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ABSTRACT: Reliable durability predictions and design for advanced cement-based materials
cannot disregard the modelling of their inherent self-healing capability. A discrete meso-scale model
to simulate the recovery in water tightness, stiffness and strength induced by the (stimulated)
autogenous healing of cracks for Ultra High Performance Concrete is presented. In this paper the
model is implemented into the numerical framework of the Multiphysics-Lattice Discrete Particle
Model (M-LDPM), resulting from the coupling of the Hygro-Thermo-Chemical (HTC) model and
Lattice Discrete Particle Model (LDPM). Consistently with experimental evidence, the development
of the self-repairing process is modelled as consisting of two independent stages: (a) the healing of
matrix cracks, affecting both moisture permeability and fracture strength in the cracked state, and
(b) the recovery in terms of fibre bridging action, relying on the adhesion between the healing prod-
ucts and the walls of the tunnel cracks which form during the fibre debonding process. This research
activity is framed into the Horizon 2020 project ReSSHEA Lience (GA 760824).

1 INTRODUCTION

Concrete cracks, even in service conditions, represent a predisposing factor for several degrad-
ation phenomena. As a consequence, in the last decades the comprehension of the processes
affecting the concrete long-term performance has gathered an increasing interest among con-
crete professionals and researchers. Reliable durability predictions and design for either ordin-
ary and/or advanced cementitious materials cannot disregard a proper modelling of their
inherent self-healing capability. As demonstrated in a number of experimental works (e.g.
Snoeck and De Belie 2015; Ferrara et al. 2018), the latter might lead to a significant recovery
of physical and, in some cases, mechanical properties in the cracked state.

In structural concrete research, the term self-healing refers to the material capacity of
repairing the damage in cracked state autonomously. Three major categories of concrete self-
healing can be identified: (i) autogenous when the mixture composition only includes regular
concrete constituents, (ii) stimulated autogenous when tailored constituents of akin chemical
nature are employed to facilitate the process, and (iii) autonomic/engineered when the inclu-
sion of specific additions, not normally employed as such, is used with the explicit purpose of
favouring/activating the healing reactions.

From an accurate literature survey it stands out that, over the years, researchers have
placed much more effort on the experimental investigation of the self-healing process, rather
than on the modelling issues. As a matter of fact, only few models have been developed to
simulate how mechanical performance of concrete are affected by the healing of cracks
(Barbero et al. 2005, Voyiadjis et al. 2011, Aliko-Benitez et al. 2015, Hilloulin et al. 2016,
Davies and Jefferson 2017, Oucif et al. 2018, Di Luzio et al. 2018, Jefferson et al. 2018, Yang
et al. 2020, Chen et al. 2021). To the best of the authors’ knowledge, none of them addresses
the issue concerning the reduction of moisture permeability due to the autonomous cracks
clogging. Furthermore, the majority of the published models relies on continuum-based
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approaches, and consider the healing-induced effects on the mechanical properties as
a smeared contribution in terms of stiffness and strength recovery in the cracked state. With
this approach, they miss in simulating the local nature of the phenomena.

In this paper a discrete model to simulate the recovery in water tightness, stiffness and
strength induced by the (stimulated) autogenous healing of cracks for Ultra High Performance
Concrete is presented. The model is implemented into the numerical framework of the Multi-
physics-Lattice Discrete Particle Model (M-LDPM) (Alnaggar et al. 2017), resulting from the
coupling of the Hygro-Thermo-Chemical (HTC) model (Di Luzio and Cusatis 2009, Pathirage
et al. 2019) with the Lattice Discrete Particle Model (LDPM) (Cusatis et al. 2011) and its
extension to fibre-reinforced concrete (LDPM-F) (Schauffert and Cusatis 2012). Consistently
with experimental evidence, the development of the self-repairing process is modelled as con-
sisting of two independent stages: (a) the healing of matrix cracks, affecting both moisture
permeability and fracture strength in the cracked state, and (b) the recovery in terms of fibre
bridging action, relying on the friction between the healing products and the walls of the
tunnel cracks which form during the fibre debonding process.

This research activity was framed into the Horizon 2020 project ReSHEA Lience, which was
terminated in March 2022 and delivered two valuable results: (i) the concept of Ultra High
Durability Concrete, articulated into a sound approach to tailor the mix design depending on
the environmental conditions to face (Lo Monte and Ferrara 2020, Lo Monte and Ferrara
2021), and (ii)) a Durability Assessment-based Design strategy, validated against laboratory
evidences and on-site monitoring data (Al-Obaidi et al. 2021).

2 MODELLING APPROACH

The modelling approach herein presented can be classified as a multi-scale model, in which
two different scales of damage phenomena are considered: (i) matrix cracks at the mesoscale,
and (ii) fibre-matrix interface cracks, which are governed by mechanisms occurring at the
microscale (Figure 1). In the following, the latter are also referred to as tunnel cracks.

(a) [ (b) fibre-matrix
interface crack!
e

j =

matrix crack microscale

mesoscale

Figure 1. (a) matrix cracks at the mesoscale; (b) fibre-matrix interface cracks at the microscale.

The modelling approach relies on the idea for which the self-healing of matrix and tunnel
cracks affect the material mechanical behaviour differently. For this reason, the autogenous
repairing of the matrix cracks is implemented within the constitutive fracture law at the meso-
scale, whereas the effect of healing on the fibres response is taken into account within the cal-
culation of the bridging force carried by the discrete fibre reinforcement.

In the proposed model, the moisture permeability is assumed to be affected only by the
matrix cracks, then only their closure contributes to the recovery in water-tightness that
healed material might experience. The healing of the tunnel cracks has been considered to
play a role exclusively on the mechanical behaviour.

3 NUMERICAL IMPLEMENTATION IN M-LDPM

3.1 Evolution of the healing process

The healing kinetic law formulated for plain cementitious materials (Di Luzio et al. 2018) can
be employed for fibre-reinforced composites as well. Since the damage in the mechanical
model evolves a two different scales (i.e. meso- and microscale), the implementation in the
HTC module within the M-LDPM framework is performed by following the same conceptual
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differentiation between matrix and tunnel cracks. This yields a two-fold advantage: (i) the pos-
sibility of having two sepdrdte internal variables describing the damage healing phenomena
(i.e. 2%, for matrix cracks and /1 for tunnel cracks) feeding the mechanical model at two differ-
ent levels, and (ii) the chance of capturing the effect that the self-sealing of the matrix cracks
has on the moisture permeability in the cracked state. In the following the formulation empha-
sising this differentiation is reported, with no theoretical differences with respect to the ori-
ginal one (Di Luzio et al. 2018).

Hereinafter the superscript k can be either m or f depending on which scale of damage is of
interest. When k& = m formulas and parameters refer to the matrix cracks at the mesoscale,
whereas with k& = f they refer to tunnel cracks at the microscale.

The kinetic laws reads

/Ikh - Ash (1 /11\(/1) (1 )

in which A inversely proportional to the reaction characteristic times, is calculated as

sh>

) k
Ay = Ao - fi(h) - £ (we) - e"”{‘%(;_Tidﬂ :

where A%, ,, namely the inverse of the reaction characteristic times in standard conditions
(RH=100%, T = T,.5, w. = 0), values

Al _Ashl(l —a)c +AY, - ad (3)

sh
where ¢ and ad are the cement and heahng -promoting admixture content, respectively. The
material parameters EX,, A, and A%, are calibrated against experimental data, allowing to
capture the key aspects of phenomena occurring at two different scales (Cibelli et al. 2022). In
Eq. 2 the relative humidity, /4, and temperature, T, fields are provided by the HTC model.

It is worth highlighting that the coefficient /*(w.) provides the possibility of calibrating the
effect of crack width on the process kinetic differently for matrix and tunnel cracks. Such double
degree of freedom allows to trigger the healing model (i) at the mesoscale for cracks larger than
the material macroporosity (<10 <+ 20 um), and (ii) at the microscale for crack openings one order
of magnitude smaller, as the debonding stage is typically characterised by narrower cracks.

The coefficient f,(h) accounts for relative humidity and simulates the relevant role played by
the moisture supply, making the process proceed or stop whether the healing water-driven
reactions are fed or not.

3.2 Moisture permeability in the healed material

The healing process has a significant effect on the moisture diffusion in presence of cracks due to
the crack closure effect. This phenomenon is taken into account straightforwardly in the factor
governing the crack size dependence of water permeability fp(w.), whose formulation reads

Dzmcked(h7 T, Wc) 14 999¢" &

fD(WJ = Dzn('mcked(h7 T) 1 — (1 _ em)é

)

in which ¢ = min[max(w, — w;0)/w.1 — weo; 1], by replacing the crack opening w,. with

we- (1 — X§Z7>). It means that the actual damage affecting the moisture permeability is reduced

proportionally to the evolution of the self-healing process up to completion, i.e.
We - (1 — ) =0 for A% = 1. It is worth emphasising that 27" assumes the meaning of

matrix crack closure degree. w.o and w,; express two threshold values. When w.y < w, < wq,
D, and moisture transport phenomena undergo a sudden and steep increment, due to
a material permeability up to 1000 times larger. For w,. > w,|, instead, the moisture flux stops
growing even though cracks continue widening.
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3.3 Self-healing of matrix cracks in LDPM

The matrix cracks (Figure 1a) are induced by the loads, either mechanical or environmental,
and are responsible of the fibres mechanical activation: as long as no cracks intersect a fibre,
the latter does not contribute to the structural response.

For matrix cracks, the healing effect is modelled by enforcing a homothetic expansion of the
LDPM boundary limit curve oy (e, @) = oo(w)exp[—Ho (@) (emax — €0)/00(w)], as more pro-
nounced as more the repairing process has developed. Experimental evidences have confirmed
that even plain concrete specimens, once loaded, fractured and unloaded, might show a recovery
in strength and stiffness if re-loaded after a curing period in a moist environment. This is mainly
due to two water-driven phenomena occurring in the cracks: delayed hydration and calcium car-
bonation precipitation. The healing products partially restore the material continuity, lowering, at
least locally, the material bulk permeability and limiting the ingress of aggressive agents. The effect
on the mechanical response, instead, depends on: (i) the chemical bounds between the filling prod-
ucts and the crack walls, and (ii) the nature, strength and stiffness of the healing products. Because
of this, it is not granted that the crack sealing results in an actual concrete healing.

In this work, the modelling strategy adopted relies on the homothetic expansion of the
boundary curve oy, (¢, ) (Figure 2a) proportional to the healing degree 47;. Then, it allows to
capture the recovery in strength, without varying the crack width within the numerical frame-
work. Therefore, the healed material must be allowed to have a fracture strength exceeding
that of the same material with the same level of damage with no healing occurred.

In LDPM, the healing implementation affects the strength limit calculation, thus, on turn,
the limit curve. The updated version of the healing dependent-constitutive law relevant to the
fracture behaviour reads

0o (a), f',ﬂ) = op(w) (1 + cq /lf',ﬂ) (5a)
Oy (s,wJ"]) = 0y (w, "},) exp|—H (a))M (5b)
sh 8 o0 (w’ i?;z)

In Eq. 5a, ¢y, is an empirical coefficient steering the impact of crack closure on mechanical
strength. It is defined as healing mechanical impact coefficient. The parameter c,;, depends on sev-
eral aspects, e.g. curing conditions and mixture composition, therefore, it has to be calibrated
experimentally. Looking at the updated equation of the boundary curve (Eq. 5b), it is important
to notice that the healing, through the product ¢y, - A}, governs the shape of the softening branch
and sets the stress limit for the earlier stage of the constitutive law, namely when the maximum
strain does not exceed the elastic limit. However, though the modelling strategy involves both
linear and post-peak behavior, the former is never imposed at the mesoscale, being the limit curve
expanded exclusively on those facets which experience cracking and healing.

3.4 Self-healing of tunnel cracks in LDPM-F

The fibre-matrix interface cracks (Figure 1b) develop during the interface debonding. Experi-
mental evidences, collected through single-fibre pull-out tests, stopped after the first load drop
and resumed up to rupture upon curing featuring different duration and exposure conditions
(Qiu et al. 2019), confirmed that the healing of the interface cracks does affect the pull-out
strength. As a matter of fact, whenever the healing process happens, delayed hydration products
and CaCO; crystals fulfill the tunnel between the fibre and the surrounding mortar. This results
in a recovery of the interface frictional bond. The phenomenon is implemented in LDPM-F by
updating the value of the fibre bridging force P(v) with a coefficient proportional to /1{,1. The
updated constitutive law for the fibre load reads

P(v2y) = (1472 PO) S - Py (6)
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Referring to a single-fibre pull-out test, in Figure 2b the effect of the tunnel crack self-
healing on the mechanical response is qualitatively shown. After the loading and unloading
stages (branches L and U), the specimen is exposed to given environmental conditions for
a time span long enough to permit the self-healing process to develop. The cured specimen is
then reloaded (branch R) up to rupture. Due to the recovered frictional bond, the specimen
might experience a recovery in stiffness and strength, to an extent proportional to the degree
of completion of the healing process. By means of the device in Eq. 6, LDPM-F is updated to
be capable of capturing this experimental evidence. In Figure 2b the updated constitutive law
is plotted with reference to increasing self-healing degrees, in the hypothesis of yg, = 1.00.

0,00

| U: unloading
| R: reloading

Vd  Umar v

()

Figure 2. Healing model: (a) matrix cracks; (b) fibre-matrix interface (or tunnel) cracks.

The coefficient yg, has a physical meaning similar to cg,. It governs the impact that the heal-
ing of the tunnel cracks has on the fibres contribution to the mechanical equilibrium. With yg,
= 0 it is possible to capture the crack sealing, whereas if y;, > 0 the load carried by the fibre is
enhanced thanks to the increased friction along the crack walls. The latter has an upper
bound (a - Py) in which the bridging force at full debonding P is either amplified or reduced
by the coefficient a. Both 74, and a are material parameters to calibrate against experimental
data. Depending on the composition of the cementitious composites, the technique adopted to
engineer the process, the type of the fibres (i.e. material, geometry), the curing conditions and
the loading regimes, the healing might allow to recover either partially or entirely the fibre
load bearing capacity. The parameter a sets the maximum achievable level of recovery. Once
calibrated experimentally, yg, must comply with the condition for which, in case of full fulfil-
ment of the tunnel crack:

[ P()

it A =100=y,< o) 1 (7)

4 VALIDATION OF THE IMPLEMENTED MODEL

4.1 Matrix cracks

The model implementation is expected to affect the mechanical response of the material in
tension and shear. In order to investigate the reliability of the implemented model, the numer-
ical simulations of how two ordinary plain concrete (OPC) specimens behave after being dam-
aged in tension and brought to collapse, after curing, either in pure tension or shear have been
executed. The material adopted has been an ordinary plain concrete whose mix composition
included: (i) cement (300 kg/m?), (ii) water (190 kg/m?), and (iii) aggregates 5.5 + 16 mm
(1950 kg/m®).

The behaviour in tension has been investigated for a dogbone (DB) specimen, as usual for
pure tensile tests, having the dimensions reported in Figure 3a and thickness of 20 mm. The
dimensions have been chosen in order to localise the damage in the narrowest part of the
sample, namely the mid-span cross-section. The other geometrical characteristics have been
set accordingly. For the shear behaviour, instead, a double edge notched prismatic (DENP)
specimen has been used (Figure 3b), having dimensions 100x70X20 mm°, and the notches
2 mm wide and 25 mm deep. It has been necessary to avoid a slender sample, as the dog-bone
specimen presented above is. As a matter of fact, a stocky element presents a larger proneness
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to shear failure. For both specimens it has been necessary (i) to shape the sample in order to
have all the mechanical energy channelled into the growth of the fracture at the mid-span,
with no dispersion due to multi-cracking scenarios, and (ii) to have the smallest dimension
larger than the maximum aggregate size of the simulated material.

Once the samples geometry has been generated, both specimens have been damaged by
means of an increasing tensile loading, up showing a single crack roughly 350um wide
(Figures 3c,d). Afterwards, the dog-bone sample has been brought to failure in tension,
whereas the one in shear. This second stage has been repeated after having imposed an
increasing value of the normalised healing degree, 17, ranging from 0.00 to 1.00, and in the
hypothesis of having unit healing mechanical impact coefflclent ¢gne Then, in Figures 3e,f, the
model ability of catching the healing-induced recovery in tensile and shear strength is shown
plotting the (e) tensile load vs. displacement and (f) shear load vs. slip curves.

Shear load

Axial load

Horizontal displacement Slippage

© ®

Figure 3. (a,b) DB and DENP dimensions in mm; (¢,d) DB and DENP specimens: aggregate particles
and cracks; (e,f) DB and DENP specimens: pure tension for pre- and re-cracking.

4.2 Tunnel cracks

The dogbone specimen in Figure 3a has been used also for testing the implementation of the
tunnel cracks healing, by generating a FRC-based mesh with the same geometry. The concrete
composition included: (i) cement (600 kg/m?), (i) water (200 kg/m?), (iii) aggregates ranging
between 3 + 6 mm (1518 kg/m?), and (iv) steel fibres with diameter and length equals to
0.22 mm and 20 mm, respectively (0.50% by volume).

As for matrix cracks, the purpose of investigating if the healing implementation affects the
fibre load-slip constitutive law as expected is achieved through a simple set of numerical simu-
lations. The dogbone specimen has been loaded in uniaxial tension up to feature a single
prominent crack (w.~60pum). Then, it has been completely unloaded; afterwards, the sample
has been reloaded up to failure. The reloading stage has been performed by assuming for /lsh
increasing fixed values: 0.00, 0.25, 0.50, 0.75, and 1.00. The numerical simulations have been
carried out in two different scenarios: with no matrix cracks healing, /15,1 =0.00, and in the
hypothesis of matrix and tunnel cracks healing evolving identically, A% = /lsh

Firstly, it is 1mportant to assess how the model performs at the single fibre-facet intersec-
tion. The comparison between the fibre load vs. slip curves on one of the most damaged
LDPM facets obtained with A , equals to 0.00 and 1.00 are shown in Figure 4b. The effect of
healing acts as expected, though the re-loading in presence of healing stops before reaching
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the ultimate slip (Figure 4b). As it stands out from Figure 4c, the numerical model is able to
capture what has been experimentally observed in (19), where the authors detected a recovery
in load-bearing capacity at macroscale with a negligible matrix crack healing. Finally, in
Figure 4d, the model captures the coupled effect also on the fracturing behaviour induced by
the simultaneous autogenous repairing of both matrix and tunnel cracks.

o M, =100
—, = 0.00

Fibre Load

(a)

225

Load [kN]

0.00

0.05 0.10 0.15 0.20 0.25
Displacement [mm|

[C]

Figure 4. (a) DB FRC specimen: aggregate particles, fibres and cracks; (b) fibre load vs. slip curve
experienced along one of the most damaged facets; (¢) only tunnel cracks healing; (d) both matrix and
tunnel cracks healing.

5 CONCLUSIONS

The model presented in this work has proved to have the potential for capturing phenomeno-
logical trends and mechanics standing out from the experimental investigations available in
the literature.

The proposed numerical model presents a framework allowing to simulate the self-healing
capacity of fibre reinforced cementitious composites, as affected by both the matrix crack seal-
ing (i.e. reconstruction of material through crack continuity) and fiber-matrix interface crack
healing, also called tunnel cracks, resulting into a recovery of the fibre-matrix bond capacity.

The validation against laboratory results, currently matter of study, might help in further
improving the proposed approach.
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