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ABSTRACT
A series of characterisation studies are reported that provide new data on the behaviour of a selfhealing cementitious material (SHCM) system. A ‘model’ material system is selected for study that
comprises cyanoacrylate (CA) filled channels in concrete structural elements. The focus of the work is on
transport and curing properties of the healing-agent, with the results of four separate studies being
presented. The experimental programme encompasses the capillary flow behaviour of CA in a static
natural crack, the sorption of healing-agent through a cracked surface into a concrete specimen, the
development and progress of a CA curing front adjacent to a concrete substrate and the dynamic flow
characteristics of CA in capillary channels. A theoretical relationship is established for each of these
processes, which allows meaningful parameters to be determined that help characterise the behaviour
of the material system. In all cases, the processes were shown to have a significant degree of variability
but, equally, to exhibit strong behavioural trends.

1. INTRODUCTION
In recent years, self-healing cementitious materials (SHCMs) have received considerable attention from
the civil engineering research community [1-3]. The motivation for this research effort undoubtedly
arises from the fact that concrete cracking, and the ensuing durability problems, afflicts a significant
number of concrete structures, both old and new, with the consequence that a large percentage of
infrastructure spending is on the repair and maintenance of concrete structures [4].
A substantial number of SHCMs use encapsulated autonomic healing-agents [1-3]. These SHCMs have
employed a number of different healing-agents and a range of methods for encapsulating, releasing and
delivering those healing-agents to damage sites. The healing-agents used by previous investigators
include polyurethane (PU) [5-10], sodium silicate [11-16], methyl-methacrylate [17-20], bacteria [16,2123], epoxy resin [24-26] and cyanoacrylate [27-30]. Healing-agent storage and delivery techniques have
comprised systems based on micro-encapsulation [12,20,26,31,32], macro-encapsulation
[5,7,8,10,13,27,28] and embedded vascular networks [16,27,29,33-35].
Vascular networks have a number of advantages over some of the other delivering systems, such as
their potential to continually supply an unlimited quantity of healing-agent to damage sites and their
ability to be pressurised so as to boost the flow of healing-agent to cracked regions [16]. SHCM vascular
systems have ranged from those that have isolated channels [27] to systems with more complex
interconnected networks [35]. The network channels have been formed from cast-in glass tubes [27] or
brittle 3D printed networks [35], as well as created by casting in and subsequently removing polymer
tubes [33] or metal rods [34]. Sangadji and Schlangen [36] took an alternative approach and introduced
networks of porous concrete in structural elements into which healing-agent could be injected.
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The interested reader is referred to a number of review articles for a more complete account of the
previous work on SHCMs [1-3,37-39].
Attention is now turned to previous work on the characterisation of the transport properties of SHCMs.
It is noted that the characterisation of the mechanical properties of SHCMs is discussed in a linked paper
[40].
A number of investigators have used the change in permeability of micro- and macro-cracked specimens
as a measure of self-healing [5,6,22,41-45]. For example, Van Tittelboom et al. [5,22] used this approach
to explore the healing efficiency of an encapsulation-based self-healing system. In their work, they
formed single cracks in cylindrical specimens, which were then saturated with water using an
established vacuum saturation technique [22]. The specimens were glued inside PVC rings, mounted in a
test setup and then submerged in water on one side. These water permeability tests were used to
measure the change in flow through discrete cracks before and after healing. The work was later
extended to specimens with multiple cracks [6,7], although the authors concluded that their approach
was far less effective in this case because of the difficulty of properly sealing all cracks.
Rather than employ pressurised flow, De Rooij et al. [46] investigated the healing efficiency of cracked
mortar specimens using a capillary water absorption technique. The investigators used laboratory scale
prismatic specimens (60mm x 60mm x 220mm), which were cracked and then oven-cured for 3 days.
The specimens were then subjected to a sorptivity test in which the uptake of water through both the
crack and surrounding matrix was measured. The results showed clear distinctions between healed and
unhealed specimens, from which the authors concluded that this sorptivity test was an effective means
of determining the degree of healing. A similar technique has also been used by a number of other
investigators [11,47,48].
Yang et al. [20] used changes in gas permeability as a measure of healing in cementitious specimens
with silica gel shell microcapsules containing methylmethacrylate monomer or triethylborane. The
authors prepared a set of cylinder specimens (⌀50mm x 100mm), cured for different periods (3 and 30
days), and then caused damage by subjecting them to a compressive load of 80% of their capacities. The
specimens were then cut into 10mm thick cylindrical disk specimens, vacuum dried for 24 hours at room
temperature, sealed and subjected to a gas permeability test. The authors reported reductions of 50.2%
and 66.8% in the permeability of specimens that had healed for 3 and 30 days respectively.
The chloride penetration into a cementitious specimen has been used by several authors to assess the
self-healing efficiency of different systems [31,48-50]. For example, Wang et al. [31] measured healing
with respect to a chloride migration coefficient, which was calculated from the results of a rapid
chloride-ion permeability test. The authors reported almost complete recovery of the chloride migration
coefficient relative to that of the original material.
The crack filling properties of a PU-based healing-agent were investigated by Gilabert et al. [10]. In this
work, the PU was encapsulated in borosilicate glass tubes that were subsequently glued into preformed
holes in two concrete blocks. These blocks were then assembled to form a single specimen with a planar
opening, which aimed to represent a crack, with the tubes bridging this opening. The assembled
specimens were then subjected to direct tension loading. Their work included an evaluation of the
proportion of a crack surface covered by the healing-agent -for a range of crack openings-, the
measurement of the tensile strength of healed cracks and an evaluation of the fluid content of the
capsules -before and after release- using μ- CT imagining techniques. The authors also simulated the
healing-agent flow using the computational fluid dynamics program OpenFOAM and found a reasonable
agreement between the model predictions and their experimental observations. The change in the
2

healing-agent meniscus contact angle with time was also measured from the evolution of a
polyurethane drop on a concrete substrate. It is noted that the velocity dependence of the contact angle
was not reported in the paper.
Gardner et al. [51] presented a combined experimental and numerical study on the capillary flow of
healing-agents within discrete planar openings in concrete specimens. The study included the
investigation of the flow of cyanoacrylate through artificial planar cracks in concrete after 7 and 28 days
of curing. A range of crack widths and crack configurations were considered, and the capillary rise
response was measured. A modified Lucas-Washburn equation that allowed for stick-slip of the
meniscus, frictional dissipation and wall slip was employed for the numerical simulation of the capillary
flow. The work was extended in [52] in an investigation of the flow properties of cyanoacrylate and a
GGBS solution. This work included the measurement of the capillary meniscus contact angles of the two
liquid agents on different substrates, i.e. glass, saturated concrete and unsaturated concrete. In
addition, the time viscosity relationship for these agents was established using a custom viscometer that
comprised a concrete specimen with a cut horizontal rectangular channel, which was connected to
transparent flexible tubes at either end of the channel. A time-dependent viscosity relationship, based
on a momentum balance equation, was established for each healing-agent.
A very different type of approach was employed by Van Tittelboom et al. [53], who applied neutron
radiography and tomography techniques to investigate the moisture distribution in self-healing
cementitious materials. The above types of imaging can give useful insights into healing behaviour.
The above review illustrates that much of the previous research on SHCMs has been experimental in
nature and has focused on developing and enhancing new cementitious self-healing materials, as well as
on characterising the properties of various self-healing materials. Less attention has been paid to
developing design procedures or numerical models for these materials, although some progress has
been made on the latter [54]. As highlighted in reference [54], there has frequently been a mismatch
between the data required for the development of a particular design or numerical model and the
information available from existing experimental studies. This mismatch provided the primary
motivation for the series of experiments reported in this paper. In this regard, four aspects of the curing
and transport behaviour of healing-agents in an autonomic vascular system were identified as needing
further investigation. These were i) the capillary flow of a healing-agent in a static natural crack; ii) the
flow properties of a healing-agent through a cracked surface and in a micro-cracked region; iii) the
curing kinetics of the healing-agent adjacent to a concrete substrate and iv) the dynamic flow properties
of a healing-agent. The programme of work reported in this paper addresses each of these aspects for a
selected vascular SHCM in which channels are embedded in concrete specimens (illustrated in Fig. 1).
The paper also describes a theoretical relationship for each of the processes, which allow meaningful
parameters to be determined that help to characterise the material system.
The structure of the remainder of this paper is as follows;





Section 2 provides the scope of the experimental programme and gives details of the materials
used in the tests;
Section 3 considers the capillary flow behaviour of CA in a static natural crack;
Section 4 describes a set of experiments which determine the flow properties (or sorption
characteristics) of a healing-agent through a cracked surface into a concrete specimen;
Section 5 presents a set of tests designed to explore the existence and nature of a CA curing
front with a concrete substrate;
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Section 6 describes a set of tests to determine the dynamic flow characteristics of CA in capillary
channels;
Section 7 gives some closing remarks.

2. SCOPE OF EXPERIMENTAL PROGRAMME
A significant number of SHCMs involve healing-agents being transported to damage sites, curing and
then bonding with the surrounding matrix [1-3,37]. In some of these systems, the transport driving force
is capillary pressure whilst in others pressurised networks are used [33]. Furthermore, in some
scenarios, the damage and healing processes occur at different time scales but in other situations these
processes overlap and interact. A comprehensive design procedure or numerical model for a SHCM
system would encompass all of these situations; thus, the self-healing system and agent for the present
experimental programme were chosen to cover all of these characteristics. This resulted in the choice of
PC20 cyanoacrylate (CA) [55] as the healing-agent and a ‘vascular network’ as the healing system. The
former was selected because it undergoes significant changes in its degree of cure in the time scale of a
short-term laboratory test but equally CA does not fully heal a typical discrete crack (0.1 to 0.5mm in
width) in negligible time relative to the time scale of such tests. To put this in context, results from
mechanical direct tension tests with fixed crack healing periods (reported in the linked paper [40])
showed that significant healing (e.g. 40%) took place in a 0.1mm crack within the first 10 seconds but
300 seconds were required for the healing response to stabilise (i.e. for the healed strength and stiffness
to reach plateau values), whilst in a 0.2mm crack, less healing had taken place within the first 10
seconds (e.g. 25%) and 1200 seconds were needed for stabilisation.
The choice of a ‘vascular network’, in which embedded channels are used to deliver healing-agent to
discrete cracks, was made because it allows careful control over the delivery process and because it can
be readily pressurised and monitored. The ‘model’ self-healing system, to which the present work
relates, is illustrated in Fig. 1.

Fig. 1. Model self-healing system

4

The present experimental programme comprised the following series of tests.
i.

CA capillary flow in a static natural crack
The flow characteristics of healing-agents under capillary pressure in natural cracks in concrete
specimens is vital information for understanding and predicting the behaviour a vascular SH
system. Previous work has considered the flow of various liquids in smooth sided openings
(termed ‘planar cracks’) and natural cracks [51,52,56] but no results have previously been
published on the flow of CA in natural cracks in concrete specimens. Such data are presented in
this paper for a range of cracks in dry concrete specimens.

ii.

CA sorption tests
When healing-agent flows into a discrete crack in a concrete specimen, a proportion of the fluid
migrates into the matrix material adjacent to the crack. The region adjacent to a macro-crack in
concrete generally contains micro-cracks and is part of the fracture process zone [57,58]. The
sorption characteristics of this region are required to allow the proper simulation of the
advective-diffusive flow of the healing-agent into and through this region. A series of tests were
therefore undertaken to measure the uptake into a concrete specimen of CA through a crack
face.

iii.

Curing front properties of CA with a concrete substrate
There is a class of single component healing-agents, to which CA belongs, that cure via a
polymerisation reaction. In the case of CA, this reaction is initiated by the presence of hydroxide
ions [59-61] and may be considered effectively instantaneous with respect to the time scales
considered in this study. Curing progresses as OH- ions diffuse through the body of CA and this
process is significantly slower than the polymerisation reaction. It has been suggested that the
polymerised material creates a barrier to further diffusion [61], which makes the progress of
healing highly dependent on the width between the surfaces being bonded (i.e. the crack width
in the present case). Data on this process, in relation to the curing of CA adjacent to a concrete
body, were not previously available and therefore a series of experiments were undertaken to
explore this process. The aim of these tests was to provide an indication of whether a curing
front model is appropriate for the current self-healing system but no attempt was made to
measure the curing rate of CA using such techniques as FTIR (Fourier-transform infrared
spectroscopy), which has been undertaken by others, albeit with different substrates [61].

iv.

Dynamic flow characteristics of CA in capillary channels.
When a healing-agent is pressurised in a vascular network, the flow velocity in a discrete crack
can be sufficiently large for the meniscus to depart from its static configuration and for inertia
forces to become non-negligible. It is generally accepted that the angle of contact between a
moving meniscus and the adjacent substrate is velocity dependent [62]. This issue was studied
in a series of tests in which CA was driven through a capillary tube using a pressurised flow
system. The effects of using a glass, rather than concrete, substrate for these tests is addressed
in detail in Section 6.2.

A set of theoretical models have been used to characterise the above tests and obtain meaningful
parameters. The details of each of these models are provided in the relevant sections of the paper.
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A standardised concrete mix with 10mm coarse aggregate was used to form the concrete specimens.
Unless noted otherwise, these specimens were cast, demoulded at one day, cured under water for five
days, dried in an oven at 90oC for 24 hours, allowed to cool to room temperature and then tested.
A specimen age of eight days was selected to facilitate a large experimental programme. Furthermore,
provided the samples have the general properties and characteristics of hardened concrete, neither the
absolute strength nor the degree of hydration was critical to the establishment of the autonomic selfhealing characteristics. It is also worth mentioning that, at the selected temperature of 90oC, little or no
thermal damage would be expected [63]. Furthermore, drying at this temperature minimises any
potential interaction between the self-healing-agent and excess liquid capillary water.
The standard concrete mix used in these investigations is as follows;
Cement type: Ordinary Portland Cement (CEM II/A-L 32, 5R).
Coarse aggregate type: Crushed limestone.
Fine aggregate type: Crushed marine sand with limestone.
Mix proportions: 470 kg/m3: 728 kg/m3: 986 kg/m3: 216 kg/m3 (cement: coarse aggregate: fine
aggregate: water) with a maximum aggregate size of 10mm.
Slump: in accordance with BS EN 12350-2:2009.
Average (100mm) cube compressive strength (fcu): 39.4MPa with CoV of 5.2%.
Average cylinder (100x200mm) splitting tensile strength (fcyl): 3.4MPa with CoV of 10.2%.
It is generally accepted that the true tensile strength (ft) is approximately 0.85 fcyl, (i.e. ft = 0.85 fcyl) and
the true uniaxial strength (fc) is approximately 0.8 fcu (i.e. fc = 0.8 fcu) [64].

3. CA CAPILLARY FLOW IN A STATIC NATURAL CRACK
Previous tests on the capillary flow of water in natural cracks and planar openings (i.e. openings with
smooth surfaces), showed that there is a significant difference in capillary flow behaviour between these
two cases [51,56]. Whilst some results have been published on the capillary flow characteristics of CA in
planar openings, results on CA flow behaviour in natural rough cracks in concrete have not previously
been presented.
In order to create naturally cracked specimens, a set of 75 x 75 x 255 mm prisms were cast using the
standard concrete mix.
Due to the bonding nature of CA, only one test could be performed for each crack width. Natural cracks
were created using seven-day old specimens. A 3mm wide, 7mm deep central notch was sawn into the
lower face of all specimens and these were subsequently subjected to three-point bending and loaded
to failure. Once the prisms were fully cracked, a pair of 45 x 75 x 25 mm specimens were cut from the
central part of the cracked beam using a concrete cutting saw (which has a water-based dust
suppressant system) and the resultant pieces, as shown in Fig. 2, were clamped together with spacers of
appropriate thickness to create crack widths of 0.1mm, 0.2mm, and 0.3 mm.
The specimens, which had become damp during sawing, were subsequently dried in an oven for 12
hours.
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A petri dish with CA was lifted to the underside of the clamped specimens using a hydraulic pump. The
capillary flow was recorded using an AOS MOTIONeer high speed video camera with a capture rate of
250 frames per second. The camera was mounted on a platform 150mm in front of the specimens. To
facilitate the measurement of the capillary rise, a scale rule was added to the front of the clamped
specimens and adjustable lighting was used both in front and behind the specimens in order to
illuminate the natural crack (see Fig. 3).

Fig. 2. Natural crack profiles for capillary rise investigation
Cracked specimen
Spacers

Scale

Adjustable
lighting

25mm

A

Cracked specimen

Clamp
75mm

High speed camera

PC20
Hydraulic
pump

150 mm

Petri dish

A

A-A

Elevation
Fig. 3. Schematic sketch of the test setup
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3.1 Capillary flow model
The capillary rise of the CA in the natural crack can be described using the modified Lucas-Washburn
(LW) equation from Gardner et al. [51,52,56], which is given by:
𝑧̇ =

𝑃 (1 − 𝛽 ) − 𝜌𝑔𝑧𝑠𝑖𝑛(∅)
2𝛽
+𝜂
𝑤

(1)

where z represents the capillary rise height, the superior dot denotes a time derivative, wc is the crack
width,  is the angle of the flow channel measured from a vertical axis, ρ is the healing-agent density,
and βs and βm are factors that account for stick-slip and frictional dissipation at the meniscus respectively
[56].
The capillary pressure (Pc) is given by the following Young-Laplace equation:
𝑃 =

2𝛾cos (𝜃 )
𝑤

(2)

where  is the capillary surface tension and 𝜃 is the dynamic contact angle (DCA), which takes into
account the departure of the contact angle from the equilibrium (or static) contact angle, with the
movement of the meniscus. The characteristics of this behaviour are elaborated in Section 6 where a
series of dynamic flow tests are presented.
The viscous resistance term () is as follows;
𝜂 = 𝑤 (𝑧)

1
𝑑𝑥
𝑤 (𝑥)𝛽
𝑘(𝑥)
𝑤 (𝑥)
+
2
𝜇

(3)

where x is an axial coordinate (0 to z), βw is a factor that accounts for wall slip [56] and the equivalent
permeability term k = wc2/12.
3.2 Results and discussion
Post processing of the high-speed video recordings was completed using AOS Imaging Studio v3.6.6 and
time-capillary rise height data were extracted. These data are shown in Fig. 4 for the three different
crack openings along with the predictions from the numerical model. The latter are designated
‘Num_crack-opening’, e.g. Num_0.1mm relates to the numerical predictions for a crack opening of
0.1mm.
The specimens were examined 24 hours after testing and in all cases it was found that the two halves of
the specimen were bonded together such that they could not be separated by hand. This observation
does not provide a meaningful measure of the healed strength but it does indicate that the CA had
cured to the point that no further flow was possible. It is noted that mechanical healing is addressed in a
related publication [40].
The final capillary rise height, after a 24-hour period of curing and as observed on the exposed faces of
the specimens once separated, averaged 8% higher than the height observed at the end of the recording
period.
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Fig. 4. Capillary rise height measurements in natural concrete cracks

Comparisons between a set of analytical results computed using equation (1) and the measured data are
given in Fig. 4. The parameters derived from the model calibration are presented in Table 1.

Table 1. Calibrated parameters for crack flow test

Parameter
βs (-)
βm (Ns/m2)
βw (m3/Ns)

Value
0.01
0.55
0.0025

It can be seen from Fig. 4 that the capillary rise behaviour is captured reasonably well by this model, but
that there are also some notable differences. An apparent discrepancy is that the experimental data
show similar behaviour for the three different crack widths (from 0 to 4 seconds), whilst the model
results suggest a stronger dependence on crack width. Although it is noted that the match between the
experimental and numerical responses at 8 seconds, for the 0.3mm crack opening case, is close.
The trend found in these experimental results differs from that reported by Gardner et al. [51] for planar
openings, which showed a more significant dependence on crack width throughout the rise time. It is
believed that the differences between the behaviour of planar and natural cracks relate to the fact that
in cracks with rough surfaces the crack opening varies considerably from the mean and that the tortuous
nature of natural cracks (see Fig. 2) means that the actual flow path may be greater than the recorded
rise height. In addition to this, cured CA may block (or form bridges between) the narrowest sections of
the crack and a significant quantity of CA may flow through the crack walls into the concrete matrix.
Considering further the issue of cured CA blocking the flow path; the morphology of natural crack
surfaces is such that the slope of local surfaces around aggregate particles can be at sharp angles to the
overall crack plane and geometry dictates that these local openings are far smaller than the average
normal crack opening. It is known [55] that CA can cure rapidly (<5s) in small gaps (<0.05mm) and it is
9

believed that this type of rapid local curing occurs in the tests with all three openings. A wider opening
would be required before these local openings in the tortuous path exceed 0.05mm. The authors believe
that these CA bridges between opposing asperities form relatively early in the capillary rise tests and
affect the results in terms of the rise response for a given crack opening.

4. CA SORPTION TESTS
This study examined the sorption of CA into a concrete specimen through a natural crack surface.
Notched prismatic specimens, which were formed from the standard concrete mix and which had the
same dimensions as those described in Section 3, were used to create the test specimens. As in the tests
described in Section 3, the specimens were loaded in three point bending to failure and then the two
halves of the broken beam formed two separate sorption test specimens.

Fig. 5. (a) Schematic representation and (b) photograph of the test setup
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The experimental test setup, illustrated in Fig. 5, comprised a shallow ‘bath’ (clear plastic container) of
CA into which the specimen was placed, with the newly formed crack surface being placed vertically
downwards and submerged in the CA pool. The sorption rise response was captured using a highresolution digital video camera. A timer and a ruler were placed within the viewing frame and LED lights
were used to illuminate the specimen. The digital recording was started prior to the concrete specimen
being placed in the bath and continued for a period of 5 minutes from the time that the specimen first
touched the surface of the CA bath. Preliminary tests had previously shown that the visible rise height
reached a steady state in under five minutes.
4.1 Sorption model
Unsaturated flow in a porous medium is described by the diffusive form of Richard’s equation,
expressed as [65]:
𝜕𝑆
𝜕
𝜕𝑆
−
𝐷(𝑆 )
𝜕𝑡
𝜕𝑥
𝜕𝑥

=0

(4)

in which Sh is the degree of healing-agent saturation, x is a vertical coordinate relative to the immersed
surface, t is time and D(Sh) is a degree of saturation dependent diffusion function, which is given in the
Appendix.
This equation can be solved numerically using a finite difference approximation, as shown in the
Appendix, but an analytical solution may also be developed for the equation using Boltzmann’s
into equation (4), leads to the following ordinary
transformation. Substituting the variable 𝜆 = 𝑥𝑡
differential equation:
−

𝜆 𝜕𝑆
𝜕
𝜕𝑆
−
𝐷(𝑆 )
2 𝜕𝜆 𝜕𝜆
𝜕𝜆

=0

(5)

Assuming a saturated boundary at the submerged face and an initially dry semi-infinite domain leads to
the solution [65]:
𝑥(𝑆 , 𝑡) = 𝜆(𝑆 )𝑡

(6)

The expression for cumulative volumetric absorption per unit area, 𝑖, is then expressed by [65,66]:
𝜆(𝑆 )𝑑𝑆 = 𝑆𝑡

𝑖=𝑡

(7)

where 𝑆 is the sorptivity (mm/s1/2) of the material.

The volumetric absorption per unit area at time 𝑡 can also be expressed as a function of the saturation
profile:

where ℎ is the capillary rise height.

𝑖=

𝑆 (𝑥)𝑑𝑥

(8)

Following the approach of Hall and Hoff [66], eq. (7) is treated as a sharp front model and as such the
material is assumed to be saturated behind the wetting front, giving the solution to eq. (8) as 𝑖 = ℎ.
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In the present work, the rate of absorption is not constant and reduces as the CA cures and its viscosity
increases. The rate of absorption is given by the differential of eq. (7), which is assumed linearly
dependent on the degree of cure, and is expressed as follows (noting that 𝑖 = ℎ):

𝜕ℎ
𝑆
(9)
= (1 − 𝜑(𝑡)) 𝑡
𝜕𝑡
2
The curing of CA adjacent to a cementitious substrate is discussed in detail in Section 5, in which it is
shown that curing may be described with a curing front model that is governed by an exponential
relationship for the propagation of the reaction front (eq. 11). Employing this approach to describe the
,
curing of CA within the pore space, gives the expression for the degree of cure as 𝜑(𝑡) = 1 − 𝑒
where 𝜏 is a curing time parameter.

Integrating equation (9) and taking curing into account gives the following expression:
ℎ=−

√𝜋 𝑆 𝑒𝑟𝑓𝑐

2 1⁄𝜏

𝑡 ⁄𝜏

where 𝑒𝑟𝑓𝑐(𝑥) is the complimentary error function.

+

√𝜋 𝑆

(10)

2 1⁄𝜏

The above method is based on the assumption that there is a sharp moisture front. An alternative
solution that makes no prior assumption about the nature of the moisture front is given in the Appendix.

4.2 Results and discussion
The processed results from the video files are presented in Fig. 6, in which the mean surface height of
the CA, visible on the side of the specimen, is plotted against time. As CA flows into the specimen under
capillary action, the specimen becomes darker in colour, and the upper limit of the darker section is
interpreted as the internal limit of the CA.
It is acknowledged that this is an approximate method of determining the flow characteristics but,
nevertheless, one than can be readily simulated using a continuum flow model in which the driving force
is capillary suction [67].
The mean final rise height, from 4 specimens, was 3.1mm after 600 seconds with a CoV of 15%.

Table 2. CA sorption

Specimen
S1
S2
S3
S4
Mean
CoV (%)

Weight change (g)
0.72
0.52
0.48
0.54
0.56
19

Glue uptake (ml)
0.68
0.49
0.45
0.51
0.53
19

An attempt was made to determine the mass of CA absorbed by the specimen by weighing the samples
immediately before and after the immersion period. After each test, the surfaces were wiped with a
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damp cloth to remove excess CA but this did not prove easy due to the nature of CA. Therefore, the
results presented in Table 2 are given with a degree of caution.

Fig. 6. Experimental and numerical sorption rise responses

Comparisons between the experimental results and analytical solutions are given in Fig. 6. The model
was calibrated to match the upper bound, lower bound and average test responses, for which the
parameters are given in Table 3. The sorption coefficient which gives the best match to the experimental
data is S =0.48 mm/s1/2. The CoV of the sorption coefficients is 16.67 %.
Table 3. Calibrated model parameters for sorption test

Parameter

Upper

S (mm/s1/2)
τ (s)

Value
0.56
50

Lower
Parameter
S ( mm/s1/2)
τ (s)

Value
0.40
50

Average
Parameter
Value
S ( mm/s1/2)
0.48
τ (s)
50

It can be seen from Fig. 6 that the average rise height is captured reasonably well by the sorption model.

5. CURING PROPERTIES OF CA WITH A CONCRETE SUBSTRATE
The objective of this set of experiments was to provide experimental evidence for the existence and
nature of a curing front in CA with a concrete substrate. The tests rely on visual observations of a curing
front and intermittent probes (an indenter) to check that the observed front relates to cured material
(see Fig. 7).
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Fig. 7. Curing front test photograph, highlighting the indenter

The cracks considered in this programme of research are typically 0.1mm to 0.5mm in width and
therefore curing front properties are required for a relatively narrow layer of healing-agent. It was
therefore decided to use a small scale testing arrangement, as illustrated in Fig. 8, in which curing in a
6mm layer of CA above a 50mm cube of concrete material was observed.
The test procedure was as follows;







Cubes of size 50mm x 50mm x 40mm were cast in a transparent Perspex box using the standard
mix and curing regime (See Section 2);
Once cured, the specimens were transferred to an identical (but clean) Perspex box, with clear
silicone sealant used to seal the specimen and eliminate air gaps;
The lids of the Perspex box were secured with CA to ensure air tightness;
The gap above the specimen was then filled with CA using a syringe that passed through a hole
in the lid: a second temporary breathing hole was introduced into the lid during filling;
One hole was then sealed and the other was used for the indenter, which had an airtight seal;
CA curing was then recorded with a digital camera for period of 30 minutes, with an indenter
applied intermittently to verify that the visible curing front was being correctly interpreted.

It is noted that the test is assumed to start (i.e. t=0), the moment that CA touches the substrate surface.
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Fig. 8. Experimental setup

5.1 Curing front model
The curing of CA is a polymerisation reaction, initiated by hydroxide ions, which propagates into the glue
from the substrate. Experimental evidence from Tomlinson et al. [61], as well as the data measured
here, shows that the depth of cure of the CA tends towards a limiting value, after which no more curing
occurs. This behaviour can be described by the following equation:
𝑧 (𝑡) = 𝑧

1−𝑒

(11)

where zc is the curing front position, relative to the substrate, zc0 is a critical curing depth and τ is a
curing time parameter.
5.2 Results and discussion
CA becomes opaque when it is cured and the limit of cured (opaque) material adjacent to the substrate
is interpreted as the curing front, as illustrated in Fig. 9. For clarity, a dotted red line has been added to
the figures to highlight the limit of the cured CA. The video images from all tests show that the front
does not remain plane and parallel to substrate surface but becomes more irregular and increasingly
diffuse over time.
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Data extracted from the video images are presented in Fig. 10 in terms of curing front height (i.e.
distance from substrate) versus time from the start of the experiment. The response suggests that the
rate of progress of the curing front gradually diminishes over time.

Fig. 9. Curing front of specimen at (a) 5 seconds, (b) 210 seconds, (c) 570 seconds and (d) 810 seconds

The model was calibrated to match the average response measured during the test, as illustrated in Fig.
10. In addition, in order to provide an indication of the sensitivity of the predicted response to the
governing parameters, ‘upper’ and ‘lower’ numerical curves have also been added to the graph.
The parameters derived from this calibration exercise are given in Table 4.

Fig. 10. Experimental and numerical mean curing front response

The spread of the experimental results shows that this process has a significant degree of variability and
it is acknowledged that some judgement was required to discern the position of the front. Never-the16

less, these test results and observations do shed new light on the nature and behaviour of CA curing
adjacent to a concrete substrate.

Table 4. Calibrated model parameters for curing front test

Parameter
zc0 (mm)
τ(s)

Upper

Value
1.5
300

Lower
Parameter
zc0 (mm)
τ(s)

Value
1
275

Average
Parameter
Value
zc0 (mm)
1.25
τ(s)
300

6. DYNAMIC FLOW CHARACTERISTICS OF CA IN CAPILLARY CHANNELS
This section reports a series of experimental studies on the flow of CA in a 0.3mm diameter glass
capillary tube subjected to driving pressures of 0.1 bar, 0.3 bar, 0.5 bar and 1.0 bar. The dynamic flow
behaviour was captured using a high-speed digital camera.
6.1 Preparation and testing
The testing arrangement, illustrated in Fig. 11, comprised CA in a glass capillary tube that was connected
to an air-line via a pressure regulator. The CA and the gas pressure from the regulator were initially
isolated from each other by a clamp. The test was illuminated with high intensity lighting, which was
reflected from a matt-white board. The dynamic motion of the CA was captured using a Motion BLITZ
Cube 2 high speed digital camera produced by Mickotron, which has a maximum resolution of 1280 x
1024 pixels. A recording speed of 3012 frames per second (fps) was selected and the shutter speed set
to 51μs.
The regulator valve allowed different pressures to be applied and tests were carried out at pressures (at
the regulator) of 0.1, 0.3, 0.5 and 1.0 bar.
The testing procedure was as follows;
 The capillary tube was cleaned and dried to remove any contaminants;
 A set of circular rings, perpendicular to the tube axis, were marked on the capillary tube at
10mm intervals ;
 The flexible supply tube was partially filled with CA and clamped to prevent flow;
 The flexible supply and exit tubes were then connected to the glass capillary tube;
 The air-line and regulator valve were connected to the flexible supply tube;
 The regulator was set to the appropriate pressure;
 The motion camera was activated and the clamp released to initiate flow;
 Once the CA front (i.e. the meniscus) had passed the camera’s field of view, the flexible tube
was re-clamped;
 After each test, the transient flow data and meniscus contact angle at the centre of the tube (i.e.
position c in Fig. 11) were extracted.
Each glass capillary tube was used only once and each test (with the same parameters) was performed a
minimum of three times. The static contact angle was measured in the horizontal tube with the fluid at
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rest. This condition was induced by partially filling the glass tube with CA and then applying the clamp to
prevent further flow.

Fig. 11. Dynamic CA flow testing arrangement (plan view)

6.2 Dynamic contact angle model
Previous work on the dynamic flow behaviour of other liquids [62,68-70] suggests that the angle of
contact (d) between the liquid meniscus and the substrate depends on the flow velocity. A number of
models have been developed for simulating dynamic capillary flow behaviour, including models by Jiang
et al. [68], Bracke et al. [69] and Cox [70]. The relative merits of these and other models have been
discussed by Blake [62]; however, we found that all three of these models provided very similar matches
to the present experimental data. The empirically based formula of Bracke et al. [69], given in equation
12, was selected and calibrated for the present data.
𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠 𝑐𝑜𝑠𝜃 − C (1 + 𝑐𝑜𝑠𝜃 )𝐶

(12)
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in which the capillary number 𝐶 = 𝜇𝑣 ⁄𝛾 ; 𝜇 is the dynamic viscosity (0.004 Ns/m2); v is the meniscus
velocity (m/s); 𝛾 is the surface tension (0.034 N/m); 𝜃 is the static contact angle (37o); 𝜃 is the dynamic
contact angle; and the constants C and 𝐶 take the values is 0.8621 and 0.1947 respectively. In
addition, the density () of CA is 1060 kg/m3 [55].
6.3 Results and discussion
Transient capillary front graphs are presented for all tests in Fig. 12, which also gives the average
velocity from each triplet of tests at the centre of the field of view (i.e. at the ‘reference velocity’). Some
sample images from the experiment are given in Fig. 13, which shows the meniscus for both a static and
a dynamic test.
As may be expected, the reference velocity increases with pressure. In addition, the flow approaches a
steady-state velocity towards the time when the meniscus reaches the end of the field of view, which is
indicated by the gradient of the flow-front graphs becoming linear.
There is considerable variation in the responses, with typical CoVs being 10%, but this is assumed to
reflect the natural degree of variation of such dynamic flow processes.

Fig. 12. Displacement - time responses at (a) 0.1bar, (b) 0.3bar, (c) 0.5bar and (d) 1.0bar of pressure

The contact angles have been extracted from the high-speed camera images using a technique
developed by Stalder et al. [71]. These were calculated at different velocities and analysed when the
meniscus reached the centre of the field of view. The CA contact angles were measured directly from
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the wall of the glass capillary tube and these measurements were facilitated by the use of a plugin for
the software ImageJ, called ‘drop snake’ [72].
From Fig. 13, it is apparent that the meniscus is asymmetric relative to a vertical plane, which is
attributed to the effects of gravity. This, as may be expected, has a greater relative influence on static
than dynamic behaviour since inertia forces are more dominant in the latter case.

Fig. 13. ImageJ drop snake analysis for (a) static at 0mm/s velocity and (b) 0.5bar at 4546mm/s velocity

The processed data, in terms of d versus the meniscus velocity (v), are presented in Fig. 14, which
shows that there is a sharp transition from the low velocity region, for which the outer surface of the
meniscus is concave (d<90o), to a higher velocity region where the meniscus is convex (d>90o). The
transition point, corresponding to d = 90o, is an important point in the curve, as when the meniscus
becomes convex the surface tension retards, rather than drives, the flow. In all cases, the meniscus had
become convex by the time it reached the reference position but the points at which the meniscus
flipped from a concave to a convex shape were visible on the high-speed videos. However, because this
abrupt transition occurred away from the centre of the field of view, the associated velocities were
more difficult to determine accurately. Hence, the data points related to the transition (i.e. the points
for d = 90o on Fig. 14) are presented tentatively. The comparison between the DCA model (equation 12)
and the current experimental data is given in Fig. 14.
It is recognised that these values are for CA with a glass substrate whereas in the self-healing material
system the substrate is concrete. This was necessary as cementitious materials are not transparent and
current imaging techniques do not allow such high-speed images to be captured accurately through
opaque materials. The contact angle formed between any given fluid and a substrate depends on the
surface roughness and chemical composition of the substrate [73]. The contact angle can therefore be
expected to be different for CA-concrete than the measured CA-glass. However, Schwartz and Tejada
[74] found that surface roughness had no significant effect on predictions with a DCA model, provided
that the roughness is random and that the physiochemical character of the surfaces is similar. Whilst
Seebergh and Berg [75] found that, for low capillary numbers, surface roughness produced significant
stick-slip effects, but did not alter the constants in a DCA model, and that the static contact angle
adequately accounts for the effect of acid-base (chemical) interactions. In the present work, therefore,
20

the differences in substrate are addressed by adjusting the static contact angle, s, using previously
measured CA-concrete contact angle data [52].
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Fig. 14. Dynamic contact angle data

7. CLOSING REMARKS
This study has provided new data and new insights into the transport behaviour of CA in concrete
specimens in the context of a vascular self-healing material system.
New data are presented on the capillary flow characteristics of CA in a natural concrete crack. These
data show the effect of varying the crack width on the capillary rise response. It is notable that the
change in response over the crack width range considered (0.1 to 0.3mm) is considerably less marked
than that in planar (smooth-sided) openings [51]. The study also showed that the modified LucasWashburn equation proposed by Gardner et al. [56] is able to provide a reasonable match to the
experimental response, although the need to account for the change of properties due to curing and to
allow for the loss of CA into the concrete matrix has been highlighted. It is also noted that these two
factors have been taken into account in linked modelling work.
The sorption of liquid CA through a crack wall in a concrete specimen has been measured in order to
determine the loss of CA from the crack domain into the concrete matrix. This process was shown to
have a reasonable degree of variability (i.e. CoV of a sorption constant = 16.67 %). It has also been
shown that a simple sorption model is able to satisfactorily simulate the full sorption process when
curing is taken into account.
The nature of CA curing with a concrete substrate has been determined. It was shown that a discernible
curing front develops adjacent to the substrate wall and that this progresses over time but gradually
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becomes less planar and more diffuse. The rate of progress of the front was shown to gradually reduce
and this was attributed to the fact that cured CA provides an increasingly wide barrier to the source of
hydroxide ions, which need to be present for curing to take place [61]. It was further shown that the
progress of the curing front could be well represented by an exponential relationship but that the
process is again relatively variable (e.g. the CoV of a primary curing front constant is 20 %).
The final experimental test investigated the dynamic flow characteristics of CA in a capillary channel and
a relationship was established for the velocity dependency of the dynamic contact angle. It should be
mentioned that this study is linked to previous work [52] in which the effects of curing on CA flow
characteristics were measured.
The new data presented in this paper provided useful information for the development and validation of
a coupled numerical model for vascular self-healing systems, described in reference [76], and hopefully
will be useful to others working on the development of self-healing materials.

APPENDIX
In the present work, the numerical solution of Equation (4) employs a backwards in time central in space
finite difference scheme for the temporal and spatial discretisation, which leads to:
−𝛾𝑆

,

,

+ (2𝛾 + 1)𝑆

,

,

− 𝛾𝑆

,

,

=𝑆

(13)

,
,

𝑆 , , , 𝑡 ∆𝑡⁄∆𝑥 , 𝑖 denotes the node number, 𝑡 the time step number and 𝑘 the
where 𝛾 = 𝐷
iteration number. The dependence of the diffusion coefficient is described by the expression presented
in [77], which, adding terms to account for the effect of the degree of cure, is given by:
(14)
𝐷(𝑆 , 𝑡) = 𝐷

𝛼+

in which 𝐷 is the diffusivity at saturation, 𝑆
0.5𝐷 , 𝛼 = 0.05 and 𝑛 = 15.

1−𝛼
1−𝑆
1+ 1−𝑆

(1 − 𝜑(𝑡))

= 0.8 is the degree of saturation at which 𝐷(𝑆 ) =

Comparisons between the experimental data and numerical solutions are given in Fig. 15. The numerical
solutions were based on the assumption that the position of the moisture front corresponds to a degree
of saturation of 0.6, which was chosen after some separate modelling exercises. The time step size was
chosen as ∆𝑡 = 0.1s, whilst the grid step size was chosen as ∆𝑥 = 0.05mm. The model parameters are
given in Table 5. The diffusion coefficient which gives the closest match to the experimental data is D1
=7 mm2/s. The CoV of the diffusion coefficients is 32.89 %.
Table 5. Calibrated model parameters for sorption test

Upper
Parameter
D1 (mm2/s)
τ (s)

Value
9.75
40

Lower
Parameter
D1 (mm2/s)
τ (s)

Value
5
40

Average
Parameter
Value
2
D1 (mm /s)
7
τ (s)
40
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Fig. 15. Comparison between theoretical and experimental data

It can be seen from Fig. 15 that the average rise height is captured well by the diffusion model.
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