hardened-state properties of these
materials, providing results that agree with those obtained in
experimental programmes.

From a scientific standpoint, this approach enables a deeper
understanding on how the composition and production
process affect the meso-structure and the properties of the
hardened material. From a practical standpoint, it opens the
possibility of an integrated numerical design of material
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composition and production process to maximize
performance or to suit requirements from specific

applications. This might reduce the dependency on
experimental studies in an area traditionally dominated by
trial and error. Experimental studies will remain an essential
step to confirm predictions and further optimize the
performance due to simplifications assumed in the numerical
models.

Additional research is still required to enhance the
representativeness of the models. For instance, a more
detailed representation of the shape of the aggregate might
increase the accuracy of the predictions from the compaction,
flow and mechanical models of PC. In the case of FRC, more
studies about the validation of the fibre distribution in the
fresh state connected with the mechanical performance are
required, also considering other types of fibre (e.g. plastic and
glass). These developments might contribute to modernise
the current modus operandi of the construction industry.
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