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A B S T R A C T   

Self-healing systems represent an effective means of increasing the resilience of cementitious structures, 
extending service life and reducing cement production. This is achieved through the mitigation of cracking 
related durability problems. The success of a self-healing system is critically dependent on the selection of an 
appropriate healing agent, which depends upon the specific application, as well as a number of criteria including 
crack filling ability and the degree of mechanical healing required. In the present study, we develop modified 
formulations of a cyanoacrylate-based adhesive, suitable for use in a vascular self-healing cementitious material. 
The aim is to develop an ‘ideal’ healing agent for the self-healing system that has an extended shelf life and 
maximises load recovery. To this end, modified cyanoacrylates are tailored using a combination of predictive 
modelling and physical testing. The physical tests investigate both the mechanical, flow and chemical properties 
of the different healing agent formulations, including tensile strength, viscosity and curing. The predictive 
modelling employs a coupled chemo-mechanical model that is used to guide the physical testing programme 
through the prediction of the performance of different formulations. The results of the investigation show that a 
tailored formulation of a cyanoacrylate based healing agent increases the load recovery by 48% relative to the 
best performing original formulation. In addition, it is shown that the numerical model is able to predict the load 
response of new formulations with good accuracy.   

1. Introduction 

In recent decades, the design of vascular healing networks within 
concrete structures has attracted significant attention from the research 
community. Vascular networks can supply healing agent to damaged 
areas in a structure at discrete times or provide a continuous supply of 
agent if required. This makes them effective at responding to multiple 
damage events under real-world conditions [1]. The early design of 
vascular networks systems involved the embedment of glass tubes filled 
with cyanoacrylate [2]. Later, the influence of adhesive-filled glass tubes 
-acting as reservoirs within reinforced mortar beams-was studied by 
Joseph et al. [3], who confirmed the successful release of the healing 
agent and the enhancement of the post-healed beam properties for this 
healing system. Tsangouri et al. [4] studied the healing behaviour of 
hand-made clay tubes connected to an inlet–outlet supply system 
embedded in concrete slabs. Two liquids were flushed, i.e. a single 
component polyurethane (PU) healing agent and a solvent to clean the 
polymerised residuals from the channels. The study showed that 

effective healing occurs locally with a consequent regain in mechanical 
properties [3]. Minnebo et al. [4] tested cementitious tubes equipped 
with four outlets and one inlet. The authors observed that whilst the PU 
prematurely reacted in the ceramic tubes, it remained active in the 
cementitious ones and was successfully distributed during damage, The 
system was able to repair mechanical damage from one and two loading 
cycles [4]. 

Despite their success in the laboratory, brittle vascular networks 
have had limited application in large scale structures due to their 
inherent fragility and the impact this has on the concrete manufacturing 
process [5]. Davies et al. [6] proposed a system of hollow channels to 
overcome some of the challenges related to brittle vascular networks. 
The authors employed a pressurised system to improve the distribution 
of the healing agents into the crack plane, with both sodium silicate (SS) 
and cyanoacrylate (CA) being explored. SS was found to be easier to 
handle and to supply into the vascular system, whereas CA provided 
greater strength recovery (up to 90%) in a relatively short period. 

In recent years, there has been a focus on the fabrication of 2D and 
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3D vascular and mini-vascular 3D printed polymer networks, using 
Fused Deposition Modelling (FDM) technologies [7–9]. In addition to 
being fast, reliable and flexible, additive manufacturing offers the 
freedom to create vascular network healing systems of any shape and 
geometry [10]. 

A number of suitable healing agents for vascular networks have been 
studied. Mono or bi-component adhesives were tested, such as epoxy 
resins [10], polyurethane [9] and cyanoacrylates [11]. Generally, 
bi-component epoxy resins have limited potential due to the high 
polymerisation temperature required and low tolerance to wet condi-
tions. Conversely, some mono-component agents have shown good 
chemical resistance [12]. Polyurethane foams can be used for cementi-
tious self-healing vascular systems as well as for capsule-based systems 
with a proven capacity for repeated healing [4–13]. 
Cyanoacrylate-based adhesives (CA) have been used in the majority of 
self-healing investigations [14–16]. Their relatively good rheological 
and mechanical properties make them a suitable agent for self-healing 
concrete technologies. Several studies showed that during the healing 
process, the degree and rate of healing are dependent on the rate and 
size of the crack opening [17–19]. Previous investigations [20,21] have 
highlighted that since cured CA forms an increasing impermeable bar-
rier to hydroxide ions, the rate of CA curing decreases over time. The 
authors also showed that CA’s viscosity remains unchanged over a 
period of 15 min; however, the alkaline environment of the concrete 
matrix accelerates CA’s polymerisation reactions, resulting in inade-
quate dispersion of the healing agent on the crack surface [22]. In an 
attempt to alleviate some of the problems with using CA as a healing 
agent in cementitious structures, De Nardi et al. [23] successfully 
explored ways of modifying CA such that it remained in a chemically 
stable liquid state for longer than standard CAs. 

Significant advances have been made in both modelling [24] and 
experimental studies [25,26] There is now a range of approaches for 
simulating damage-healing behaviour, including continuum 
damage-healing mechanics [27,28], micromechanics [29], the discrete 
element method [30] and cohesive crack idealisations [31–33]. Along-
side the development of damage-healing models, a number of re-
searchers have developed models for the simulation of transport 
processes associated with self-healing at both the scale of a cementitious 
specimen (macroscale models) [34–37] and at lower scales (micro/-
mesoscale models) [38,39]. To date, there are relatively few coupled 
models for simulating self-healing, though this state of affairs is 
changing and increasingly researchers are accounting for the various 
physico-chemical processes that govern the healing response in their 
models [40–45]. Among the first to do so was Hillouin et al. [45] who 
simulated autogenous healing of cracks using a version of CEMHYD3D 
(CemPP, a version of CemPy) for the healing reaction, which fed into a 
mechanical model (Cast3M) to study the associated regain in mechani-
cal properties. Di Luzio et al. [40] coupled a hygro-thermo-chemical 
model to a solidification-microprestress-microplane model (M4), 
which they extended to account for healing, to simulate autogenous and 
stimulated healing in cementitious materials. Healing was simulated 
through a reaction affinity term, whilst a two-way coupling was 
considered between the transport and mechanical model components. 
Cibelli et al. [43] implemented the hygro-thermo-chemical model in a 
discrete setting, coupled to the lattice discrete particle model (Cusatis 
et al. [46]) to describe the mechanical behaviour. Framing the model in 
the discrete setting allowed the authors to represent concrete as a 
two-phase material at the meso-scale, comprising coarse aggregate and 
the cementitious matrix. Comparison of the model to experimental re-
sults showed that the model was able to reproduce the response with 
good accuracy. 

As reported above, the authors of the current study have previously 
explored ways to improve the properties of CA as a healing agent in a 
vascular system [47]. However, one of the challenges that was not 
explored in this previous work is how to tune the properties of CA to a 
particular damage scenario for a specified structure subject to a given 

loading history. This problem is addressed in the work reported in this 
paper. The investigations described herein involved developing an 
analytical model to predict healing agent properties from the chemical 
components and then simulating the behaviour of a structure (or spec-
imen) with an embedded vascular system using a coupled finite element 
model [33,36,44]. Specifically, the paper reports new results from a 
series of mechanical tests on autonomic self-healing in vascular net-
works samples using different formulations containing 2-ethyl cyano-
acrylate (CA) - a commercial monomer - acrylic acid (AA) and 
nitroanthraquinone (nAq). The trialled modified CA (n-CAs) mixes 
contain components CA, AA and nAq in different ratios (CA:AA: nAq). In 
addition to this, results on flow and physicochemical properties are re-
ported, building on those presented previously [23]. The combined 
experimental and numerical investigation also developed a series of 
design curves to help engineers select a suitable healing agent and 
predict its properties. 

The structure of the remainder of this paper is as follows.  

- Section 2 describes the experimental programme, gives details of the 
experimental procedures and describes the testing arrangements on 
both the n-CAs and on the vascular network system within concrete 
samples.  

- Section 3 presents the coupled finite element chemo-mechanical 
model used for the predictive simulations.  

- Section 4 presents the experimental results, development of the 
predictive functions for n-CA properties, the model predictions and 
design curves, along with some discussion.  

- Section 5 draws conclusions from the study. 

2. Experimental materials and methods 

The experimental programme focusses on the flexural behaviour of a 
vascular self-healing system, which has healing-agent supply channels 
embedded in concrete prisms as reported by [6,18,47]. 

Innovative (tailored) formulations of cyanoacrylates (n-CAs) were 
prepared by mixing a commercial 2-ethyl cyanoacrylate (CA) with 
acrylic acid (AA) and nitro-anthraquinone (nAq). The components CA: 
AA:nAq varied in the ratios 3–1:1:0.02. The n-CA’s polymerisation rate 
was evaluated at 21 days – assuming that this provided a sufficient 
curing time - via a pull-off test. In addition, the degree of wetting was 
evaluated using contact angle measurements. More details on the pull- 
off test and measurement the contact angle can be found in [23]. 
Finally, rheological measurements were carried out by using a Paar MCR 
102 rheometer, equipped with a dual concentric cylinder systems (DIN 
EN ISO 3219 and DIN 53019). 

2.1. n-CAs property assessment 

The various test series undertaken are summarised below.  

i) Cement mortar specimens were cast and subsequently bonded 
together with n-CA, then tested via a tensile (pull-off) test at 21 
days to evaluate the maximum bond strength of the trialled n-CA 
formulations, details of the test set up can be found in [23].  

ii) The contact angle (θc) of the n-CA formulations with cementitious 
substrates was examined via the sessile drop technique. The 
substrate was the open cast face of a cement mortar cube man-
ufactured for the pull-off test [23].  

iii) The flow characteristics of the n-CA formulations were measured 
by using small samples, for a range of CA:AA ratios (0.5:1); it was 
assumed that the influence of the nAq (2% volume) was here 
negligible. Pure CA monomers cure so quickly that formulations 
with a CA: AA ratio larger than 0.5:1 could not be reliably 
measured for viscosity. For these reasons the viscosity in the 
whole range has been obtained by fitting the Grunberg and 
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Nissan relationship [48] (Equation (1)) on data measured from 
0 to 0.5 of volumetric fraction. 

ln(η)=φCA ln (η0
CA

)
+φAA ln

(
η0

AA

)
+ bφCAφAA (1)  

where η is the kinematic viscosity of the mixture; η0
CA and η0

AA are the 
kinematic viscosities of the pure cyanoacrylate adhesive and acrylic acid 
respectively; φCA and φAA are their volumetric fractions; and b is a co-
efficient calculated by data regression. 

2.2. Vascular system and materials 

The method used to form the embedded networks in the current 
experiments follows a procedure developed by Davies et al. [17,18,49]. 
This procedure involves casting 4 mm diameter polyurethane tere-
phthalate (PET) tubes into the prismatic concrete samples and subse-
quently removing them after 24 h of concrete curing. 

The twin moulds for the prismatic samples (see Fig. 1) had four pre- 
drilled holes in each stop-end. The 4 mm PET tubes were lightly 
tensioned by hand and secured with crocodile clips on the stop-end 
external faces (see Fig. 1). The moulds were lightly coated with oil to 
facilitate demoulding. When hosting CA within the channels, the system 
has already been shown to have significant healing performance in 
relatively short time periods [50] and has been tested successfully in a 
full-scale application [49]. More details of the system can be found in 
Selvarajoo et al. [18]. 

The n-CA formulations were introduced into the vascular channels 
via syringe and the channels were then pressurised using a pressurised 
airline, connected to a regulator (SMC IR3000-03BG-R) via a 6 mm PET 
tube. The flexible tubes were attached to an inlet manifold with multiple 
outlets to tee connectors which were then fastened to the PET supply 
tubes of the specimen, as shown in Fig. 2. The supply pressure was fixed 
at 0.3 bar, since this was found to be the optimum delivery pressure for 
the system tested [18]. The pressure was applied to all supply tubes at 
one end of the specimen. At the opposing end of the specimen, each of 
the PET supply tubes was individually locked off using a plastic clamp 
once the channel was full. 

2.3. Concrete and curing procedure 

The mix constituents and proportions of the concrete comprised: 
Ordinary Portland Cement, CEM II/A-L 32,5 R (562 kg/m3); 0–2 mm 
dried fine aggregate sand (562 kg/m3); 0–10 mm crushed limestone 
coarse aggregate (1124 kg/m3); and water (253 kg/m3). The same mix 
proportions, constituents and mixing protocol were used to form all 
cementitious specimens. The dry materials (coarse aggregate, fine sand, 
cement) were mixed for 30 s, at which point all of the water was added 
while the mixer was rotating; the mixing was stopped after a total of 240 
s. The moulds were filled in 3 layers, with the initial 10 mm thick layer 
providing a bed for the PET channels. Each sample was vibrated for 30 s 

to a maximum of 45 Hz. All specimens were cast, demoulded after one 
day and then immersed in a water tank (20 ◦C ± 5 ◦C) for four days. It is 
noted that prior to immersion in the water tank, the PET tubes were 
removed. After this time, a 5 mm central notch was created on the lower 
surface using a diamond blade masonry table saw (Controls Cernusco 
model 55-CO210/D) in order to induce a single vertical crack during the 
3-point bending testing stage. Samples were then placed in the oven at 
60 ◦C for two days and then allowed to cool at room temperature in the 
desiccator for one further day prior to testing. Since CA is highly sen-
sitive to moisture, which accelerates the polymerisation process [51], 
the drying process in the oven is needed to remove most of the capillary 
water; it being reasonably assumed that the temperature of 60 ◦C causes 
no thermal shock to the cementitious matrix [52]. 

The channels ends were then enlarged to a diameter of 6 mm for a 
depth of 10 mm to host a set of 100 mm long PET supply tubes (outer 
diameter of 6 mm and an inner diameter of 4 mm) that were glued into 
position using commercially available CA. Steel knife edges were then 
bonded to the underside of the specimen either side of the notch to 
accommodate a Crack Mouth Opening Displacement (CMOD) clip 
gauge. 

2.4. Experimental arrangement 

After the drying procedure, prisms were loaded until failure (control 
series) or until a prescribed CMOD equal to 0.3 mm was recorded, using 
a 3-point bending test in accordance with BS EN 12390–5 [53], followed 
by unloading. The 0.3 mm CMOD was chosen as a typical serviceability 
crack width, according to EN 1992-1-1 [54]. A CMOD rate equal to 
0.0001 mm/s, was used throughout the test. 

The vascular network system and flexural test arrangement are 
illustrated in Fig. 3. The three-stage testing procedure is as follows.  

• Stage 1: the samples are loaded until the CMOD reaches 0.3 mm, or 
until failure in the control tests):  

• Stage 2: samples are placed in laboratory environmental conditions 
(20◦ ± 5, RH ~ 45%) for 1 day in the case of standard CA and for 21 
days for the n-CAs:  

• Stage 3: the samples are reloaded until failure. 

2.5. Experimental programme 

The experimental programme, as presented in Table 1, is separated 
into 2 main groups. The aim of Group_1 was to evaluate the mechanical 
chemical and physical properties of the new n-CA formulations by 
means of pull-off, contact angle and viscosity experiments described 
above. 

The aim of Group_2 was to explore the interaction between cracking 

Fig. 1. Moulds for prismatic specimens, showing PET tubes used to form flow 
channels (a), crocodile clips on the mould side to keep the PET tubes in the 
position (b). 

Fig. 2. Pressure gauge and pressurised airline.  
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and healing for CMOD equal to 0.3 mm and healing-agent (n-CA) supply 
scenarios. 

3. Numerical model 

The numerical model employed is a coupled chemo-mechanical 
finite element model. The mechanical component uses a damage- 
healing cohesive zone model [44] that is implemented into an 
embedded strong discontinuity element [33]. The mechanical model 
allows for overlapping damage-healing processes and an arbitrary 
number of damage-healing events. The transport component of the 
model couples Richard’s equation for describing flow in the cementi-
tious matrix to the Navier-Stokes equations for describing flow in 
discrete cracks [36]. The coupled finite element model is described in 
detail in [33,36,44]. Here we provide an overview of the main 
components. 

3.1. Mechanical model 

The mechanical component is described by a damage-healing cohe-
sive zone model that relates the tractions (τcp) across a crack plane to the 
crack opening displacements (d): 

τcp =(1 − ω) ⋅ K : d+ h⋅K : (d − dh) (2)  

where K is the elastic stiffness, h is the degree of healing, dh is the 
relative displacement at the time of healing and ω is the damage variable 
that is governed by an exponential softening function [33]: 

ω= 1 −
dt

ς e− c1 ζ− dt
dm − dt (3)  

in which dt = fthcp/E, where ft is the tensile strength of the material, E is 
Young’s modulus and hcp is the assumed thickness of the crack plane 
(taken as 10 mm). c1 = 5 is a softening constant, dm is the relative 
displacement at the end of the softening curve and ζ is the damage 
evolution parameter that depends on the maximum value of the inelastic 
relative displacements. 

The degree of healing is given by the degree of cure of the healing 
agent at the centre of the crack [44]: 

h(wc, t)=Φ
(wc

2
, t
)

(4)  

where wc is the crack width, t is time and Φ(x, t) is the function giving 
the degree of cure profile to be introduced in section 3.3. For a complete 
description of how healing variables are updated and how an arbitrary 
number of damage-healing events are accounted for the interested 
reader is referred to [44]. 

3.2. Transport model 

3.2.1. Matrix flow 
The matrix flow component is described by Richard’s equation and 

employs Darcy’s law for the liquid flux: 

∂(ρnS)
∂t

+∇⋅
(

− ρ KmiKr(S)
μ (∇Ph − ρg)

)

+ Qmtx = 0 (5)  

where ρ is the healing agent density, n is the porosity, S is the degree of 
saturation, Kmi is the intrinsic permeability of the medium, μ is the dy-
namic viscosity, g is the gravitational vector, Ph is the healing agent 
pressure and Kr is the relative permeability that depends on the degree 
of saturation according to: 

Kr(S) = Sλ
(

1 −
(

1 − S1
m

)m)2
(6)  

where λ accounts for the connectivity and tortuosity of the pores. 
The degree of saturation is related to the capillary pressure, Pc, 

through the moisture retention curve that reads: 

Pc(S) = a
(

S− 1
m − 1

)1− m
(7)  

where a and m are constants that depend on the medium and Pc = Pg −

Ph, where Pg is the gas pressure. 
The source sink term (Qmtx) represents the transfer of fluid between 

the matrix and the cracks and is described using an embedded discrete 
fracture approach [55]: 

Qmtx =
2n
μh

KmiKc

Kmi + Kc
(Ph − Phcrk) (8)  

Fig. 3. Vascular network system and flexural test arrangement.  

Table 1 
Details of the experimental programme, sample designations and number of 
samples per test.  

Sample 
Designation 

Ratio 
CA:AA: 
nAQ 

GROUP_1 
No. Specimens 

GROUP_2 
No. 
Specimens 

TENSILE 
TEST 
(PULL- 
OFF) @ 21 
curing 
days 

CONTACT 
ANGLE 

VISCOSITY 3 POINT- 
BEND 
TESTS 

Pure CA 
(Control) 

1:0:0 3a 3a 1 3 

3:1 3:1:0.02 3 3 1 3 
2:1 2:1:0.02 3a 3a 1 3 
1:1 1:1:0.02 3a 3a 1 3  

a Results are reported in [23]. 
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where Phcrk is the healing agent pressure in the crack, Kc = w2
c /12 is the 

crack permeability, h is a measure of the element size and the factor 2 is 
included to account for flow through both crack faces. 

3.2.2. Crack plane flow 
The crack plane flow component is described by the Navier-Stokes 

equations of mass and momentum balance: 

∂(ρu)
∂t

+ u∇(ρu)= − ∇Phcrk − ψu − uQmtx + ρg sin(ϑ) (9)  

∂(ρwc)

∂t
+∇(ρwcu) − wcQmtx = 0 (10)  

where u is the healing agent velocity, ϑ is the inclination of the crack and 
ψ is the viscous resistance to flow that is given as: 

ψ =
μ

Kc + 0.5μwcβwβwr
(11)  

where βw is a factor to allow for wall slip and βwr(φ) is the relative wall 
slip factor that reduces wall slip with curing of the healing agent. 

The driving pressure for flow in the crack plane comprises applied 
pressure and capillary pressure that is given by the Young-Laplace 
equation: 

Pc =
2γ cos(θd)

wc
(12)  

where γ is the healing agent surface tension and θd is the dynamic 
contact angle that is a function of the static contact angle (θ) and the 
healing agent velocity: 

tanh(ca1(uμ/γ)ca2 )=
cos(θs) − cos(θd)

cos(θs) + 1
(13)  

where ca1 and ca2 are constants. 

3.3. Chemical model 

The chemical component simulates the curing of cyanoacrylate as a 
diffuse reaction front that propagates from the crack faces, described by: 

Φ(x, t) =
1
2

⎛

⎜
⎜
⎝1 − tanh

⎛

⎜
⎜
⎝

(
2̅
̅̅
π

√

)

⎛

⎜
⎜
⎝

x − z(t) − zc

zc +

̅̅̅̅̅
z(t)
zc1

√

⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠ (14)  

where x denotes the position measured from the crack face, zc is a wall 
factor, zc1 is a diffusion coefficient and z(t) is the position of the reaction 
front, the propagation of which is described by: 

z(t)= zc0
(
1 − e− t

τ
)

(15)  

where zc0 is a critical curing depth and τ is the healing time parameter. 
Finally, the effect of curing on the viscosity of the healing agent is 

described by a chemo-rheological model [56]: 

μ= μi

(
Φg

Φg − Φ

)nv

(16)  

where μi is the initial viscosity, nv is an exponent, Φg is the degree of cure 
at the gel point at which a rapid increase in viscosity is observed and Φ is 
overall degree of cure across the width of the crack. 

3.4. Relationship between healing indices and the healing parameters 

Healing efficiencies can be calculated by the comparing pre-cracking 
and post-healing responses with those of the control specimens. The 
nominal flexural stress is calculated using Equation (17): 

σk =
3Pl

2b d2 (17)  

where P is the peak load, l is the span (200 mm), b is the width of the 
concrete samples (75 mm) and d is the depth (75 mm). 

As indicated by Homma et al. [57], and commonly adopted by other 
investigators [8,58], the healing (or recovery) index can be calculated 
using the following equation: 

χk
σ =

σk
healed − σk

damaged

σk
undamaged − σk

damaged
(18)  

In which the average of the flexural strengths are defined in Fig. 4 and it 
is noted that σk

healed indicates the strength gained after the healing period, 
σk

damaged is the residual strength measured at the prescribed pre-cracked 
opening, and σk

undamaged is the maximum stress exhibited by the same 
specimens in undamaged conditions. 

With reference to the notation in Fig. 4, the index of stiffness re-
covery χk

E (%) is defined as follows: 

χk
E =

Kk
healed − Kk

damaged

Kk
undamaged − Kk

damaged

(19)  

4. Results and discussion 

4.1. Group 1 results 

The average bond strengths of the mortar cubes tested at 21 days, 
calculated from the maximum force during the tension test, are sum-
marised in Table 2. The contact angle reported for cement mortar sub-
strates, calculated as the average contact angle of the three drops on that 
substrate, is also provided in Table 2 along with the coefficients of 
variation (CoV %). In the same table, the viscosity of the n-CA formu-
lations is reported. 

As revealed in a previous study [45], the addition of AA to the 
commercial CA retards the polymerisation reaction. This highlights the 
potential to limit pre-mature polymerisation, avoiding blockage of the 
vascular network and thus allowing the system to heal multiple occur-
rences of damage. 

As expected, all of the n-CA formulations exhibited a significant 
decrease in bond strength with respect to the pure commercial CA; 
nevertheless, the best case (3:1) exhibit a bond strength value of the 
same order of magnitude of concrete tensile strength reported in Table 5. 
The wettability with respect to the cementitious substrate increased in 
proportion to ratio of AA in the formulation. Similarly, as the ratio of AA 

Fig. 4. Typical damage -healing response in flexural: notation and definition of 
the parameters for the indices of healing. 
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in the formulation decreased so did the viscosity of the n-CAs, this 
suggests shorter fixture times [59]. 

4.2. Group 2 results 

Table 3 reports the average of nominally identical specimens filled 
with different n-CA formulations and tested in flexure until a CMOD 
equal to 0.3 mm was reached. The indices of strength and stiffness re-
covery are also summarised in Table 3. The Table includes the results of 
a 3:1 formulation, which was determined using a tailoring exercise that 
is described in the next section of this paper. 

The results presented in Table 3 show that the greatest strength and 
stiffness recoveries were measured in the samples with the 3:1 CA 
formulation, which significantly out-performed the commercial CA. As 
expected, the system filled with the 1:1 formulation exhibited the lowest 
healing performance; however, in this case the healing time of 21 days 
was insufficient for a complete polymerisation reaction [45], and thus 
inadequate bonding of the crack surfaces was achieved. 

4.3. Flexural test on concrete samples containing vascular networks and 
model calibration 

In this section, the load-CMOD response curves of the three-point 
bending samples with embedded vascular networks are presented. In 
addition, a calibration exercise was undertaken to determine relevant 
model parameters. In the numerical simulations, differences in healing 
agent properties are accounted for through material parameters such as 
viscosity and contact angle, whilst differences in bond strength are 
assumed to arise solely from differences in the degree of curing, as 
described by the healing time parameter, τ. It is noted that in this sec-
tion, the results of the 3:1 formulation are not presented as they were not 
part of the initial testing, nor were they used for model calibration. Once 
the model was calibrated, predictive simulations were undertaken to 
identify the ‘ideal’ healing agent. The 3:1 formulation resulted from 
predictive simulations undertaken to identify the ‘ideal’ healing agent. 
Following the predictive simulations, the identified ‘ideal’ 3:1 formu-
lation was prepared and physically tested to assess the accuracy of the 
model predictions. The results for the 3:1 formulation can be seen in 
Section 4.5. 

The results of the physical tests and calibrated numerical simulations 
can be seen in Fig. 5 for a typical stage 1 response for a CMOD of 0.3 mm, 
and in Fig. 6 for the stage 3 response of the CA, 1:1 and 2:1 formulations. 
It is noted that the stage 1 loading takes place pre-healing and as such 

the healing agent is assumed to have negligible impact on the response. 
It is noted that the numerical model does not capture the full loading- 
unloading response as it does not include rough crack contact. As a 
result of this, the model will predict unloading to a CMOD of zero, which 
is not in line with the experimental results. 

It can be seen from Fig. 5 that the stage 1 response shows the typical 
exponential-type softening behaviour associated with plain concrete, 
and that the numerical simulations match this response with good ac-
curacy. The stage 3 softening responses (Fig. 6) of all of the self-healing 
specimens exhibit similar characteristic behaviour to the control speci-
mens. The key difference between the responses of specimens with 
different healing agents lies in the stage 3 peak loads, which range from 
approximately 4 kN for the commercial CA, to no stage 3 peak for the 1:1 
formulation. It is thought that this difference in strength arises from 
differences in the degree of cure of each of the healing agents after the 
healing period, though we note that there may also be differences in the 
bond strength of fully cured materials. 

The numerical simulations provide a good match to the stage 3 
experimental responses, including the post-healed peak load and the 
softening behaviour. The largest discrepancy can be seen in the 1:1 
formulation. The numerical results for the 1:1 formulation follow the 
line of continuing damage of the virgin concrete (i.e. the healing agent 
has no discernible effect), whilst the experimental results show a drop in 
residual strength upon reloading. In this case, it is thought that the 
sample continued to undergo some damage following unloading, lead-
ing to a lower residual strength of the material. The numerical model 
does not account for this and as such, the residual strength is that of the 
sample at the point of unloading. 

In addition to being able to reproduce experimental results, the nu-
merical simulation can also be used to gain insight into other aspects of 
the response. In particular, the model was used to predict the quantities 
of healing agent used in each test, as this is an important quantity when 
using capsule or vascular based healing systems. The mass of healing 
agent in the crack plane (Mcp) was calculated as: 

Mcp = ρ
∫

ch

wcth (20)  

in which ch is the predicted healing agent rise height in the crack and th 
is the out of plane thickness of the specimen. 

The mass of healing agent in the cementitious matrix (Mm) was ob-
tained as: 

Mm = ρn
∫

Ωm

Sth (21) 

Table 2 
Pull off test results, contact angle results and viscosity measurements for varying 
n-CA formulations.  

Designation n-CA 
formulations 

Bond strength 
(N/mm2) 

Contact angle θc 

(degrees) (CoV %) 
Viscosity 
(Ns/m2) 

CA 2.7 (17)a 26 (18) 0.1b 

3:1 1.2 (28) 11 (6) 0.071 
2:1 1.0 (72) 11 (6) 0.059 
1:1 0.7 (38) 6 (38) 0.031  

a Tests failed in the concrete sample at the level of the bolt head. 
b Value reported in the datasheet. 

Table 3 
Flexural test results and indices of healing for one cycle of damage-healing.  

Group_2 σk_1
undamaged N/ 

mm2 (CoV%) 
σk_1

damaged N/ 
mm2 (CoV%) 

Healing 

σk_14
healed N/ 

mm2 (CoV%) 
χk

σ χk
E 

2_CA 4.11 (3) 1.04 (10) 2.45 (10) 46% 54% 
2_3:1 3.77 (8) 0.83 (34) 2.90 (8) 70% 75% 
2_2:1 4.23 (6) 0.82 (5) 1.57 (22) 22% 66% 
2_1:1 4.12 (2) 0.58 (20) 0.53 (12) 0 39%  

Fig. 5. Mechanical response of stage 1.  
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in which Ωm is the matrix domain. 
These quantities can be seen in Table 4, wherein much higher total 

quantities of the 2:1 and 1:1 formulations are required than that of the 
commercial CA. The quantities of healing agent in the crack are similar, 
whilst there are large differences in the quantities of healing agent in the 
surrounding cementitious matrix. This is due to the fact that the vis-
cosity of the 2:1 and 1:1 formulations is much lower and the curing time 
is much slower (and therefore the rate of increase of viscosity), leading 
to a much higher quantity of healing agent flowing into the cementitious 
matrix surrounding the crack. 

The model parameters used in the simulations can be seen in Table 5. 
In order to use the model predictively, it is necessary to know how 

the healing agent properties change with the different formulations. In 
the present work, different formulations relate to different quantities of 
AA incorporated and as such, it was decided to develop relationships for 
the healing agent properties as a function of the fraction of AA. For the 
viscosity, we employ Equation (1), whilst for the contact angle and 
healing time parameter we propose the following two relationships: 

θ=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

a1 − a2 tanh
(

φAA − a3

a4

)

, ∀φAA ≤ b

a5 − a6 tanh
(

φAA − a7

a8

)

, ∀φAA > b
(21a)  

τ=
(
c1φ2

AA − c2φAA + c3
)
(

1
1 − φAA

)

(22)  

where the parameters ai, b and ci are constants to be calibrated. 
The contact angle relationship was calibrated using experimental 

measurements for different formulations, whilst the healing time 
parameter relationship was determined using the values employed in 
the three-point bending tests, accounting for the fact that at an AA 
fraction of 1, no healing would occur. The fit of these equations to the 
data points can be seen in Fig. 7 and the constants are given in Table 6. 

The error bars in Fig. 7a) relate to the uncertainty in the experi-
mentally measured values of the contact angle (see Table 2). It is noted 
that such error bars are not seen in Fig. 7b) as the healing time 
parameter is a fitted numerical parameter from a deterministic model (i. 
e. we do not account for uncertainty in its value). 

Fig. 6. Mechanical response of stage 3 specimens top a) CA, b) 2:1 and c) 1:1.  

Table 4 
Predicted healing agent quantities.   

Mass of n-CA formulation (g) 

Location CA 2:1 1:1 

Matrix 0.25 16.62 21.68 
Crack 1.53 1.37 1.39 
Total 1.79 17.99 23.07  

Table 5 
Model parameters.  

Parameter Value Parameter Value 

E, Eh (N/mm2) 30,000 m (− ) 0.44 
υ, υh (− ) 0.2 λ (− ) − 3 
ft (N/mm2) 2.9 ρ (kg/m3) 1060 
dm (mm) 0.25 φg (− ) 1 
fth (N/mm2) 3.4 nv (− ) 2.193 
dmh (mm) 0.13 γ (N/m) 0.033 
zc0 (mm) 0.2 ca1 (− ) 1.325 
zc1 (mm) 45 ca2 (− ) 0.35 
Kmi (m2) 3 × 10− 15 βw (m

3/Ns) 0.005 
a (N/mm2) 18,620,000    
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4.4. Predictive simulations and design curves 

Following the calibration of the numerical model, it was decided to 
undertake a set of predictive simulations to illustrate how the model 
may be used to guide the development of self-healing materials, as well 
as aid the selection of healing agents. To this end, a number of different 
cases were considered, and design curves were produced based on the 
results. An example of this can be seen in Fig. 8 that shows how the time 
to reach a given degree of healing (in this case 80%) depends on both the 
width of the crack to be healed, and the healing time parameter, with the 
latter being dependent on the healing agent formulation. Thus, for a 
given crack width and healing time, the appropriate healing agent may 
be determined. 

In addition to the healing time, the volume of healing agent required 
and the time taken to fill cracks were also considered. A number of 
different cases were simulated which considered the effects on the 
healing processes of varying the crack width, viscosity, applied pressure 
to the vascular network and crack length. A summary of the cases 
considered is given in Table 7. 

The results can be seen in Figs. 9 and 10 for the healing agent vol-
umes and Fig. 11 for the time taken to fill cracks of different widths and 

lengths. For the healing agent volumes, it can be seen that there is a 
linear dependence on the viscosity of the healing agent, with more 
viscous agents requiring lower volumes due to the reduction in the 
transport (or loss) of agent into the surrounding cementitious matrix. 
The application of an applied pressure increases the volume of healing 
agent required. This is due to the increase in the transport into the 
surrounding cementitious matrix and can clearly be seen in Fig. 10 for 
the case of 0.02 N/m2 viscosity. 

The crack filling time results show that there is a strong dependence 
on the applied pressure, with large jumps in times observed as soon as 
any pressure is applied. For a 75 mm crack, the application of a pressure 
of just 0.1 bar results in an 82 fold decrease in the crack filling time. For 
both the crack length, and crack width, there is a much more modest 
dependence, with up to a 16 fold increase observed when increasing 
crack length, and up to a 10 fold increase when reducing crack width. In 
all cases, the viscosity dependence is complex, with the highest filling 
times not necessarily being associated with the highest viscosities. This 
is due to the complex interplay between the physical processes; the 
viscosity increases the viscous resistance that reduces flow rate, but 
reduces the flow into the surrounding cementitious matrix that increases 
flow rate. It is also interesting to note that reducing the crack width 
reduces the time taken to fill cracks when no additional pressure is 
applied, whilst the opposite is true when an additional pressure is 
applied. This again, is due to the complex interaction between the 
physical processes. Whilst reducing the crack width reduces the crack 
permeability, it also increases the capillary pressure that drives the flow. 
When there is an additional applied pressure, the effect of the capillary 
pressure is reduced and therefore the crack permeability has a larger 
role in the difference between the filling times for the two crack widths. 

The examples presented in this subsection illustrate the predictive 
capability of the numerical model and its potential as a tool for guiding 
the development of and/or aiding the selection of novel healing agents. 
It is recognised that the development of a comprehensive set of design 
curves would require many more cases to be considered. In addition, the 
production of such a set of design curves may be hindered by the 
dependence of the response on a large number of factors. As such, it may 
be challenging to represent the results and dependencies graphically; for 
example, each graph in Fig. 10 relates to a single crack width and length 
and shows dependence on viscosity and pressure, as opposed to showing 
all dependencies. A promising alternative approach would be to use 
machine learning. Machine learning models could be trained on model 
results, and used as ‘surrogate’ models for guiding the development/ 
aiding the selection of novel healing agents through the prediction of the 
response for a given scenario and varying healing agent properties. Such 
an approach is the subject of ongoing research. 

Fig. 7. Healing agent parameters and relationships a) contact angle and b) healing time parameter.  

Table 6 
Calibrated constants for wettability and healing time relationships.  

Parameter Value Parameter Value 

a1 (deg) 18.5 a7 (− ) 0.45 
a2 (deg) 7.5 a8 (− ) 0.06 
a3 (− ) 0.17 b (− ) 0.2 
a4 (− ) 0.04 c1 (s) 2.16 × 108 

a5 (deg) 8 c2 (s) 5.33 × 107 

a6 (deg) 3 c3 (s) 60  

Fig. 8. Predicted healing time.  
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4.5. Predictive simulation and physical test of ‘ideal’ healing agent 

In order to test the predictive capability of the model a three-point 
bending test of concrete samples containing vascular networks, pre-
sented in section 2.4, was considered. The model was used to predict the 
response of different formulations, not yet tested physically, and the 
‘ideal’ healing agent for this application selected. The ‘ideal’ healing 
agent identified corresponded to a 3:1 formulation. Following this se-
lection, a 3:1 formulation was prepared before being physically tested in 
the laboratory, to see how accurate the blind model predictions were. 
The experimental and numerical results are given in Fig. 12. This shows 
that the model predictions accurately capture the average response. It is 
noted that there is significant variability in the experimental results, 
particularly in the stage 3 response. For completeness, the predicted 
healing agent quantity used is shown in Table 8. The accuracy of the 
predictions indicate that the numerical model is a reliable tool that can 
be used to guide the development of, and analyse, self-healing 

cementitious materials utilising novel healing agents. 

5. Conclusions and final remarks 

In this study, a combined experimental-numerical testing pro-
gramme for the development of novel healing agents for use in self- 
healing cementitious materials has been presented. Based upon the re-
sults of this study, the following conclusions have been drawn.  

• The addition of acrylic acid is an effective means of tailoring the 
chemo-rheological properties of cyanoacrylate based healing agents.  

• The novel cyanoacrylate formulations are effective healing agents for 
self-healing cementitious materials, having suitable chemo- 
rheological properties, and lead to a good recovery of mechanical 
properties when employed in a vascular self-healing system.  

• Tailoring novel healing agents can lead to a notable improvement in 
their performance, as shown by the results of the 3:1 formulation that 

Table 7 
Cases considered (repeated for two crack lengths, 37.5 mm and 75 mm).  

Case Crack Width (mm) Viscosity (Ns/m2) Applied Pressure (Bar) Case Crack Width (mm) Viscosity (Ns/m2) Applied Pressure (Bar) 

1 0.1 0.0781 0 10 0.05 0.0781 0 
2 0.1 0.0781 0.1 11 0.05 0.0781 0.1 
3 0.1 0.0781 0.3 12 0.05 0.0781 0.3 
4 0.1 0.0585 0 13 0.05 0.0585 0 
5 0.1 0.0585 0.1 14 0.05 0.0585 0.1 
6 0.1 0.0585 0.3 15 0.05 0.0585 0.3 
7 0.1 0.031 0 16 0.05 0.031 0 
8 0.1 0.031 0.1 17 0.05 0.031 0.1 
9 0.1 0.031 0.3 18 0.05 0.031 0.3  

Fig. 9. Predicted healing agent volumes for a) 0.1 mm crack and b) 0.05 mm crack.  

Fig. 10. Predicted healing agent volumes for 0.02 N/m2 viscosity agent and a) 0.1 mm crack and b) 0.05 mm crack.  
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Fig. 11. Predicted time to fill cracks of a) 0.1 mm width, 37.5 mm length, b) 0.1 mm width, 75 mm length, c) 0.05 mm width, 37.5 mm length and d) 0.05 mm width, 
75 mm length. The graphs on the left show the full set of results, whilst the graphs on the right show the range of pressures 0.1–0.5 bar. 
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yielded an increase in strength recovery of 48% when compared to 
the best performing original formulation (2:1) and 24% when 
compared to a commercial cyanoacrylate.  

• The numerical model is able to accurately reproduce experimental 
three-point bend test data for self-healing cementitious materials 
employing novel healing agents.  

• The development of the numerical model alongside a detailed 
experimental study provides insight into the underlying physical 
processes and results in a model with good predictive capability.  

• A combined experimental-numerical study, consisting of physical 
tests, calibration of model parameters and the production of design 
curves, is an effective means of developing novel materials. 
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