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stress simulations. Micromechanical models were developed to link the damage variable to
permeability as well as the saturation to the capillary pressure within damaged polymer foams.
These micromechanical models were calibrated against experimental measurements and were
implemented into the coupled simulations. To give physical insight into how the damage evo-
lution coupled with the mass conservation, an illustrative example was presented for one-
dimensional (1D) compression problem. Two-dimensional (2D) detailed finite element simula-
tions were conducted to interpret the experimental findings. It was demonstrated that the nu-
merical study could capture the main features of the self-healing process. The predicted healing
efficiency has good agreement with that measured by the experiments. Based on the numerical
models, parameter study was conducted to understand the effects of the key design parameters of
the healing system.

1. Introduction

Self-healing materials, which can repair themselves automatically, have been emerged to provide resilient solutions for critical
engineering structures. For self-healing polymer composites, the self-healing solutions can be achieved through intrinsic and extrinsic
self-healing mechanisms (Blaiszik et al., 2010; Wang et al., 2015). Intrinsic self-healing is activated by the parent polymers under
external stimuli, including various thermo-mechanical/chemical stimuli (Yu et al. 2019). Extrinsic self-healing can be achieved
through releasing the prefilled healing agents within either vascular (Trask et al., 2007; Hansen et al., 2011) or capsular (Hia et al.,
2016; Al-Mansoori et al., 2017; Sun et al., 2019) containers when damage occurs. Capsular self-healing systems are suitable for
industrial-scale production with the advantages of easy fabrication, low cost, and versatility (Wang et al., 2015). The healing agents
can be encapsulated through three approaches, i.e. dual-capsule system (Wang et al., 2017), capsules-catalysts system (Brown et al.,
2005), and mono-capsules system (Caruso et al., 2007; Al-Mansoori et al., 2017). Owing to mutually reactive nature, the two-part
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Fig. 1. (a) the internal structures of a bilayered capsule with inner resin layer and outer hardener layer; (b) the schematic of a polymer foam
embedded with bilayered capsules; and (b) a polymer foam with the microstructure of closed cells.

healing agents must be stored separately in the healing system. This may make the healing system less efficient as the released epoxy
resin and hardener may not be able to be well-mixed to achieve good healing effects. To overcome the difficulty, Cao et al. (2020) have
recently reported an environment-friendly, multi-stage encapsulating process that can encapsulate the mutually reactive healing
agents within single calcium-alginate capsules. The resulted capsules have a bilayered microstructure with the outer layer containing
hardener and the inner layer containing epoxy resin, see Fig 1 (a). The capsules have been used to create self-healing polymer foams,
see Fig. 1. Experimental study has been conducted to evaluate the self-healing performance of the self-healing system, including (1)
cyclic quasi-static compression tests for foam samples; (2) quasi-static three-point bending for foam core sandwich beams; and (3)
high-speed soft impact for foam core sandwich beams. These experimental evaluations have demonstrated that the bilayered capsule
systems can achieve better self-healing effect compared to the dual-capsule system. The multicore-like internal microstructures of the
bilayered capsules enable multiple healing events owing to release of the residual healing agents stored in the undamaged pores inside
damaged capsules. In comparison, the capsules with core-shell structure (Yuan et al., 2008) can only show single healing event due to
the complete release of healing agents after breaking of capsules.

For the purposes of interpretation of experimental findings and system optimisation, this paper aims to develop numerical
modelling on the response of self-healing polymer foams containing bilayered capsules under cyclic compression. Although capsules
based self-healing materials have been under intensive investigation for the last two decades, only limited work has been presented in
the theoretical analyses and numerical modelling of self-healing systems (Balazs, 2007). Verberg et al. (2006) and Alexeev et al. (2007)
modelled the motion of a fluid-driven microcapsules along the damaged adhesive substrate. The lattice Boltzmann model was used to
simulate the releasing of nanoparticles from capsules, which had the capability of healing, and the lattice spring model was used to
simulate the motion of elastic solids of capsules. The results suggested that the nanoparticles could heal the damage and enabled the
motion of capsules along the substrate. Huh et al (2000) and Lee et al (2004) developed the three-dimensional computational model
via Monte Carlo (MC) simulations to predict the healing effects of the polymer composite embedded with micro-particles. The model
integrated the multilayer solids that combined crack, polymer matrix and micro-particles. The lattice spring model was employed to
determine the mechanical properties of the polymeric system in the undamaged, damaged, and healed situation. The results showed
that the particles in the polymer matrix potentially could enter into the localized damage regions and healed the damage. Mathe-
matical models have been developed to simulate transportation events of healing agents. Huang and Ye (2014) proposed a model to
predict the healing effect of self-healing cement via embedding capsules that were filled with water. When microcracks passed through
capsules, the water was released from the capsules and triggered the hydration to seal the cracks. The constitutive behaviour of water
transportation was expressed by the mass balance, and the hydration process was simulated via the Fick’s second law of ion diffusion.
Zemskov et al. (2012) developed a mathematical model for self-healing cracks in concrete. The healing agents were encapsulated
within the spherical clay capsules and the healing effect was triggered when released healing agents encountered the bacteria that
were pre-embedded in the concrete matrix. The diffusion of the released healing agent was solved by the Galerkin finite element
method.

In this paper, the self-healing events are simulated via coupling the system equilibrium equations and mass conservation for the
healing agents flowing inside cracked media. This approach has been used to simulate the mechanical responses of saturated or semi-
saturated porous media (Selvaduria and Suvorov, 2016). However, it has not been used to simulate the capsule based self-healing
events. We consider that the closed-cell polymer foams are impermeable before damage. After onset of damage, the healing agents
are released from the capsules and flow inside the cracked polymer foams to heal damage. To enable the simulations, micromechanical
models were developed to link damage to permeability of the cracked polymer foams as well as the saturation to the capillary pressure
within the damaged polymer foams. It was demonstrated, through the comparisons between the detailed two dimensional (2D) finite
element simulations and experimental measurement, that the computational model could capture the main features of the self-healing
process. The present model has the following advantages:

1. Itincorporates the key concepts in Continuum Damage Mechanics (CDM) into the detailed simulations of self-healing events, which
enable detailed comparison with experimental measurements.

2. The simulations can be easily implemented using the finite element solvers for the coupled pore fluid diffusion and stress analysis
within the commercially available finite element package such as ABAQUS through user defined subroutines.

The paper is organised as follow: In Section 2, the main outcome of the experimental study is summarised; In Section 3, the
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Fig. 2. The definitions of a compressive loading cycle (a) and a healing cycle (b).

framework of coupled pore fluid diffusion and stress simulations is described; In Section 4, the micromechanical models are developed
to facilitate the coupled analysis; In Section 5, an illustrative example is given for one dimensional compression problem; and in
Section 6, the results obtained by 2D finite element simulations are presented.

2. Experimental characterisation
2.1. Materials and manufacturing

2.1.1. Bilayered alginate capsules

The capsules were formed through the chemical reaction when sodium alginate' solution encountered calcium chloride’ solution.
The two-part healing agents, i.e. rapid repair epoxy resin” and formulated amine hardener?, were encapsulated within single calcium-
alginate capsules using the two-stage encapsulation method developed by Cao et al. (2020). Briefly, in the first stage, the well-mixed
epoxy resin-alginate emulsion was dropped into the calcium chloride solution to form single layer alginate capsules containing the
epoxy resin; in the second stage, the dried single layer epoxy resin capsules were mixed with alginate-hardener emulsion. The emulsion
covered epoxy resin capsules were dropped into the calcium solution to form the outer alginate-calcium layer containing the hardener
agent. After completion, the diameters of the bilayered alginate capsules ranged from 3.5 mm to 4 mm. The scanning electron mi-
croscope (SEM) image showing the Internal structure of the bilayered alginate capsule is presented in Fig. 1 (a), which suggests that the
bilayered microcapsule has multicore-like internal structure with pore diameters in the outer (hardener) around 150um, and pore
diameters in the inner (resin) around 70um.

2.1.2. Polymer foams

The polymer foams were created by mixing PB250 epoxy resin®and DM03 hardener®, as detailed by Cao et al. (2020). The cured
polymer foams had the closed-cell microstructure with the density p, = 0.33g /cm®, as the SEM image shown in Fig. 1 (c). The porosity
of the foams, defined as the ratio of the volume of voids to the volume occupied by a bulk foam, was 0.67. To fabricate foams embedded
with capsules (Fig. 1 (b)), the bilayered calcium-alginate capsules were added to the mixture at the beginning of the foaming process,
which can be uniformly distributed within the foams.

2.2. Experimental protocol

Cyclic quasi-static compressive tests of polymer foams were conducted using a screw-driven Instron Universal Testing Machine at
the room temperature following the procedure defined by ASTM 1621 - 04a, as described by Cao et al. (2020). The tests were con-
ducted on cubic specimens of original edge length I = 50 mm at a crosshead speed of 5 mm/min and with three repetitions for each
type of foams, i.e. neat polymer foams and polymer foams embedded with bilayered capsules. The measured compressive force Py and
the vertical displacement Al of the crosshead were recorded by a 50KN load cell and Linear Variable Differential Transformer (LVDT),
respectively. The engineering compressive stress o, and strain ¢, of foams can be calculated as 6. = Py/Ay and e = |l — k| /|l|,

respectively, where [, is the height after compression, and Ay = (lf)2 the original area of the cross section of the samples. Fig. 2 (a)
shows the definition of a compressive loading cycle which includes a loading phase, an unloading phase and a healing phase. It is worth
noting that the strain recovery during a healing phase is not attributed to the presence of the capsule based healing system as the strain
recovery has been observed in the neat foam samples. After damage occurred, the healing agents were released from the capsules and

! Sigma-Aldrich, UK.
2 Easy Composites Ltd. UK.
3 Matrix Composite Materials Company Ltd, UK.
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Fig. 3. The engineering stress-strain curves of (a) the foam embedded with bilayered capsules, and (b) the neat foam under cyclic quasi-static
compression. (c¢) and (d) Scanning electron microscope (SEM) images of a healed microcrack on the surface of the foam after the first compres-
sion cycle. The relations between healing efficiency and healing cycle of (e) neat foams, and (f) foams embedded with bilayered capsules. (g) The
damage variables D as a function of plastic strain ¢, for two types of foams.

flowed into damaged areas to repair microcracks (Fig. 1 (b)). To allow stable healing recovery, the interval time between two adjacent
compression cycles was 24 hours. To achieve adequate incremental damage, the applied strain was controlled based on the relation &,
= ¢;_; + 0.075 for nth compressive loading cycle, where ¢ _, is the residual strain measured after the unloading phase in the (n-1)th
compression cycle, and &) = 0. The damage evolution of a specimen is quantified by a scalar parameter of damage variable D,

D=1-E,/E,; 2.1

where E4, denotes the elastic modulus of a damaged specimen measured at the unloading phases, and E,; the initial elastic modulus. To
evaluate the self-healing effect, we define a healing cycle as the period from the unloading phase in the (n-1)th compression cycle to the
loading phase in the nth compression cycle, highlighted by the solid curve in Fig. 2 (b). Hence, the healing efficiency y is defined as

W = (Ene —Ea)/(Evi — Eaa) (2.2)

where Ey, is the elastic modulus after healing measured at the loading phase of nth compression cycle.

2.3. The key experimental results

The measured cyclic quasi-static compressive responses of the foam embedded with 10% volume fraction (VF) bilayered capsules
and the neat foam are shown in Fig. 3 (a) and (b), respectively. The compressive strength and elastic modulus of the foam embedded
with capsules measured at the first compression cycle are higher than those of the neat foam, which indicates that the capsules can
provide reinforcing effect to the foam matrix. Fig. 3 (c) and (d) show the SEM micrographs of a microcrack completely healed by the
released healing agents during the first healing cycle, which suggests that the current healing approach is effective in healing
microcracks. To evaluate the healing effect, the self-healing efficiency y is calculated based on the experimental measurements. The
values of healing efficiency y measured at selected healing cycles are shown in Fig. 3 (e) and (f) for the two types of foam samples,
respectively. For the neat foam sample, the healing efficiency y is non-zero. The absorption of air during the unloading phase could be
the reason (Michal Petri and Ondrej Novak, 2017). Therefore, the healing effects can be evaluated based on the threshold value y, =
0.234 that is equivalent to the maximum value of the healing efficiency of the neat foam sample, i.e. there is healing effect if y > v,
otherwise, no healing effect. For the foam sample embedded with bilayered capsules, the healing efficiency y at both the 1% and the 27
healing cycles is higher than y, which indicates the presence of the multiple healing effect. The multiple healing effect diminishes in
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Fig. 4. A foam containing capsules as the healing agent carriers at the reference (a) and deformed configurations without (b) or with (c) damage.

the third healing cycle as the values of y are lower than ;.

For the neat foam sample, the response measured by the cyclic compression test (Fig. 3(b)) suggests that the cyclic compression
causes degradation of elastic modulus, albeit there is negligible degradation to the plateau stress o.. To understand the damage
evolution during the cyclic compression, the relationships between the damage variable D and the plastic strain ¢, of the tested
specimens are shown in Fig. 3(g). Owing to the presence of the self-healing mechenism, the damage variables for the foam embedded
with bilayered capsules are smaller than those of the neat foam sample. The numerial modelling of the self-healing polymer foams
under compression will be discribed next.

3. Coupled pore fluid diffusion and stress simulations

As schematically shown in Fig. 4, a foam was initially modelled as an isotropic material without damage. After onset of damage, the
healing agent flowed from capsules to the damaged areas, which was dictated by mass conservation. The foam was treated as the
porous medium containing incompressible fluid phase (the healing agents), and the interaction between the solid phase and fluid
phase of the porous medium was dictated by the Darcy’s law. The system equilibrium equations and mass conservation for the healing
agents flowing inside cracked media were coupled to solve the structural responses.

3.1. Equilibrium equations

Consider a closed cell foam containing bilayered micro-capsules as the healing agent carriers, as schematically shown in Fig. 4 at
the reference and deformed configurations without and with damage. As the closed cell foam without damage is nearly impermeable,
the healing agent is not able to flow inside the foam sample. Hence, the effect of healing agents to structural response of the foam is
negligible, see Fig. 4 (b). Let Q(t) represents the volume occupied by a bulk foam material at the current configuration with the
boundary S, (t) at time t under Cartesian coordinates x; — x2 — x3; 6 the effective stress tensor (Cauchy stress), i.e.6 = % fgsasdﬁ, where
Q denotes the volume occupied by the skeletons of the foams; 65 the micromechanical variation of the stress field within Q;; and f the
body force. The equilibrium equation of the system without damage reads

ceV+f=0 B.1)

where V = 0/0x with x representing the spatial coordinates at the current configuration. Throughout the paper, the inertial effect to the
equilibrium equation is ignored as the whole process is quasi-static. For the foam with damage (Fig. 4 (c)), microcracks at damaged
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locations provide the micro-channels that allow healing agents to flow through. Let Q. represents the total volume of microcracks at
the current configuration, Q, the total volume of voids within the foam before onset of damage, and Q,, the volume of the healing
agents that flows through the microcracks (€, < Q,). The concentration of microcracks ¢ is defined as ¢ = Q. /Q, with £ < 0.03 as
measured by the current research. The porosity n, of the foam can be calculated as n, = Q, /Q + & with £ = 0 for an undamaged foam.
For the foam with original porosity of 0.67 as considered in the current research, the effect of ¢ to n, is negligible. Hence, throughout
the numerical study, it is reasonable to assume n, ~ Q, /Q. Let saturation s denotes the ratio of the volume saturated with healing
agents to the total volume of voids, i.e.s =Q,, /Q,,s € [0,1]. With presence of the healing agents, the equilibrium equation of the system
reads

ceV+f+4p sng=0 (3.2)

where p,, is the density of the healing agents; g the gravity acceleration; and & the total stress (Cauchy stress) at a material point
(Skempton, 1960; Lade and De Boer, 1997), which can be defined as

6=0—[p,+(1—x)pl (3.3)

where p,, is the pressure of healing agents; p, the air pressure trapped within the closed cells; I the unit tensor; and y the Bishop
parameter that is a function of saturation s(Bishop, 1959). To simplify the problem, we ignore the effect of the air trapped in the closed
cells within the foam (Hou et al., 2015). Hence, Eq. (3.3) can be rewritten as

5ol (3.4)

Gray and Schrefler (2001) suggested that the Bishop parameter y could be replaced by the saturation s. Therefore, Eq. (3.4) can be
further rewritten as

6=0—sp,l (3.5)
3.2. Mass conservation for the healing agents flowing in cracked media

The mass conservation dictates that the rate of mass of the healing agents flowing into a volume equates the rate of mass increase of
the healing agents stored at the volume. Consider a volume Q¢(t) at the current configuration at time t with surface S¢(t).Mass con-
servation can be described mathematically as

/ 1 d(J/)WnPS)de = 7\/ (pwnl’s)n ® VWde (36)
o dr 5

where v,, and p,, are the velocity and density of the healing agents, respectively; J the determinant of deformation gradient F,J = detF;
and n the outward normal to surface Sy. Using the divergence theorem, Eq. (3.6) can be rewritten as

1 d(Jnys)

Toa TV (npsv,,) =0 (3.7)

The volume rate of healing agents flowing through a surface with area A,,Q(mm?/s), is assumed to be governed by the Darcy’s law
(Bear, 1972), i.e.

7kA: ()P w

Q= n ox

(3.8)

where k(mm?) is the permeability of the damaged foam which will be determined in Section 4.1;;(Pa e s) the dynamic viscosity; and
0pw/0x the pressure gradient (Pa /mm).The negative sign in Eq. (3.8) indicates that the fluid flows from the region of high pressure to
the region of low pressure. The averaged velocity of the healing agents flowing through the effective unit area can be defined as (Bear,
1972)

—k dp,
Vy = m . ox (3~9)
Hence, Eq. (3.7) can be rewritten as
1 d(Jn,s) k dp,
AP ve =) =0 3.10
7 dr *\ (3.10)

The coupled pore fluid diffusion and stress analysis can be conducted via simultaneously solving Eqs. (3.2) and (3.10). To complete
the formulation, the functional relationships between the damage variable of a damaged foam D and the concentration of microcracks
¢; the damage variable D and the permeability k; and the saturation s and the capillary pressure of the healing agents p,, are described in
Section 4.
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Fig. 5. An isolated cylindrical crack embedded in a cubic volume. The SEM micrograph details the morphology of a microcrack embedded in a
foam sample.

4. Constitutive relations
4.1. Permeability of a cracked foam

The bulk permeability k of a cracked foam needs to be determined to enable the simulations of healing agents flowing inside a
cracked foam (Eq. (3.10)). Fig. 5 shows a SEM image of a microcrack within a damaged foam sample, which contains fractured hollow
cells. The microcrack provided a micro-channel that allowed the flowing of the released healing agents within the damaged area. This
observation motivated the following micromechanical model that could estimate the value of bulk permeability k. To simplify the
problem, we assume that all microcracks are of cylindrical geometry. It is a reasonable assumption as observed through SEM images,
such as Fig. 5. The effect of the shape of the microcracks will be explored in the future study. Consider an isolated crack of cylindrical
geometry and constant cross section embedded in a cubic volume as shown in Fig. 5. Let r and [ represent the radius and length of a
microcrack, respectively; r € [0,R] with R representing the possible maximum crack radius; and [ € [0, L], with L representing the
possible maximum crack length. In the Cartesian coordinate system x; — x, — x3 at the current configuration, the projection of the
crack in x; — x3 plane has an angle to axis-xz, (0 < ¢ < 27); and the crack has an angle to axis-x3, 0( — 7 /2 < 6 < = /2). Experimental
measurement suggests that it is reasonable to assume that both angles follow uninform distributions, i.e. 8 ~ U[—z /2,7 /2] and ¢ ~
U[0,27].This assumption dictates that the bulk permeability k of a cracked foam containing a random ensemble of cracks is isotropic. In
the following analysis, to simplify the problem, we consider the scenario that the bulk flow through the foam is only in the x3-direction.

For an incompressible and Newtonian fluid in the laminar flow flowing through a cylindrical crack of a constant cross section, the
volume flow rate Qg can be related to the pressure drop Ap,, through the Hagen-Poiseuille law, i.e.

Ap, art dp, art

= LU - 1
Q s T ey .1

where ny is a unit vector along the axis of the crack; and Ap, the pressure difference between the two ends of the crack. As the fluid
flows from the high pressure py, to low pressure p;, the negative sign comes from the definition of Ap,, =p; —px < 0. As the length of the
majority of microcracks is smaller than 10 mm, it is reasonable to assume % ~ dfi’—lw. In the Cartesian coordinate system, Eq. (4.1) can be
rewritten as

—to = n,

ox ol ox ol om o) 8y

As the bulk flow through the foam is assumed to be only in the x3-direction, we have dp,, /dx; = 0 and dp,, /dx2 = 0. Eq. (4.2) can be
simplified as

4
Q‘ _ (% % 6Pw aXZ apw 0)@) nr (4.2)

_ —mr* Op, Ox3 _ —nr* dp,

Q:_

8 o ol 8y ox

cosfngy (4.3)
The average flow velocity is

—2 dp,,
v, = 8771 alxgcosﬁno 4.4)
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with

Vi, |v,,|sinBsing
Vi =V, €1 V.8 + V€3, | Y, | = | |Vy[sindcosp (4.5)

v [V,|cos@

w3

where e; (i = 1,2,3) is the unit vector in x;-direction, and |v,,| the length of the vector v,,. For a random ensemble of cracks saturated
with healing agents, the average flow velocities can be calculated as

(V) ! / /Zﬂfé,,ﬂ P sinfcosdf; (r)drdpdd = 0
V) = =5 —— ——sings sOf; (r)dr =
' 27 Jo Jo -z 8n Ox3 v : ¢
1 /R/Zﬂ[”_rZ P
22 Jo Jo 8n 0Ox3
F 1 op,, ! 617“/ ) f 2
- = 0) dod d sd)“dof
() l/ywazwsﬁu =g g, A [ (o

where f;(r) denotes the probability density function of the radii of cracks, and (e) the mean value of a random variable. Eq. (4.6)
suggests that the average flow velocity (v, ) for the ensemble of saturated microcracks is not related to the length of the cracks l and the
angles ¢.The mean value y, and variance 5?2 of the radii of the cracks can be calculated as

)

(r)drdgd6 = 0 (4.6)

R
po= [ i “.7)
0
and

# = /0 " = 0 () — /0 " Afr)dr -2, /0 "+ 4 /0 *f(rar (4.8)

Substituting Eq. (4.7) through Eq. (4.8), we have

R
| P =i+ (4

0

Substituting Eq. (4.9) through the third equation of Eq. (4.6), we have

2 + 5% Op,
< M>:,LL

4.10
167y 0Ox3 ( )

Recall the Darcy’s law given in Eq. (3.9) and the bulk flow through the volume is only in the x3- direction, i.e.(v,,)es = v,, . For the
ensemble of fully saturated microcracks,sn, = £. Hence, we have

2 +5.
k= k@(’% (4.11)

where k; denotes a coefficient that is introduced to take into account the effect of saturation with k; = 1 for fully saturated media.
Nguyen and Durso (1983) suggested k; = s3. To calculate the permeability of a cracked foam via the Eq. (4.11) at the nth compressive
loading cycle,u,, , oy, and ¢, can be estimated based on histograms of radii and lengths of the microcracks measured from the tested
samples using the following formula

U, & Nln ’z]i’l: r; (4.12)
G, Ry 171 > () (4.13)
n i=1
Q N
&, = o= an I ~ nN,,M i (4.14)

where N, is the total number of microcracks in the foam sample at the nth loading cycle.
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4.2. Capillary pressure and saturation of cracked foams

For porous media such as the polymer foams considered in the paper, capillary pressure plays an important role owing to the high
porosity of the porous media. In the following analysis, the functional relation between saturation s and capillary pressure p,, in the
porous media will be established. Consider the isolated microcrack of cylindrical geometry and the constant cross section embedded in
a cubic volume, as described in Section 4.1 and shown in Fig. 5. The capillary pressure in the microcrack can be calculated as (Fanchi,
2002)

o = 721'.\vc0sa) (4.15)
r
where 7, is the surface tension, and w the liquid-solid contact angle on the walls of a micro-channel. For the epoxy system, 7
= 0.00003475N /mm and @ = 43%55" (Cheng and Lin, 2008). Let 1}, (ri =1 /Ra; 0 <r;; < 1), denote the normalised radius, and [,
(I =1, /Lp; 0 < I} < 1), the normalised length of a microcrack at the nth loading cycle, where R, and L, are the maximum radius and
length among all cracks within a foam sample at the nth loading cycle. In the following analysis, we assume r;, and [ follow the Beta
Distribution, i.e.

(& + By + 1)!(

filisal g .¥ P (1 =)
1( n’>n n) a;*'/j; ] n) ( n)

- (4.16)
% * * a, + ﬁn +1 ! N\ % fzk
fZ(ln;aﬁmﬂL) = ( I l*| ) (ln) (1 71}1)”

an' n’

where (o, ) and (o, gL ) are the shape factors for f (r5; o , g ) and fo(I:; al;, fL ) respectively. The change of saturation ds, at the nth

n’ 'n?

compressive loading cycle induced by the healing agents flowing into all microcracks of radius r}; can be calculated as

) 7deN 1 2 ()2 ~ (kL ot ot *
ds, = Q. ~ —(np)QNnﬂ:Rn (rn) Lp.fi (rn,(ln B, )dr" (4.17)

where y;. is the mean normalised length of microcracks. Eq. (4.17) can be further written as

(r2)fi (ry e By )dr;

1
dsy = ——=N7Ropt 2 Loy, 4.18
S, (ﬂ,,)Q TR H 2 LnHhy, W ( )
where y,.. is the mean normalised radius of microcracks. The total volume of microcracks Q. can be calculated as
Q. = NuzRop o2 iy, Ly (4.19)
Substituting Eq. (4.18) through Eq. (4.19)
2 * *
* *: 7 s ) d *
dsn — é (rﬂ) fl (rﬂ an ﬁn ) er (4.20)
np ﬂ’_:z
where 4. is the second moment normalised radius
a +1)(a +2
(o + 1) (e +2) )

M - 2) (o + A +9)
Substituting Eq. (4.21) through Eq. (4.20) and from (4.16), we have

a3 e .
ds, = & ( R _’LH) )= ) ar; (4.22)
n, (ar+2)187
Let p;, represent the normalised capillary pressure in the nth loading cycle,p;, = p.(rn) /pw(Rn). From Eq. (4.15), we have
* Fn _pn(Rn) _ 1
RYl PV! (r") p;

(4.23)

n

Substituting Eq. (4.23) through Eq. (4.22)

rx i 3)1 a;f 42 By
ds, = 5 (@ + P +H) G) (1 _L) JL (4.24)
n, (ar +2)187! P, P,

n

Integrating Eq. (4.24), we can establish the functional relation between capillary pressure and saturation for the nth loading cycle.
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Table 1
The parameters from curve fitting.
The Parameters Values
C 1.117
Cy 0.3373
Cs 0.0001506
Cs 10.07
Cs 2.874 x 1077 mm?
Ce 1.316
Cr 6011 /MPa
x10~*
0.07 1.4
_ (a) [ Experimept (b) ® Experiment
& 0.06 — Curve fitting: ] =~ 12 —— Curve fitting:
£ §=0.0001506*exp(10.07*D) £ k=2.874*10"*exp(10.07*D)
2 0.05 E10
g X
5 0.04 é‘ 0.8
£ 3
g 003 g 0.6
=
g 002 T 04
S o
0.01 0.2
[ ]
0 [ ] n L ° Py L
01 02 03 04 05 06 07 01 02 03 04 05 06 07

Damage variable (D) Damage variable (D)

Fig. 6. (a) The functional relation between the damage variable D and the crack concentration &. (b) The functional relation between the damage
variable D and the permeability k.

1 N ¥ =1
[on (@ + B +3)1 1\ N
oS n (ay + 4, V) L - )L (4.25)
n,Jo o (ar+2)80 \p; P o

4.3. The model for damage recovery after healing

The recovery of damage after healing at a material point can be related to the saturation of the healing agents at the point during
healing. Here, we assume the recovery of damage as a linear function of the saturation, i.e.

D,=(1-s/s,)D (4.26)

where D, denotes the residual damage variable post healing; and s, the saturation which enables the complete recovery of damage at
the nth compression cycle. s}, was obtained through calibration against experimental measurement, See Appendix C.

4.4. Data fitting and model calibration

The foam samples were examined by an optical microscope after each compressive loading cycle to measure the distribution and
geometry of the microcracks. The measurements were used for data fitting and model calibration for establishment of the functional
relationships between (1) the damage variable D and the concentration of microcracks &; (2) the damage variable D and the perme-
ability k; and (3) the saturation s and the capillary pressure of the healing agents p,,. In addition, the evolution of damage variable D
against the plastic strain &, was also obtained through the curve fitting against experimental measurement.

4.4.1. The damage variable D and plastic strain €,
As shown in Fig. 3 (g), the damage vairable D envolves as a function of plastic strain ¢,. The functional relation can be discribed as a
power law fuction through data fitting to the experimental data measured for the neat foam

D=Ci(g)" (4.27)

where C;andC;, are constants obtained from curve fitting as listed in Table 1.
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(a) First compression cycle (b) Second compression cycle
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Fig. 7. The histograms and Beta distribution fitting of the normalised radii of the microcracks measured at the (a) first compression cycle, (b) the
second compression cycle, (c) the third compression cycle, and (d) the fourth compression cycle.

4.4.2. The damage variable D and the crack concentration &
The experimental measurements suggest that the functional relation of cracks concentration £ and damage variable D follows an
exponential equation as given below

&= Cyel) (4.28)

where CzandC4 are constants obtained from curve fitting as listed in Table 1. The curve fitting of Eq. (4.28) is plotted in Fig. 6 (a) in
comparison with experimental measurements. Feng and Yu (2010) employed an analytical model and FE analysis to investigate the
relation between the damage evolution and the cracks growth of quasi-brittle isotropic materials. The results indicated that the damage
showed an exponential growth with the increase of microcrack density. Farrokhabadi et al. (2013) investigated the damage evolution
of laminated composites under fracture tests experimentally and numerically. The damage variable and crack density again exhibited
an exponentially functional relationship. The trend of the functional relation in Eq. (4.28) is consistent with the findings from these
existing research.

4.4.3. The damage variable D and the permeability k

For the ensemble of fully saturated microcracks (ks = 1), based on the Eq. (4.11), the permeability k can be estimated via measuring
the lengths and radii of the microcracks from the 2D micrographs and cracks concentration & at each loading cycle. Eq. (4.11) also
suggests that permeability k is nearly proportional to microcracks concentration ¢ as the mean value y, and variance 32 of the radii of
the microcracks have small variations at different loading cycles. As the damage variable D follows the exponential relation with
respect to the concentration of microcracks £(Eq. (4.28)), the functional relation between the damage variable D and the permeability k
can also be described as an exponential equation, i.e.

k= CselP) (4.29)
where Cs is a constant obtained from curve fitting as listed in Table 1. The fitted relationship of Eq. (4.29) is plotted in Fig. 6 (b).
4.4.4. The saturation s and the capillary pressure of the healing agents p,,

The constitutive relation between saturation s and capillary pressure p,, can be described via the Beta distribution function of the
normalised radii of the microcracks within the foam samples (Eq. (4.16)). The histograms and the Beta distribution fitting of the

11
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Fig. 8. The functional relations between saturation s and capillary pressure p,, for each compression cycle.
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Fig. 9. The schematics of (a) a constrained foam under 1D cyclic compression and (b) the selected region at centre of foam domain; (c) the FE model
of the 1D problem.

normalised radii of the microcracks after each loading cycle,Beta(a}’, "), are presented in Fig. 7.

Based on Eq. (4.25) and measured values of o}, f’, &, and n,, the functional relations between s and the capillary pressure p,, for
each loading cycle are plotted in Fig. 8. As the difference of these functional relations among each loading cycles is small, we use a
single exponential relationship to represent the functional relation between saturation s and capillary pressure p,, i.e.

5 = Cee P (4.30)

where Cg and Cy are the constants from curve fitting as listed in Table 1.
5. An illustrative example - one-dimensional (1D) compression problem

To give the physical insight into how the damage evolution coupled with the mass conservation, an illustrative example is given for
one dimensional compression problem. Consider a foam containing two bilayered capsules under uniaxial cyclic compression, as
schematically in Fig. 9 (a), the healing agents is flowing inside the damaged areas from the embedded bilayered capsules. Under the
Cartesian coordinates x; — x3 at the current configuration, we take a small region of thickness h; within the foam for analysis, as

schematically shown in Fig. 9 (b). For ease of calculations, the following assumptions are made, i.e.

(1) During the calculations, the following pore pressure boundary conditions are assumed

pw(t,xs=hy) =py for V>0 (5.1)
pw(t,x3=0)=p; for Vi>0 (5.2)
pw(t=0,x3) =p; for x; €[0,h) (5.3)

12
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where py denotes the pore pressure imposed by the healing agents released from the capsules, and p; the initial capillary pore pressure.
It is reasonable to assume the p; = 0.00065 MPa for the dried porous media (Jung et al., 2016). The assumptions implicate that we only
consider the situation before the healing agents reach the bottom surface.

(2) The foam follows Hooke’s law in the elastic region with initial elastic modulus E,;, and linear hardening in the plastic region
with hardening modulus H when the compressive stress exceeds the compressive strength o.. The evolution of the damage
variable D of the foam only affects the value of elastic modulus, i.e. E4; = (1 —D)E,; (Eq. (2.1)), and has negligible effect on the
values of the compressive strength ¢, and hardening modulus H. This assumption is consistent with experimental measurement
of foam samples under uniaxial compression (Fig. 3), i.e. the damage of foam has negligible effect on the plateau stress.

(3) The thickness of selected region hs is much smaller than the thickness of foam domain hy, i.e. hy < hy. Therefore, the strain rate
of the selected region during the deformation could be assumed to be a constant value +C. Hence, a compressive loading cycle
starting from time instant t, includes the following temporal phases (Fig. 2 (a)), i.e.

e The loading phase, including

t € [to, t, +T] for elastic loading, where T, = — %, and

t € (to +Te, t, +T. +Tp] for plastic loading, where T, = — 2

e The unloading phase

t€ (t, +Te+T,,1,+ 2T, +T,)

e The healing phase

t=t,+2T, +T,

where ¢, is the elastic strain.

(4) Owing to small thickness hs, the effect of saturation s to permeability k is ignored, i.e. k; = 1.

5.1. 1D Constitutive behaviours
The response in elastic loading phase t € [t,,t, +T.] is governed by the Hook’s Law, i.e.
6= [1 - (1 71)0(50)}5,[@;2 (5.4)
Sre r

where s° and ¢ are the saturation of healing agents and plastic strain att = t,. In the plastic loading phase t € (t, + Te,to + Te + Tp), the
response follows linear hardening relation, i.e.

6= (1-D)E, (e - ép)

a (1 _D)Ew' :
=1 _D)E"i(l _m>g

(5.5)

where ¢ is the stress rate, ¢ the strain rate, and ¢, the plastic strain rate. Combining the two equations in Egs. (5.5) and (4.27), we have

- (1=Ci(e) )Es ):

(1-Ci(e)*)Ei+H

(5.6)
Eq. (5.6) can be solved using the fifth-order Runge-Kutta method based ordinary differential equation solver ode45 in MATLAB
with the initial condition ¢, (¢t =t, +T.) = ¢y and ¢ = — C. The calculated plastic strain ¢, can be fitted by a polynomial function of time
t, i.e.
& =f (ép, é, z) = Csf* + Cot (5.7)
where Cg and Cy are two constants obtained from curve fitting. In the unloading phase t € (t, + T, + Tp,t, + 2T, + T,), there is no
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further development of plastic strain &,. Hence, we have
= (1-D(e) ) Euc (5.8)

where eIL, is the plastic strain att =t, + T, + T,,. The damage recovery model (Eq. (4.26)) is applied for healing phase, i.e.t =t, + 2T, +
Ty, to enable recovery of elastic modulus, i.e.

b= {1 - (1 fj—L)D(EﬁﬂE,,iéﬂ (5.9)

re

where st is the saturation of the healing agents at t = t, + 2T, + T .

5.2. Mass conservation for the healing agents

When damage occurs, the foam matrix becomes permeable. Under 1D cyclic compression as shown in Fig. 9 with Xs-axis as the
loading direction, a material point located at the coordinates (X;,X>,X3) under the initial configuration will deformed to the position
(1, X2,x3) under the current configuration. The expansion of the mass conservation (Eq. (3.10)) for the healing agents flowing in a
cracked media can be written as

1/dJ dn,, ds 0 (k op,
~ (= L, S) == (5 1
J (dtn”H_Js dt +J””dz) 0x; (;1 ax3> (5.10)

As porosity of the foam n, is a constant value as described in Section 2.1, Eq. (5.10) reduces to

1dJ ds 0 [k op,
s i S e 11
73" T T o (;7 ax3> 51D
The deformation gradient is given by
10 0
F=|0 1 0 (5.12)
a)C}
00 —
6X3
, and the determinant of F is
().)C3
Jfa—X371+£ (5.13)
In Eq. (5.11), the material time derivative operator can be written in the form
d o0 7}
(5.14)

a o Yoy

where vy is the velocity field in the either solid phase (dx3 /ot) or fluid phase (v,,). Here, we use the s = Cee®P(Eq. (4.30)) to describe
the relation between saturation and capillary pressure at the selected region. Combining Egs. (4.30), (5.11), (5.13) and (5.14), we have

1 de  Oe Oxs . (Opw 0Py o (k op,
(L FO) ol 4 n, CoCreCre (P Py, ) = O (K 5.15
fE) (aﬁﬂm az)"P o+ mpCelae (az o) Tan 0 om (5.15)

As the strain rate of foam is a constant C throughout the selected region, we have de /dx; = 0, de /ot = —C in loading phase, and
de /ot = C in the unloading phase. Combining with the Darcy’s law in Egs. (3.9), (5.15) can reduce to

=€ Cp Cipw opw k (Oop. ? d (k op,
" B\ T \n 1
(1 i S)np Cse +n,CsCre o pos o a0 \n om (5.16)

Substituting Eqgs. (4.29) and (5.16) can be rewritten as

+C
(1+e¢)

(5.17)

‘ (Opy  Cse“P (dp,\> CseCiP p,  C4Cs¢“P 0D dp,,
n,,CGeCW“ +an6C7eC7”“ (—7 67)C3 = . —

ot smyn n 0x3 n 0x3 0x3

As damage variable D is related to plastic strain ¢, through Eq. (4.27), which is independent to the spatial coordinates (Eq. (5.7)).
Therefore, Eq. (5.17) is reduced to

+C
(I+e¢)

(5.18)

.  Cse™P (p\*\  Cse“P Op,
anGECWu +ﬂpC6C7€C7f’" (Lf 5€¢ (L) ) _ Lse p

ot smn \0x; Ty o
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Eq. (5.18) can be used to solve the responses at different temporal phrases. In elastic loading phase t € [t,,t, + Tc], Eq. (5.18) leads

to
CseCaPle Pp, c Copw )
. e PG Cse®P% (dp,\* (5.19)
or n,CeCreCrrv CoeCrren, i \ 0x3 ’
with

D, = <1 —g)D<sZ> (5.20)

where Df, is the damage variable at t = t,. In the plastic loading phase t € (t, + T,,t, + T, + T,), substituting Eqs. (4.27) to (5.18), we
have

CseC4C1 (ep)2 Ppy 5 . C
Ipe el TGl oetaile)” gp, N2 (5.21)
or 1,CCeC7P CoeCPrm,n \ Ox3 ’

In the unloading phase t € (t, + T, + Tp,t, + 2T, + T,), the value of permeability remain unchanged. Eq. (5.18) can be written as

c
_—— L2
Csec4LI (L”) . Ppy C

op. T e T man“Cm Csec‘c‘ (s,”‘)cl I 2 5.22)
or n,CeCreCrr CoeCPenyn \ 0x3 ’
At the healing phase t = t, + 2T, + T,, combining with Egs. (4.26) and (5.18) can be written as
Gl Pp,
opy e 'aofé“ — g Cee™™ el (0p,\> (5.23)
o n,CsCreC7P» CeeCPvn,n \ Ox3 ’
with
SL
Dt = <1 - —) D (eﬁ) (5.24)
Sre
where DI, denotes the damage variable at t = t, + 2T, + Tj.
The Egs. (5.19), (5.21)—(5.23) were solved using forward Euler finite difference (FD) method as described below
apw pw(t + At7x3) - pw(tyx3)
t =
ar %) At
op, Pw(t, X3 + Ax3) — po(t,x3 — Axz)
—(t. f—
o, (t,x3) 2o, (5.25)
oy (hxs) = Pult, X3 + Axz) — 2p, (1, 33) + pu(t, 33 — Axs)
s A3 -
0x3 (Ax;)*

where At was a very small time incremental that enabled convergence of solutions. From Eq. (5.25), the Egs. (5.19), (5.21)-(5.23) can
be rewritten as the

opw O py .\’
=A A A 5.26
o 1 P + Az s + Az ( )

where A; = Cse%P /yn,CsCre“P» for the loading phase, A; — CgeCePler) /nnpCeCre%P» for the unloading phase, and A;

= Cs5e%Pr [yn,CeCrePw for the healing phase;A; = Cse®P /CseCPvmyy for the loading phase, Az = CseCeD(ep) /Cee“Penpn for the
unloading phase, and Ay = Cse%Pr /CsePvnyy for the healing phase; and Az = i in the loading, and A3 = £ in the unloading
phase and healing phases. Substituting Eq. (5.25) into Eq. (5.26), we have
Pu(t, %3 + Axz) — 2p, (1, X3) + pu(t, X3 — Ax3)
A -
(AX3)
Pt + At,x3) = p(1,x3)+At , (5.27)
w by A3 A 3) 7 Pw\b —A
+A2p(”’+ x3) — pu(t, X3 — Axz) A
2AX3

In the forward Euler FD calculations, we assumed the small region had height h; = 10 mm; the foam had porosity n, = 0.67, the
initial elastic modulus E,; = 300 MPa, hardening modulus H = 10 MPa, and compressive strength o, = 6.12 MPa; the released healing
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Table 2
The temporal phrases of the cyclic compression
Elastic Loading phase Plastic loading phase Unloading phase Healing phase
1% loading cycle 0~ 15s 15 ~ 40s 40 ~ 55s 55s
27 Joading cycle 55 ~ 70s 70 ~ 95s 95 ~ 110s 110s
3 Ioading cycle 110 ~ 125s 125 ~ 150s 150 ~ 165s
0.1 T T T T — 0.1 0.5
—— FD strain
(a) - © - FE strain
0.08 —— FD Plastic Strain 0.08 0.4
- © - FE Plastic Strain 9
= 8
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Fig. 10. The FD and FE predictions of the time histories of (a) total strain and plastic strain, (b) damage variable, (c) permeability, and (d) capillary
pressure .

agents had the dynamic viscosity 7 = 0.000001 MPaes; and strain rate C = 0.001 /s . From curve fitting, we have Cs = —4.0 x1077 /s2
and Cy = 1.1 x 1073/s. For comparison purpose, the 1D problem was also solved by finite element (FE) simulations using the
commercially available FE package ABAQUS Standard. The FE discretization was conducted using 252 four-node plane strain ele-
ments, i.e. CPE4P in ABAQUS notation, which were based on the FE formulation of coupled stress analysis and fluid diffusion within a
porous media as described in Section 6. The FE model employed in the simulation is shown in Fig. 9 (c).

5.3. Results and discussion

The numerical simulations were conducted to simulate the response of the foam sample under the cyclic compression with the
temporal phrases defined in Table 2. Fig. 10 shows the time histories of total strain, plastic strain, capillary pressure, damage variable,
and permeability at the selected locations, i.e. X3 = % and 37"‘, obtained via the FE and FD calculations, respectively. For the FD cal-
culations, numerical experiment suggested that the converged results could be achieve when At < 0.000833s. As the strain rate is a
constant, the time histories of overall strain, plastic strain, damage variable, and permeability are identical at the two selected lo-
cations. However, temporal responses of the capillary pressure are distinct. The numerical results obtained by the FD calculations have
good agreements with those obtained by the FE calculations. The discussions on the numerical results are presented as follow.

The closed-cell polymer foam is impermeable during the elastic loading phase in the 1st compression cycle (t = 0 ~ 15s). The
healing agents are not able to flow inside the foam. The damage variable, capillary pressure, and permeability remain unchanged.
During the plastic loading phase (t = 15 ~ 40s), the damage occurs and the damage variable D increases based on Eq. (4.27). The
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permeability k increases accordingly with damage variable based on Eq. (4.29), which increases the ability of healing agents flowing
inside the foam. Once the damage occurs, the values of the capillary pressure p,, at the two locations increase dramatically. According
the Egs. (5.19), (5.21)-(5.23), the temporal variation of the capillary pressure p, relates to compressive deformation and spatial
variation of the capillary pressure. During the unloading phase (t = 40 ~ 55s), the elastic strain is recovered. The plastic strain,
damage variable and permeability remain constant values. The capillary pressure p,, keeps increasing, which may indicate the healing
agents can still flow into the damaged areas owing to spatial variation of the capillary pressure. At the healing phase (t = 55s), both the
damage variable and permeability decrease owing to the healing effect. However, as the damage is only partially healed, the healing
agents can still flow into the damaged areas with increased capillary pressure.

During the elastic loading phases in the following compressive loading cycles (t = 55 ~ 70s,t = 110 ~ 125s), the plastic strain,
damage variable, and permeability remain constant as no further damage develops. The capillary pressure increases owing to the
flowing of healing agents into the unhealed areas. At the beginning of the plastic loading phases (75 s or 110 s), the damage variable
and permeability recover to the values before healing in the previous compressive loading cycle. This is consistent to experimental
observation: the healing system can only have healing effect on elastic response, and the healed microcracks reopen under the plastic
deformation.

6. Finite element simulations of two-dimensional (2D) problems
6.1. The finite element formulation for the coupled pore fluid diffusion and stress analysis

6.1.1. Weak form of the equilibrium equations
For foams without damage, the structural response (Eq. (3.1)) can be analysed using finite element formulation through the
principle of virtual work for the volume Q at the current configuration at time t (updated Lagrangian formulation)

/6:5DdQ:/ t-évng+/f-5de (6.1)
Q Sa Q
where t is the traction force on the boundary Sg, (Fig. 4); f the body force;v the spatial velocity; D the effective rate of deformation, i.e. D
=1/Q fﬂs D;dQ2, where D, the micromechanical variation of the strain field within the volume occupied by the skeletons of the foams
Q.

For the foams with damage, microcracks at damaged locations may provide the microchannels that allow healing agents flow. Eq.
(6.1) can be rewritten as

/6 : 6DdQ = / t-ovdSq + /f - 6vdQ + /sn,,pwg - 6vdQ (6.2)
Q So Q Q

where D denotes the total effective rate of deformation at a material point, which can be calculated as

— 1 s W I
D:fo(éperdp s> - 6.3)
b

where K, denotes bulk modulus of the foams.

6.1.2. Weak form of mass conservation for the healing agents flowing in a cracked media
The equivalent weak form of Eq. (3.7) can be written as

/ opo s 4UmS) oy + / 5puV o (nysv,)dQy =0 (6.4)
o J i ’ o k

where Jp,, is an arbitrary, continuous and variational variable, which can be interpreted as virtual pore pressure in the liquid phase. In
the reference configuration, we have

d(Jnys

/ o, L) Ay, + / pudV o (n,59,,)dQp = 0 (6.5)
[ dt [

where Qy is the volume in the reference configuration. Using backward Euler integration, Eq. (6.5) can be rewritten as

/ 5 [(1p5),, 5, — (Ips) ] Ay + At / 5[V o (nysv,)],. A0 = 0 6.6)
Qo Q

f0

which, over the current volume €, is

1
/ P {(npx)#m — J—(ans) t} dQ + At/ Spw [V . (npsvw)]#mdgf =0 (6.7)
Q t+Ar Q
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Using the divergence theorem Eq. (6.7) can be rewritten

1 dop,,
/ Py {(n,)x)#m — J—(ans)t — At< = n,)svw) }dQ, + At/ Spw (n/)sn ° vw)#mdS, =0 (6.8)
Q +Ar t+At Sy

The coupled pore fluid diffusion and stress finite element analysis is achieved by solving Eqgs. (6.2) and (6.8) simultaneously. Under
the finite element formulation, the nodal variables are {v,p,}, which can be achieved by adding an additional degree of freedom
representing the pressure in the liquid phase p,, to displacement based finite element formulation. In this paper, the FE solver for the
coupled pore fluid diffusion and stress analysis within the commercially available finite element package ABAQUS Standard was
employed to conduct the FE analysis, as detailed below.

6.2. The finite element model
To create the 2D FE models of foams embedded with bilayered alginate capsules, the capsules were assumed to have circular
geometry of an identical radius, which were inserted into the foam matrix using the approach developed by Cao et al. (2019). Briefly,

the location of a circular capsule within a foam matrix satisfies two conditions.

o the coordinates (x,y) of the centre of a capsule obey the following relation

(xa)’)e{(xay””c nglffrurz‘gyglffrc} (69)

where r. denotes the radius of the capsule, I; the edge length of the FE model Iy = 50mm.

e Capsule i does not overlap with an adjacent capsule j, i.e.

V=) + (i =)’ = 2 Vi € neyi ) (6.10)

where n, is the total number of capsules.

The four-node plane strain elements (CPE4P in ABAQUS notation) were employed in the FE simulations. Each node of the element
had two translational degrees of freedom and one degree of freedom representing pore pressure of the healing agents. Numerical study
suggested that the convergence of the numerical simulation could be achieved when the ratio between the maximum elemental edge
length and the edge length of the cubic foam sample is less than 1/50. A total of 1391 elements were employed to discretise the solution
domain containing both circular alginate capsules and foam matrix.

The isotropic constitutive foam model (Deshpande and Fleck, 2000) in conjunction with a damage model was employed to simulate
the mechanical behaviour of the polymer foam, as described in Appendix A. A user defined field routine (USDFLD in ABAQUS notation)
was developed to implement the damage evolution model (Eq. (A.5)). The experimental data obtained from uniaxial compression test
on neat foam samples (without capsules) were used to calibrate the constitutive model. Fig. 3 (b) shows the comparison between the FE
prediction and experimental measurement of a neat foam under cyclic compression. The FE prediction can capture the plastic
behaviour and damage evolution, however, it could not capture the strain recovery of the real foam sample after completely unloaded,
which might be caused by the recovery of the trapped air within the closed-cells during the unloading phase. To predict the self-healing
behaviour, the USDFLD was used the exchange the damage variable (the field variable) with the main program of the ABAQUS to
implement the functional relation of the damage variable D and the permeability k (Eq. (4.29)); the damage recovery model (Eq.
(4.26)) was implemented into the USDFLD to update the damage variable for healing phase modelling.

As the current research focused on modelling the self-healing behaviour of the polymer foams, to simplify the problem, the
constitutive behaviour of the bilayered alginate capsules was modelling as elasto-J2-plastic solids with isotropic hardening. The
mechanical parameters of the material were determined through the single capsule compression test, see Appendix B. In the numerical
simulations, the bilayered capsule was treated as a fully saturated solid with porosity n, = 0.7 measured via Thermogravimetric
Analysis (TGA) (Cao et al., 2020). The permeability of the bilayered alginate capsules is subject to further experimental investigation.
In the simulations, the bilayered alginate capsules were assumed to have a large permeability, i.e. k= 0.20mm? .

To simulate the compressive test, the 2D FE model of the sample was sandwiched between two rigid plates: one of the rigid plates
was stationary, and another rigid plate was movable along the x3-axis direction. The movable rigid plate imposed pressure on the
sample at a constant velocity (5mm/min for crosshead movement). A penalty contact approach was employed to simulate the
interaction between all surfaces with a friction coefficient 0.2, and numerical trial tests suggested that the simulation results were not
sensitive to the value of the friction coefficient employed in the calculations. The other parameters employed in the numerical sim-
ulations are same to those employed for the 1D simulation presented in Section 5. The outcomes of the 2D numerical simulations are
presented next.
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Fig. 11. The comparisons of (a) engineering stress-strain curves, and (b) self-healing efficiency against healing cycle between experimental mea-
surements and numerical predictions for foams embedded with 10% VF bilayered capsules. (c) An X-ray microcomputed tomography (#CT) image of
the cross-section of a foam sample embedded with bilayered capsules after damage. (d) The contour of saturation obtained by FE calculation
showing the movement of healing agents.
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Fig. 12. The contours of (a) the damage variable and (b) the saturation obtained by the FE simulations at Points A, B, C, D, and E (Fig. 11)

6.3. Numerical results and parameter study

Fig. 11 shows the predicted response of the foam sample embedded with 10% VF bilayered capsules under cyclic compression.
Under the 2D coordinates x; — X3, the cyclic compressive load was imposed in x3-axis direction. The numerical results for the first two
healing cycles are presented as the self-healing effect is more pronounced than the later stage. The experimental measurement is
included for comparison purpose. It should be noted that the current numerical simulations were based on the 2D plane strain finite
element formulation, which may introduce certain discrepancy in comparison with the measured 3D behaviours of the test samples. As
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Fig. 14. The contours of the damage variable and saturation obtained by the FE simulations for foams embedded with 5% VF bilayered capsules ((a)
and (b)) and 15% VF bilayered capsules ((c) and (d)) at selected strains (Points A, B, C, D, and E (Fig. 11))
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highlighted in Fig. 11 (a) for the stress-strain curves, the segments A-B, B-C, C-D(D’), and D-E represent the first plastic loading phase,
first unloading phase, first healing phase, and second loading phase, respectively. Healing (damage recovery) takes place numerically
at point D. The FE predictions again could not capture the strain recovery measured during phase C-D’. For the comparison purpose,
the healing efficiency obtained via numerical predictions was also evaluated by the threshold value y, = 0.234, as shown in Fig. 11
(b). The healing efficiencies obtained by the FE predictions agree well with those obtained by the experimental measurements. Fig. 11
(c) presents an X-ray microcomputed tomography (¢CT) image of a foam specimen embedded with bilayered capsules at the end of first
compression cycle (Point D). The capsules, healed microcracks and unhealed microcracks are visible in the image as the white par-
ticles, white lines, and black lines, respectively. The white lines linking the two adjacent capsules indicated the flowing of the released
healing agents through the microcracks. In comparison, Fig. 11 (d) shows the contour of saturation s obtained from numerical pre-
dictions at Point D, which shows the similar level of healing agent movement. As saturation s can be related to both healing agent
movement (Eq. (4.30)) and recovery of damage (Eq. (4.26)) and damage variable D represents the level of damage within the material,
the contours of damage variable D and saturation s at selected strains are presented in Fig. 12 (a) and (b), respectively. These strains
correspond to Point A to Point E in Fig. 11 (a). During the elastic region in the first loading phase (before Point A), healing agents could
not flow inside the foam matrix without damage. Damage occurred at the first plastic loading phase (A-B): the areas around the
capsules had higher damage level owing to stress concentration. The adjacent capsules were linked by the microcacks that provided the
microchannel for flowing of healing agents. The majority of the released healing agents concentrated surrounding capsules at the Point
B. During the first unloading phase (B-C), the released healing agents flowed inside the damaged areas owing to the capillary pressure,
while the contour of damage variable remained unchanged. After the unloading phase (Point C), the healing phase took place (C-D).
The damage variable was partially recovered in the entire damaged areas while the contour of saturation remained unchanged. The
second loading phase (D-E) resulted in further damage and more released healing agents.

6.4. Parameter study on the key design parameters of the healing system

The numerical study was conducted to evaluate the effects of the key design parameters of the healing system, i.e. the volume
fraction (VF) of the capsules embedded in a foam sample Vy; the normalised elastic modulus of the capsules E*, defined as E* = E, /Ef
where E. is the elastic modulus of capsules, and E; the elastic modulus of foam matrix; the normalised averaged diameter of the
capsules d* = d. /If where d, is the averaged diameter of capsules, and I; the edge length of foam samples.

6.4.1. Effect of the volume fraction of capsules V¢

To evaluate the effect of V; to self-healing efficiency y, the FE simulations were conducted for the foam samples embedded with 5%,
10%, and 15% VF capsules. The self-healing efficiencies of the foams embedded with different VF capsules have been measured by Cao
et al (2020). The numerical results and the experimental measurements are compared in Fig. 13 (a), Fig. 11 (b), and Fig. 13 (b) for 5%,
10%, and 15% VF capsules, respectively, which show good agreements between the two methods. In the first healing cycle, the healing
efficiencies y of the foams embedded with 10% and 15% VF capsules were similar and higher than that of the foam embedded with 5%
VF capsules. In the second healing cycle, the healing efficiency of the foam embedded 10% VF capsules was smaller than that of the
foam embedded with 15% VF of capsules; the healing efficiency of the foam embedded with 5% VF capsules fell to the threshold
demonstrating that there was small healing effect for the second healing cycle. These results suggest that higher volume fraction of
capsules could bring better multiple self-healing performance. The numerically predicted damage and saturation of the foams
embedded with 5% VF bilayered capsules, 10% VF bilayered capsules, and 15% VF bilayered capsules are shown at selected strains in
Fig. 14(a) and (b), Fig. 12 (a) and (b), and Fig. 14 (c) and (d), respectively. The presence of the lower volume fraction capsules, such as
5% VF bilayered capsules, led to more localised damage pattern owing to stress concentration. Higher volume fraction capsules were
more efficient in delivery of the healing agents as the damage pattern was more spreaded, which provided more microchannels for
transport of healing agents.
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Fig. 16. The contours of the damage variable and saturation obtained by the FE simulations for foams with E* = 0.073 ((a) and (b)) and E* = 0.5
((c) and (d)) at selected strains (Points A, B, C, D, and E (Fig. 11))

6.4.2. The normalised elastic modulus of the capsules E*

To evaluate the effects of relative elastic modulus E* to self-healing efficiency, the FE calculations were conducted for the foam
samples with E* = 0.5, E* = 0.119 and E* = 0.073. During the calculations, we kept the elastic modulus of capsules at a fixed value
and the volume fraction of the capsules was fixed at 10%. Hence, the higher value of E* is related to the softer foam matrix. The self-
healing efficiencies obtained by FE simulations in the first and second healing cycles are shown in Fig. 15 (a), which suggests lower E*
could provide better self-healing effect. To understand the mechanism, the numerically predicted damage and saturation of the foams
with E* =0.5,E* =0.119, and E* = 0.073 are presented in Fig. 16 (a) and (b), Fig. 12 (a) and (b), and Fig. 16 (c) and (d), respectively.
Higher value of E*, say E* = 0.5, led to more spreaded but lower level damage within the matrix foam owing to stress concentration
around capsules. On the contrary, lower value of E*, say E* = 0.073, led to higher level damage that concentrated around the capsules.
The healing system was more efficient to foams with lower value of E* owing to the facts that (1) capsules subjected to greater
deformation which enabled more heal agents to be released from the capsules; and (2) the saturation level of healing agents in the
concentrated damage areas was higher than that of the foam sample with higher value of E* in the spread areas of damage.

6.4.3. The normalised averaged diameter of the capsules d*

To evaluate the effects of the normalised averaged diameter of the capsules d*, the FE calculations were conducted for the foam
samples with d* = 0.04, d* = 0.07, and d* = 0.16. In these calculations, the edge length of the foam samples was fixed at Iy = 50 mm
and the volume fraction of the capsules was fixed at 10%. The self-healing efficiencies obtained by FE simulations in the first and
second healing cycles are shown in Fig. 15 (b), which suggests smaller capsules may have better self-healing efficiency at either the first
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Fig. 17. The contours of the damage variable and saturation obtained by the FE simulations for foams with d* = 0.16 ((a) and (b)) and d* = 0.04
((c) and (d)) at selected strains (Points A, B, C, D, and E (Fig. 11))

healing cycle (d* = 0.07) or the second healing cycle (d* = 0.04). To understand the mechanism, the numerically predicted damage
and saturation of the foams with d* = 0.16, d* = 0.07, and d* = 0.04 are presented in Fig. 17 (a) and (b), Fig. 12 (a) and (b), and
Fig. 17 (c) and (d), respectively. The bigger capsules, say d* = 0.16, led to higher level localised damage within the samples. On the
contrary, smaller capsules, say d* = 0.04, led to lower level, spreaded damage. The smaller capsules made the healing system more
efficient as it was easier for the healing agents to flow to the smaller damaged areas around capsules to heal the damage.

7. Concluding remarks

This study provides the framework in modelling capsule based self-healing polymer foams under cyclic compression. In conjunction
with micromechanical models that link the damage variable D to permeability k as well as the saturation s to the capillary pressure of
the healing agents p,,, the coupled pore fluid diffusion and stress simulations can capture the main features included in the self-healing
system. Parametric studies based on 2D plane strain finite element simulation were conducted to understand the effects of the key
design parameters of the healing system, which suggested the healing efficiency of the system could be improved if

e the system had higher volume fraction of embedded capsules;

o the ratio of the elastic modulus of capsules to the elastic modulus of foam matrix decreased;
e smaller capsules were chosen.
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Further research will employ three-dimensional FE simulations to improve the accuracy of the numerical simulations.
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Appendix
A. The constitutive model of the polymer foams

The isotropic crushable foam model proposed by Deshpande and Fleck (2000) was used to model the mechanical behaviour of the
polymer foam matrix. The yield function is expressed as

®=0,—-0.=0 (A.1)

where o, is the uniaxial compressive yield strength that is a function of equivalent plastic strain 6. = o.(€’), and o.; denotes the

equivalent stress which is a function of von Mises stress ¢, and mean stress 6,,, given as

2L P2
, 06, +08c,

o, =—->" A2
‘4 14+6/9 (A.2)
where 6; is the shape factor of the yield surface and can be calculated from the plastic Poisson’s ratio v,
9(1 -2
g2 = 21— 2v) (A.3)
2(1+v,)
The equivalent plastic strain rate & is introduced
éqz _ 0 €y (A.4)

Oc

where ¢ is the stress tensor and épl the plastic strain rate.
Follow Eq. (4.27), the evolution of damage variable D can be defined as

D=C (/Ot(é”)dz> “ (A.5)

B. Finite element modelling of the bilayered capsules

The bilayered capsules were modelled as elasto-J2-plastic solids. To obtain the mechanical properties, quasi-static single capsule
compressive tests were conducted. The effective elastic modulus E, of the capsules can be estimated based on the elastic Hertzian
contact between the bilayered capsule and stainless plates during compression, i.e.

4 d,
F.=-E,|=6"* B.1
3 > (B.1)
where F, and 6. are compressive force and displacement measured from the Instron Universal Testing Machine and a linear variable
differential transformer (LVDT), respectively; d. the diameter of a capsules. The elastic modulus E, of the capsules can be calculated as

E.

E, =—7—+
(1-4)

(B.2)
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Fig. S1. The predicted and measured responses of a single capsule under compression.

where 4, is the Poisson’s ratio of the capsules, y, = 0.1(Nguyen et al, 2009)

The finite element simulations on the single circular capsule compression test were conducted in order to calibrate the material
parameters. Four-node plane strain elements (CPE4P in ABAQUS notation) were employed in the simulations. The capsule domain
consisted of 20 elements, which could achieve converged results. Curve fitting via finite element simulation on the single capsule
compression test indicated that the compressive strength and elastic modulus were 2.09 MPa and 45.04 MPa, respectively. The
comparison between experimental measurements and numerical simulations is plotted in Fig. S1.

C. Calibration of the parameter of s, in the damage recovery model

sy, represents the saturation which enables the complete recovery of damage at the nth compression cycle. To calibrate the values of
", 2D Finite element calculations on a foam sample containing 10% volume fraction capsules were conducted in comparison with
experimental measurement. The details of the FE model are described in Section 6.2. Figure S2 shows the normalised elastic modulus
En,E, = Ep /E,;, at beginning of each compression cycle obtained by numerical simulations at selected values of s, . The experimental

S

measurement is included for comparison. The comparison suggests that s, =0.175 and s2=0.375 give the best fits for the first
compression cycle and the second compression cycle, respectively.
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Fig. S2. Calibration of s}, based on FE simulations and experimental measurement.

25



S. Cao and T. Liu Journal of the Mechanics and Physics of Solids 149 (2021) 104314
References

Alexeev, A., Verberg, R., Balazs, A.C., 2007. Patterned surfaces segregate compliant microcapsules. Langmuir 23, 983-987. https://doi.org/10.1021/1a062914q.

Al-Mansoori, T., Micaelo, R., Artamendi, I., Norambuena-Contreras, J., Garcia, A., 2017. Capsules for self-healing of asphalt mixture without compromising
mechanical performance. Constr. Build Mater. 115, 1091-1100. https://doi.org/10.1016/j.conbuildmat.2017.08.137.

Balazs, A.C., 2007. Modeling self-healing materials. Mater. Today 10, 18-23. https://doi.org/10.1016/51369-7021(07)70205-5.

Bear, J., 1972. Dynamics of Fluids in Porous Media, first ed. American Elsevier Publishing Company, New York.

Blaiszik, B.J., Kramer, S.L.B., Olugebefola, S.C., Moore, J.S., Sottos, N.R., White, S.R., 2010. Self-healing polymers and composites. Annu. Rev. Mater. Res. 40,
179-211. https://doi.org/10.1146/annurev-matsci-070909-104532.

Bishop, A.W., 1959. The principle of effective stress. Teknisk Ukeblad 106 (39), 859-863.

Brown, E., White, S., Sottos, N., 2005. Retardation and repair of fatigue cracks in a microcapsule toughened epoxy composite—Part II: In situ self-healing. Compos.
Sci. Technol. 65, 2474-2480. https://doi.org/10.1016/j.compscitech.2005.04.053 https://doi:

Cao, S., Liu, T., Jones, A., Tizani, W., 2019. Particle reinforced thermoplastic foams under quasi-static compression. Mech. Mater. 136, 103081 https://doi.org/
10.1016/j.mechmat.2019.103081.

Cao, S., Zhu, W., Liu, T., 2020. Bio-inspired self-healing polymer foams with bilayered capsules systems. Compos. Sci. Technol. 108189 https://doi.org/10.1016/j.
compscitech.2020.108189.

Caruso, M.M., Delafuente, D.A., Ho, V., Sottos, N.R., Moore, J.S., White, S.R., 2007. Solvent-promoted self-healing epoxy materials. Macromolecules 40, 8830-8832.
https://doi.org/10.1021/ma701992z.

Cheng, C.H., Lin, H.H., 2008. Measurement of surface tension of epoxy resins used in dispensing process for manufacturing thin film transistor-liquid crystal displays.
IEEE Trans. Adv. Pack. 31, 100-106. https://doi.org/10.1109/tadvp.2007.901767.

Deshpande, V.S., Fleck, N.A., 2000. Isotropic constitutive models for metallic foams. J. Mech. Phys. Solids 48, 1253-1283. https://doi.org/10.1016/50022-5096(99)
00082-4.

Farrokhabadi, A., Hosseini-Toudeshky, H., Mohammadi, B., 2013. Development of a damage analysis method in laminated composites using finite fracture toughness
of single lamina. Mech. Adv. Mater. Struc. 20, 177-188. https://doi.org/10.1080/15376494.2011.584144.

Fanchi, J.R., 2002. Measures of Rock-Fluid Interactions. Shared Earth Modelling. Elsevier, pp. 108-132. https://doi.org/10.1016/b978-075067522-2/50007-0.

Feng, X.Q., Yu, S.W., 2010. Damage micromechanics for constitutive relations and failure of microcracked quasi-brittle materials. Int. J. Damage Mech. 19, 911-948.
https://doi.org/10.1177/1056789509359662.

Gray, W.G., Schrefler, B.A., 2001. Thermodynamic approach to effective stress in partially saturated porous media. Eur. J. Mech. A-Solid 20, 521-538. https://doi.
org/10.1016/50997-7538(01)01158-5.

Hia, L.L., Pasbakhsh, P., Chan, E.S., Chai, S.P., 2016. Electrosprayed multi-core alginate microcapsules as novel self-healing containers. Sci. Rep. 6, 34674. https://doi.
org/10.1038/srep34674.

Hansen, C.J., White, R.S., Sottos, N.A., Lewis, J.A., 2011. Accelerated self-healing via ternary interpenetrating microvascular networks. Adv. Funct. Mater. 21,
4320-4326. https://doi.org/10.1002/adfm.201101553.

Hou, L., Sleep, B.E., Kibbey, T.C.G., 2015. Gas pressure gradients in unsaturated porous media and the assumption of infinite gas mobility. Water Resour. Res. 51,
5623-5639. https://doi.org/10.1002/2015wr017189.

Huang, H., Ye, G., 2014. A review on self-healing in reinforced concrete structures in view of serving conditions. In: Proceedings of the 3rd International Conference
on Service Life Design for Infrastructure. Zhuhai.

Huh, J., Ginzburg, V.V., Balazs, A.C., 2000. Thermodynamic behavior of particle/diblock copolymer mixtures: simulation and theory. Macromolecules 33,
8085-8096. https://doi.org/10.1021/ma000708y.

Jung, J., Hu, J.W., 2016. Impact of pressure and brine salinity on capillary pressure-water saturation relations in geological CO; sequestration. Adv. Cond. Matter
Phys. 2016, 1-11. https://doi.org/10.1155/2016/5603739.

Lade, P.V., De Boer, R., 1997. The concept of effective stress for soil, concrete and rock. Géotechnique 47, 61-78. https://doi.org/10.1680/geot.1997.47.1.61.

Lee, J.Y., Buxton, G.A., Balazs, A.C., 2004. Using nanoparticles to create self-healing composites. J. Chem. Phys. 121, 5531-5540. https://doi.org/10.1063/
1.1784432.

Nguyen, H.V., Durso, D.F., 1983. Absorption of water by fiber webs: an illustration of diffusion transport. Tappi J. 66 (12).

Nguyen, V.B., Wang, C.X., Thomas, C.R., Zhang, Z., 2009. Mechanical properties of single alginate microspheres determined by microcompression and finite element
modelling. Chem. Eng. Sci. 64 (5), 821-829.

Petri, M., Novak, O., 2017. Measurement and Numerical Modeling of Mechanical Properties of Polyurethane Foams. Aspects of Polyurethanes. InTech. https://doi.
org/10.5772/intechopen.69700

Selvadurai, A.P.S., Suvorov, A.P., 2016. Coupled hydro-mechanical effects in a poro-hyperelastic material. J. Mech. Phys. Solids 91, 311-333. https://doi.org/
10.1016/j.jmps.2016.03.005.

Skempton, A.W., 1960. The Pore-Pressure Coefficient in Saturated Soils. Géotechnique 10, 186-187. https://doi.org/10.1680/geot.1960.10.4.186.

Sun, T., Shen, X., Peng, C., Fan, H., Liu, M., Wu, Z., 2019. A novel strategy for the synthesis of self-healing capsule and its application. Compos. Sci. Technol. 171,
13-20. https://doi.org/10.1016/j.compscitech.2018.12.006.

Trask, R.S., Williams, H.R., Bond, L.P., 2007. Self-healing polymer composites: mimicking nature to enhance performance. Bioinspir. Biomim. 2, 1-9. https://doi.org/
10.1088/1748-3182/2/1/p01.

Verberg, R., Dale, A.T., Kumar, P., Alexeev, A., Balazs, A.C., 2006. Healing substrates with mobile, particle-filled microcapsules: designing a ‘repair and go’ system.
J. R. Soc. Interface 4, 349-357. https://doi.org/10.1098/rsif.2006.0165 https://doi:

Wang, C., Wang, M., Beddiaf, Z., 2017. Self-healing epoxy with epoxy-amine dual-capsule healing system. In: Proceedings of the 3rd Annual International Conference
on Advanced Material Engineering (AME 2017). Shanghai: Antlatis.

Wang, Y., Pham, D.T., Ji, C., 2015. Self-healing composites: a review. Cogent Eng. 2 https://doi.org/10.1080/23311916.2015.1075686.

Yuan, Y.C., Rong, M.Z., Zhang, M.Q., Chen, J., Yang, G.C., Li, X.M., 2008. Self-healing polymeric materials using epoxy/mercaptan as the healant. Macromolecules 41,
5197-5202. https://doi.org/10.1021/ma800028d.

Yu, K., Xin, A., Wang, Q., 2019. Mechanics of light-activated self-healing polymer networks. J. Mech. Phys. Solids 124, 643-662. https://doi.org/10.1016/j.
jmps.2018.11.019.

Zemskov, S.V., Jonkers, H.M., Vermolen, F.J., 2012. A mathematical model for bacterial self-healing of cracks in concrete. J. Intel. Mat. Syst. Str. 25, 4-12. https://
doi.org/10.1177/1045389x12437887.

26


https://doi.org/10.1021/la062914q
https://doi.org/10.1016/j.conbuildmat.2017.08.137
https://doi.org/10.1016/S1369-7021(07)70205-5
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0004
https://doi.org/10.1146/annurev-matsci-070909-104532
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0006
https://doi.org/10.1016/j.compscitech.2005.04.053
https://doi.org/10.1016/j.mechmat.2019.103081
https://doi.org/10.1016/j.mechmat.2019.103081
https://doi.org/10.1016/j.compscitech.2020.108189
https://doi.org/10.1016/j.compscitech.2020.108189
https://doi.org/10.1021/ma701992z
https://doi.org/10.1109/tadvp.2007.901767
https://doi.org/10.1016/s0022-5096(99)00082-4
https://doi.org/10.1016/s0022-5096(99)00082-4
https://doi.org/10.1080/15376494.2011.584144
https://doi.org/10.1016/b978-075067522-2/50007-0
https://doi.org/10.1177/1056789509359662
https://doi.org/10.1016/s0997-7538(01)01158-5
https://doi.org/10.1016/s0997-7538(01)01158-5
https://doi.org/10.1038/srep34674
https://doi.org/10.1038/srep34674
https://doi.org/10.1002/adfm.201101553
https://doi.org/10.1002/2015wr017189
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0020
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0020
https://doi.org/10.1021/ma000708y
https://doi.org/10.1155/2016/5603739
https://doi.org/10.1680/geot.1997.47.1.61
https://doi.org/10.1063/1.1784432
https://doi.org/10.1063/1.1784432
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0025
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0026
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0026
https://doi.org/10.5772/intechopen.69700
https://doi.org/10.5772/intechopen.69700
https://doi.org/10.1016/j.jmps.2016.03.005
https://doi.org/10.1016/j.jmps.2016.03.005
https://doi.org/10.1680/geot.1960.10.4.186
https://doi.org/10.1016/j.compscitech.2018.12.006
https://doi.org/10.1088/1748-3182/2/1/p01
https://doi.org/10.1088/1748-3182/2/1/p01
https://doi.org/10.1098/rsif.2006.0165
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0033
http://refhub.elsevier.com/S0022-5096(21)00022-3/sbref0033
https://doi.org/10.1080/23311916.2015.1075686
https://doi.org/10.1021/ma800028d
https://doi.org/10.1016/j.jmps.2018.11.019
https://doi.org/10.1016/j.jmps.2018.11.019
https://doi.org/10.1177/1045389x12437887
https://doi.org/10.1177/1045389x12437887

	Compressive response of self-healing polymer foams containing bilayered capsules: Coupled healing agents diffusion and stre ...
	1 Introduction
	2 Experimental characterisation
	2.1 Materials and manufacturing
	2.1.1 Bilayered alginate capsules
	2.1.2 Polymer foams

	2.2 Experimental protocol
	2.3 The key experimental results

	3 Coupled pore fluid diffusion and stress simulations
	3.1 Equilibrium equations
	3.2 Mass conservation for the healing agents flowing in cracked media

	4 Constitutive relations
	4.1 Permeability of a cracked foam
	4.2 Capillary pressure and saturation of cracked foams
	4.3 The model for damage recovery after healing
	4.4 Data fitting and model calibration
	4.4.1 The damage variable D and plastic strain εp
	4.4.2 The damage variable D and the crack concentration ξ
	4.4.3 The damage variable D and the permeability k
	4.4.4 The saturation s and the capillary pressure of the healing agents pw


	5 An illustrative example - one-dimensional (1D) compression problem
	5.1 1D Constitutive behaviours
	5.2 Mass conservation for the healing agents
	5.3 Results and discussion

	6 Finite element simulations of two-dimensional (2D) problems
	6.1 The finite element formulation for the coupled pore fluid diffusion and stress analysis
	6.1.1 Weak form of the equilibrium equations
	6.1.2 Weak form of mass conservation for the healing agents flowing in a cracked media

	6.2 The finite element model
	6.3 Numerical results and parameter study
	6.4 Parameter study on the key design parameters of the healing system
	6.4.1 Effect of the volume fraction of capsules Vf
	6.4.2 The normalised elastic modulus of the capsules E*
	6.4.3 The normalised averaged diameter of the capsules d*


	7 Concluding remarks
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix
	A. The constitutive model of the polymer foams
	B. Finite element modelling of the bilayered capsules
	C. Calibration of the parameter of sre in the damage recovery model

	References


