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Autonomic self-healing cementitious materials generally rely upon the transport of adhesives via capillary flow

in discrete cracks to heal macro-cracks. A series of experimental and numerical studies are presented that simu-

late the capillary flow of cyanoacrylate in a range of discrete cracks in prismatic cementitious specimens. The nu-

merical procedure developed incorporates corrections to established capillary flow theory to consider stick-slip

behaviour of themeniscus and frictional dissipation at themeniscuswall boundary. In addition, two short bench-

mark studies are reported in order tofirstly verify the time–viscosity relationship of the cyanoacrylate in amortar

capillary channel and secondly to examine the capillary flowof the healing agent in small diameter glass capillaries.

These studies also provide data to validate the numerical model. The capillary rise response of a healing agent in

a self-healing system is predicted using the calibrated model and verified with published experimental data.

© 2014 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction and literature review

In the last decade considerable research effort has been directed to-

wards the development of self-healing materials in order to overcome

the construction industrywide problemof civil infrastructure deteriora-

tion. These self-healing materials have the ability to adapt and respond

to environmental and operational changes to which they may be sub-

jected [1,2]. Such materials are generally classified as ‘smart’ materials

and include self-healing materials as a particular sub-set [3]. In the

case of concrete, the presence of pores and cracks in the matrix, the lat-

ter caused as a result of plastic shrinkage, mechanical loading and ther-

mal effects amongst other actions, allows the movement of water and

gases that contribute to the deterioration of a structure. However, net-

works of connected pores and cracks may also provide pathways for

the flow of healing agents.

Two types of self-healing in cementitiousmaterials are referred to in

the literature. The first is autogenic healing, a natural phenomenon

which occurs mainly due to the pozzolanic properties of cementitious

materials [4–7]. The second type of healing is termed autonomic healing

and is a concept originally proposed in 1994 for cementitious materials

by Dry [8]. These self-healing cementitious materials normally have

tubes or capsules of adhesive agents embeddedwithin the cementitious

matrix that, upon damage, break and release the agent into the matrix.

The adhesive then flows under capillary action to macro-cracked and

micro-cracked regions. The methods of encapsulation have included

discrete microcapsules [9], continuous hollow lengths of glass [10,11]

and ceramic capillary tubes [12]. Although the concept of autonomic

healing has been proven using these techniques at a small scale, there

is still significant research required to select an appropriate encapsula-

tion system which can withstand the rigours of reinforcement place-

ment and concrete casting [3].

Alkali–silica and sodium silicate solutions [9,13], one- and two-

component epoxy resins [9,14], cyanoacrylates [10,11] andmost recent-

ly a two-component expanding polyurethane foam [12] have been used

as healing agents with varied success. The selection of healing agents is

usually based on a number of requirements; the agent must have a suf-

ficiently low viscosity to flow into and around the damage region; it

must have the ability to bond together two faces and it should have a

sufficient shelf life to allow encapsulation for long periods of timewith-

out deterioration of the bonding properties [11]. The ability to guaran-

tee the availability and subsequent adequate mixing of both parts of a

two-component healing agent at a crack location may be limited [12]

and therefore one-component systemsmay offer significant advantages

in this respect.

Cyanoacrylates, more commonly referred to as superglues, typically

have a shelf life of one year. When encapsulated within concrete they

would be expected to heal damage that occurs within the early life of

a structure, due to early thermal effects, shrinkage and construction

loading. However, the future development of flow networks may offer

the potential to continually deliver superglues and resins to zones of

damage throughout the working life of a structure thereby removing

the constraint of the healing agent's shelf life.

Previous experiments undertaken on self-healing cementitious ma-

terials have established that agents will flow under capillary action
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([11,12,15]), but to the authors' knowledge, no detailed investigation

has been undertaken on the capillary flow of healing agents in cracks

in cementitious materials. It is expected that the quantity and rate of

flow will be governed by the profile and nature of the crack, the curing

rate of the agent as well as by chemical interactions between the host

matrix and the healing agent, which may affect this curing rate. The

quantification and simulation of this flow is the subject of the present

publication. The ability to measure and predict the capillary flow of

healing agents through cracks in cementitious materials will allow

more efficient self-healing systems to be designed in the future.

This paper presents experimental data on the capillary flow of cya-

noacrylate, an all purpose superglue, in discrete cracks in cementitious

materials obtained via high speed video measurement. The paper also

considers the capillary flow of a cyanoacrylate in a self-healing system

and introduces a numerical model to simulate experimentally observed

results. The structure of the paper is as follows:

• Section 2 provides an overview of standard Lucas–Washburn capillary

flow theory aswell as the amendments explored byGardner et al. [16]

and develops this theory further to consider flow in a discrete crack of

varying aperture.

• Section 3 presents details of a study performed to provide an indepen-

dent verification of the viscosity of the cyanoacrylate adhesive and an

indication of its time–viscosity behaviour over a 15 minute timescale.

• Section 4 employs the amended theory to simulate the experimental-

ly observed flow of cyanoacrylate in a glass capillary tube.

• Section 5 presents the experimental data on the flow of cyanoacrylate

in openings in cementitious materials; including data from experi-

ments with planar, inclined and tapered apertures or ‘cracks’. It also

provides a comparison between the amended flow theory and the ex-

perimental data presented.

• Finally, in Section 6, a study is describedwhich ascertainswhether the

flow of cyanoacrylate in a natural discrete crack in the self-healing

system proposed by Joseph et al. [11] can be predicted using the

amended theory.

The present investigation concentrates on the flow of cyanoacrylate

in a discrete crack with no detailed consideration being given to flow

into or out of the porous media adjacent to the discrete opening. The

importance of including both aspects of flow behaviour when simulat-

ing these problemswith, for example, a finite elementmodel, is howev-

er fully acknowledged [17] and this issue is the subject of on-going

work.

2. Capillary rise theory

The capillary flow theory previously presented by Gardner et al. [16]

is summarised in Table 1. The omission of the inertial term in the

consideration of water flow in a capillary tube has been justified

previously by Gardner et al. [16] and it is considered that the relative

importance of inertia term will be even less for cyanoacrylate, which

has a higher viscosity than water.

Where:

– z = capillary rise height (m);γ = surface tension (N/m); θ = liquid/

solid contact angle (°); φ = capillary inclination angle (°); ρ is

the density of liquid (kg/m3); g = gravitational acceleration

(m/s2); r = radius of the capillary (m); μ = dynamic viscosity

(Ns/m2); t = capillary rise time (s); effective permeability

term k = r2/8 [22];

– hs = the rise height allowing for pinning (modified capillary

rise height);

– pc0 ¼ 2γ cos θ0−αð Þ
r where θ0 is the static contact angle (°) and α is

the inclination of the capillary wall (°).

In an earlier study, Gardner et al. [16] reported no significant influ-

ence of wall slip (βw term) on the capillary rise response of water in

glass capillary tubes or discrete cracks in mortar, however, this term is

shown here for completeness.

Young [22] accounted for a change in fluid velocity as a result of non-

uniform capillaries (Fig. 1) by applying themass balance equation (9) to

the L–W Eq. (1):

żA zð Þ ¼ v xð ÞA xð Þ ð9Þ

Applying the sameprinciples to Eq. (8) leads to the following equation

forflow in non-uniform capillarieswhich allows for stick slip and friction-

al dissipation.

Table 1

Capillary rise theory.

2πrγ cos θð Þ−πr2ρgz sin φð Þ−8πμ zż−ρπr2 ∂
∂t

zż
� �

¼ 0 (1) Full dynamic flow equation for of liquid in a capillary tube (Lucas–Washburn (L–W) equation).

pc−ρgz sin φð Þ− μ
k
zż¼ 0 (2) L–W equation without inertial and gravitational effects.

pc ¼
2γ cos θð Þ

r
(3) Young–Laplace equation for capillary pressure.

heq ¼
pc

ρg sin φð Þ
(4) Equilibrium capillary liquid rise height from balance of hydrostatic and capillary pressure.

βs ¼ 1−
hs

heq
(5) Correction factor for stick-slip behaviour of the meniscus (unitless) [18].

γ cos θ tð Þð Þ ¼ γ cos θ0ð Þ−βmż(6) Correction factor for frictional dissipation at the moving front (units Ns/m2) after [19,20].

ż¼
rβw

2
þ

r2

8μ

� �

pc
z

� �

(7) Velocity of meniscus including the correction factor for wall slip (βw units m3/Ns) [21].

pc0 1−βsð Þ−
2βmż

r
−ρgz sin φð Þ−

z

rβw

2
þ

r2

8μ

0

B

B

B

@

1

C

C

C

A

ż¼ 0 (8) Amended L–W equation proposed by Gardner et al. [16].

z 

A(z) 

x 

A(x) 

Fig. 1. Illustration of the parameters used to model water flow in a non-uniform capillary.
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ż¼
pc0 1−βsð Þ−ρgz sin φð Þ

2βm

r zð Þ
þ η

ð10Þ

and in which

η ¼ A zð Þ

Z

z

0

1

r xð Þβw

2
þ
k xð Þ

μ

� �

A xð Þ

dx ð11Þ

It is noted that the term η represents the total viscous resistance to

flow (per unit area at the meniscus) and has the units Ns/m3.

Eq. (10) is solved using a direct integration time-steppingprocedure.

A check is undertaken to ensure that the time step is sufficiently small to

give converged results.

A similar numerical solution has been developed in this work for pla-

nar cracks in cementitious materials, whereby the radius of the capillary

tube, r, is replaced by the crack width, b and the effective permeability

term takes the value k = b2/12 [23].

The influence of the three correction parameters on the capillary

rise response of cyanoacrylate (θ = 90º; ρ = 1060 kg/m3; μ =

0.004 Ns/m2) in a 0.5 mm diameter capillary and in a 1 mm to 0.1 mm

tapering crack (i.e. planar opening) is shown in Fig. 2 (a) and (b) respec-

tively. The capillary rise results in a capillary tube are compared to predic-

tions made using the analytical solution proposed by Fries and Dreyer

[24]. The results are normalised by considering heq, the equilibrium rise

height as calculated in Eq. (4), and t*, the time taken to reach 99% of heq
if all correction factors are set to zero. For flow in a tapering crack, a nu-

merical solution was used to obtain the results and for this case heq was

taken as the final rise height obtained with all β correction factors set to

zero. This procedure allows the influence of each correction factor on

the response curve to be observed. It may be seen in Fig. 2 that βs causes

a decrease in both the final rise height and the rise rate. It can also be ob-

served that the inclusion of the βm correction factor retards the capillary

rise response whilst the βw correction factor accelerates the capillary

rise response of the system as a result of the decreased net resistance to

flow.

In this work the above theory has been applied to planar and taper-

ing cracks, however it can in principle describe the capillary flow in a

discrete crack of any (2D) configuration, since the governing equation

allows for varying aperture and inclination. In the present implementa-

tion, cracks are divided into piece-wise sections of constant inclination

and linearly varying aperture. Thus, if the characteristic dimensions of

a rough crackwere available themodel could beusedwithmultiple seg-

ments to represent the capillary flow. However, such data are rarely

available and the authors therefore derived a method for determining

the properties of planar crack which have essentially the same flow

characteristics as a natural crack of known average opening [16]. Fur-

thermore, work is in progress to include a sink-source term in the

mass continuity equation to allow for the flow of healing agent into

the micro-cracked zone adjacent macro-crack and to link the discrete

crack flowmodel to a continuum finite elementmodel of the porous ce-

mentitious media.

3. Investigation of time dependent properties of cyanoacrylate

Cyanoacrylates are acidic solutions which have the ability to bond

gaps of 0.05 mm and smaller within two seconds [25] however, Joseph

et al. [11] suggested that the conditionswithin themortar, including the

highly alkaline environment and the presence of moisture, further ac-

celerate the curing process of cyanoacrylate. In order to provide an inde-

pendent verification of the viscosity of the cyanoacrylate and its curing

behaviour during the capillary rise simulations, a series of bespoke tests,

based on the principle of the Ostwald viscometer, were performed.

Two sets of flow tests were conducted in which a central constricted

channel was connected to two L-shaped channels formed from flexible

tubing. In the first set of these tests, the central channel section was a

section of glass capillary tube as illustrated in Fig. 3 (a) and in the second

set the central channel section was formed by drilling a circular hole

through a mortar prism as illustrated in Fig. 3 (b).

The channels were cleaned with pressurised air and then filled with

a single-agent cyanoacrylate adhesive (Procure PC20), supplied by

Cyanotech Ltd. One end of the channel was raised and a stopper placed

in the flexible tube. The channel was then returned to the horizontal po-

sition and the stopper removed. The movement of the cyanoacrylate

free surface (i.e. dh1/dt) was recorded using a high speed video camera.

The test was initially repeated at 10 second intervals and this was grad-

ually increased to 5 minute intervals over a period of 15 min. Addition-

ally, the at rest level of the cyanoacrylatewas recorded after each test to

measure any losseswhichmayhave occurred due to either hardening of

the adhesive or absorption into the matrix surrounding the capillary

bore. It is noted that no significant losses were measured during the

course of these tests.

It was observed that, in one of the mortar specimen tests, a “skin”

had formed on the cyanoacrylate surface 90 min after commencement

of the test, and that after this time no flow of cyanoacrylate could be in-

duced. By contrast, the cyanoacrylate in the glass channel showed no

evidence of curing or hardening over a period of 72 h after commence-

ment of the test. The experimental results from the tests are presented

in Fig. 4.

In order to obtain an analytical expression for the displacement of

the free surface of the cyanoacrylate in the experimental arrangement

presented in Fig. 3, the momentum balance of the liquid inside a tube

is considered. The following assumptions aremade: i) the flow is onedi-

mensional (i.e. no variation of flow velocity across the pipe cross-

Fig. 2. The effect of correction parameters on capillary rise response for 2 different experimental arrangements: (a) Capillary diameter of 0.5 mm and (b) Tapering 1 mm to 0.1 mm crack.
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section is considered), ii) mass continuity is maintained, with no fluid

losses considered, iii) any forces from displaced air are negligible, iv)

no energy losses occur at the junctions between two channel sections,

and v) the pressure gradient is related to the viscous resistance by the

Hagen–Poiseuille equation. With these assumptions, the momentum

balance of a liquid inside a capillary tube may be written:

ρg h1−h3ð ÞA1−8μ
X

3

i¼1
Ai

Liui

r2i
−ρ

X

3

i¼1
AiLiui ¼ 0; ð12Þ

where ui is the flow velocity of channel i (i designating the flexible tube,

capillary channel or channel in the mortar), and the superior

dot denotes the time derivative. Mass continuity of the fluid implies

that ui ¼ −h
:

i, h ¼ h1þh3
2 and Aiui = const. Applying these conditions in

Eq. (12) and rearranging gives the following governing differential

equation:

h
::

1 þ
KHP

ρLT
h
:

1 þ
2g

LT
h1 ¼

2g

LT
h; ð13Þ

in which KHP ¼ 8μ∑
3

i¼1

Li
r2i

and LT ¼ ∑
3

i¼1
Li:

The solution of Eq. (13) is given below but it is noted that this is only

valid if the discriminant of the associated characteristic equation is neg-

ative, i.e. the roots are complex.

The initial conditions used in the solution to derive Eq. (14) are as

follows:

h1 ¼ h10 and h
:

1 ¼ h
:

10@t ¼ 0:

Application of these conditions leads to the following equation:

h1 ¼ e
λt

h10−h
� �

cosχt þ
h
:

10−λ h10−h
� �

χ
Þ sinχt� þ h

0

@

2

4 ð14Þ

in which

λ ¼ −
KHP

2ρLT

� �

andχ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2g

LT
−

KHP

2ρLT

� �

2
s

:

The viscosities for the two cases considered (i.e. for each time and

configuration) were computed by using a least squares fit of Eq. (14)

to the associated experimental data and were 0.00423 Ns/m2 and

0.00366 Ns/m2 for tests G1 and M1 respectively. This is in good agree-

ment with the technical data provided by the manufacturer [25]

which suggests a typical viscosity of 0.004 Ns/m2. The numerical simu-

lations of the experimental arrangement using these viscosities are pre-

sented in Fig. 4. After 15 min, the viscosity remained unchanged,

although potential contamination of the cyanoacrylate by the mortar

may have been responsible for the complete hardening of the
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Fig. 4. Comparison of experimental data and numerical simulations for G1 and M1 tests

using viscosities calculated using a least squares fit to Eq. (14).
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Test Channel r1 (mm) r2 (mm) r2 (mm) L1 (mm) L2 (mm) L3 (mm) h (mm)

G1 Glass 2.0 1.3 2.0 87.5 58 87.5 0.060

M1 Mortar 2.5 2.1 2.5 57.5 52 57.5 0.0125

h1 h3

L2 L3L1

1
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3
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1
2 3

ri= radius of section i Ai = cross-sectional area for section i

(a) (b)

Fig. 3. Viscosity test experimental arrangement: (a) central glass channel and (b) central drilled channel in mortar.
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cyanoacrylate in theflexible tubes in the subsequent hours after thefirst

contact of cyanoacrylate with themortar. It is noted that the abscissa in

Fig. 4 is the time from the start of the first test of the series presented.

4. Investigation of capillary rise behaviour of cyanoacrylate in glass

capillary tubes

Experimental validations of the capillary flow theory were per-

formed as part of this study using borosilicate glass tubes supplied by

CM Scientific Ltd., as presented in Fig. 5. These tubes were used in a

nominally ‘as supplied’ clean condition and were not subjected to any

additional cleaning or wetting prior to testing. Capillary tubes of

0.2 mm and 1.0 mm diameters were tested.

For the experiments conducted, the correction factors required to

provide a close match with the experimental data for both capillary

tubes were βs = 0.01, βm = 0.08 Ns/m2 and βw = 0 m3/Ns, based on

the numerical solution of Eq. (10). There was no evidence of curing of

the cyanoacrylate during the tests and this observation is supported

by the free movement of the cyanoacrylate column in the capillary

tube during agitation of the tube in the subsequent minutes after each

capillary rise test.

The contact angle between the glass capillary tube and the cyanoac-

rylate liquid surface was measured as 10° using an optical microscope.

Values for surface tension and density were taken from the cyanoacry-

late data sheet [25] and were 0.033 N/m and 1060 kg/m3 respectively.

5. Investigation of capillary rise behaviour in cementitiousmaterials

The general arrangement of the capillary rise tests in cracks within

mortar specimens are shown in Fig. 6.

5.1. Materials and mix proportions

A mortar, with an average compressive strength of 37 N/mm2, was

used throughout the study. Cement type CEM II/B-V 32,5R conforming

to BS EN 197-1:2000, togetherwith amarine dredged sand, with amax-

imum particle size of 2 mm, were employed in themix in the following

proportion— 540 kg/m3:1618 kg/m3:242 kg/m3 (cement:sand:water).

5.2. Specimen preparation and capillary rise simulations

The experimental studies were performed on mortar specimens

after 7 days and 28 days of curing. In the former, the specimens were

demoulded and left to air cure until the testing date. In the latter, the

specimens were demoulded and the prisms were wrapped in damp

hessian for 14 days and then left to air cure at a temperature of 21 °C

for a further 14 days. Prisms of size 75 mm × 75 mm × 255 mm

were cast and planar (Pl) and tapered (Ta) openings were formed by

wet cutting each prism into seven pairs of 30 mm × 30 mm × 75 mm

specimens using a circular saw. The specimens were then left to dry in

the laboratory environment for a further week prior to testing. Inclined

(In) cracks were formed using a series of folded plates of 2 mm

(a) Planar (Pl) (b) Inclined (In) (c) Tapered (Ta) 

Fig. 6. Schematic representation of crack configurations.
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thickness placed vertically in the prismatic moulds, before being cut in

the same manner as the planar crack specimens. These plates were

manufactured so that the angle of the flow path deviated from the ver-

tical by ± 5°. Both planar and inclined crack surfaces were filed with a

fine glass paper and cleanedwith pressurised air prior to testing. A sche-

matic representation of the crack configurations is given in Fig. 6.

For each crack type, a series of crack apertures were achieved by

using spacers which comprised short lengths of wires with diameters

varying from 0.094 to 0.900 mm. The wires were placed between a

pair of mortar specimens and the pair of specimens clamped together.

These short wire spacers were placed near the edges of the specimens

and are considered too small to have significantly interrupted the over-

all capillary flow.

A series of measurements of the crack aperture at the surface were

taken using a Beck Luminex microscope. For the planar and inclined

specimens a mean crack aperture was calculated based on these obser-

vations. For the tapered specimens the crack aperture was measured

once at the base and once at the top of the specimen. Planar and inclined

test specimen designations were “age (days)-crack configuration-

aperture (mm)”, for example 28-Pl-0.502 represents a 28 day old

specimen with a planar crack configuration of 0.502 mm aperture. For

tapered specimens both the base and top apertures were included in

the specimen designation.

The capillary rise response was captured with a high speed digital

camera, as previously described in full byGardner et al. [16]. The camera

was mounted on a platform 300 mm in front of the specimens. A lami-

nated scale was used to measure capillary rise and was adhered to one

side of the crack on the front face of the specimens. During the recording

phase of the experiment, adjustable lightingwas used in front of andbe-

hind the specimens to enhance the visibility of the crack.

5.3. Experimental and numerical simulation of capillary rise

In this section, comparisons are made between a selection of the re-

sults from experiments described in Section 5.2 of this paper and the re-

sults obtained from the numerical model presented in Section 2. The

experimental results presented examine the effect of crack aperture

and crack configuration on the level and rate of capillary rise of cyano-

acrylate. Moreover the effect of age is also considered in the context of

planar and tapered cracks. Capillary rise responses were extracted
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Fig. 8. (a) Planar Crack capillary rise response for 7 and 28 day old specimens. (b) Comparison with theoretical data.
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from the video files, in a similar sequence to that illustrated in Fig. 7

which shows a typical capillary rise height response for a planar crack

aperture of 0.271 mm together with the source data.

In order to simulate the capillary rise response for a planar crack ap-

erture, the average (mean) crack aperture as measured in the experi-

ment was used. For the tapering crack, the exact crack geometry was

used in the numerical model. The viscosity used in the numerical simu-

lations was 0.00366 Ns/m2 as established for cyanoacrylate in mortar

capillaries in Section 3 of this paper. On obtaining the equilibrium rise

height, the βs correction parameter was adjusted until the experimental

rise height was achieved. The correction parameter βm was then modi-

fied until the capillary rise response as observed in the experiment was

reproduced.

Firstly the capillary rise response for a range of planar crack aper-

tures are considered, the results of which are presented in Fig. 8 (a).

The specimens under examination were in the laboratory dry state.

For all crack apertures examined, the equilibrium capillary rise height

is consistent with that predicted from capillary flow theory (Eqs. (4)

and (5)), using a contact angle of 10° (as measured previously), a sur-

face tension of cyanoacrylate of 0.033 N/m and a βs correction parame-

ter of 0.01, as shown in Fig. 8 (b).

The results show that βs decreases from 0.12 for the 7 day old spec-

imen to 0.01 for the 28 day specimen. This observed reduction in the

stick slip parameterwithmortar age is attributed to changes in themor-

tar microstructure due to continued hydration, with the surface to

which the adhesive adheres gradually becoming drier and denser as hy-

dration proceeds.

Experimental and numerical capillary rise responses for cyanoacry-

late in inclined planar cracks are given in Fig. 9. Crack inclination angles

were between 77 and 82°measured from the horizontal. It can be noted
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here that the shape of the response curve, together with the response

times, are similar to those of the planar crack configuration, as predicted

by the flow theory.

The tapered capillary rise response for a range of apertures is given

in Fig. 10. It is difficult to draw comparisons between the 7 and 28 day

results due to the different crack apertures employed, however, there

is an indication that the initial capillary rise response of the 28 day old

specimens is faster than that of the 7 day old specimens. This is contrary

to previous observationsmade byGardner et al. [16] and reflects the dif-

ference in the flow properties of water and cyanoacrylate and the inter-

action between the healing agent and the host matrix resulting in the

retardation of the capillary rise response at younger specimen ages.

As observed in the planar and the inclined crack capillary rise re-

sponses, good agreement is obtained for the tapering crackswhen βs as-

sumes the values of 0.12 and 0.01 for 7 and 28 day specimens

respectively. Additionally, a βm value of 0.35 Ns/m2was found to be ap-

propriate for all crack apertures tested at all ages, reflecting the

standardised surface roughness that was achieved in the specimen

preparation prior to testing and confirming Blake's theory [26] that

this correction parameter is constant for any particular combination of

material and fluid considered. The βw correction factor was set to

0 m3/Ns in all cases, indicating no significant effect of wall slip on the

capillary rise response of cyanoacrylate in discrete cracks in cementi-

tious materials. This supports previous observations made by Gardner

et al. [16] concerning the capillary flow of water in discrete cracks.

Whilst evidence of cyanoacrylate curing was not seen in the initial

stages of themortar channel experiments reported in Section 2, qualita-

tive observations from the capillary rise experiments suggest that, 15 s

after the start of the experiment, significant cyanoacrylate curing had

occurred since it became difficult to separate the pair of specimens at

that time. This is believed to be as a result of the low cyanoacrylate vol-

ume to contact surface area and smaller crack apertures which promot-

ed bonding of the faces in the latter, in contrast to the higher

cyanoacrylate volume to contact surface areas employed in the former.

6. Simulation of healing agent flow in a self-healing system

In this section the predictive capability of the capillary risemodel for

a healing agent in a real crack of known geometrywill be assessed using

data from tests undertaken at Cardiff University (Joseph at al. [11]).

These experiments examined the efficacy of a self-healing cementitious

systemwith embedded capillary tubes filled with cyanoacrylate, which

ruptured upon damage and released cyanoacrylate into the crack plane.

The extent of capillary flow during and after two loading cycles was re-

corded by the authors for a range of test variables. The healing agent

used was an equivalent product to that employed in Section 3 and

was supplied by four 3 mm inner diameter hollow capillary tubes,

placed in a single layer, 20 mm from the bottom of the beam and

open to the atmosphere at both ends, as indicated in Fig. 11 (a). All of

the beams were subjected to two cycles of loading. In the first loading

cycle the beam was loaded until it reached its initial peak value, at

which point a sharp drop in the strength of the beam was recorded at

the same time as amacro crackwas observed to propagate from the un-

derside of the beam. The test was then continued until the beam

reached a crack mouth opening displacement (CMOD) of 0.3 mm, as

measured by a clip gauge. At this point, the specimen was unloaded

under stroke control, at the same constant rate used in the loading

part of the cycle. After a 24 hour period the beamswere re-tested to fail-

ure. A typical load-CMOD curve is presented in Fig. 11 (b) for the two

loading cycles.
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The CMOD value at which the first glass tube ruptured was noted

during the experiments and in all cases this occurred at a CMOD value

of 0.1 mm ± 0.015 mm. It is therefore assumed that the cyanoacrylate

is released at a clip gauge CMOD of 0.1 mm. An assessment of the crack

geometry at this CMOD value gives an opening of 0.077 mmat the level

of the glass tubes and 0.0 mm 5 mm from the top of the specimen. This

tapering crack profile yields the “upward” capillary rise response as ob-

served in Fig. 11 (c). The “downward” capillary rise response concerns

the profile of the crack from the level of the glass tubes (0.077 mm) to

the tip of the notch (0.1 mm) and the prediction is based on gravity con-

tributing to, rather than resisting, capillary flow. Although the capillary

rise response is not visible during the tests, an indication of the extent of

cyanoacrylate flow can be seen from the limit of cyanoacrylate flow ob-

served in the specimens after failure, as given by the dashed line in

Fig. 11(c). This final capillary rise was approximately 20 mm above

the level of the glass capillary tubes. The prediction suggests that this

would happenwithin 2.14 s of tube rupture, whichwould have allowed

sufficient time for the cyanoacrylate to flow before curing started (in a

crack of width 0.077 mm). Similarly the cyanoacrylate reaches the

base of the crack within 0.84 s, and visual observations of fluid flowing

from underneath the specimenmoments after the breaking of the glass

capillary tubes confirms this.

Without curing, the capillary risewould have been expected to reach

(or almost reach) the top of the crack. However, as reported earlier in

this paper, this cyanoacrylate is known to cure rapidly in gaps of

0.05 mm and less, and therefore the capillary rise would have been ex-

pected to arrest soon after reaching this crack opening. This was indeed

the case, with themean opening of the crack at themeasuredmaximum

rise height being 0.046 mm. It is noted that real flow path was tortuous

and that the crack openings given aremean values. However, a previous

study by the authors [16] on capillary flow of water in natural cracks

suggests that it is reasonable to consider mean openings, which are

equivalent to planar crack openings.

Whilst this assessment of the flow theory is not comprehensive, it

does provide an indication of the applicability of themethods proposed

to real self-healing systems.

7. Conclusions

The experimental arrangement used in this study allowed the capil-

lary rise response of cyanoacrylate in a range of crack configurations and

apertures to bemeasured. Planar, inclined and tapered crack configura-

tions were all considered as well as the effect of specimen age on the

shape and height of the capillary rise response.

In order to correctly model the rate of capillary rise, the time depen-

dent properties of the cyanoacrylate were investigated. It was evident

that the viscosity of the cyanoacrylate remained unchanged over a

time period of 15 min for the capillary diameters used. However,

therewas evidence of cyanoacrylate curing over prolonged timeperiods

(N2 h) as a result of either contaminationwith cementitiousmaterial or

exposure to the atmosphere.

The experimental capillary rise response of cyanoacrylate in discrete

cracks demonstrated that 28 day specimens always reached the theo-

retical equilibrium capillary rise height as suggested by the numerical

solution using a βs correction parameter of 0.01. The 7 day specimens

consistently achieved lower equilibrium rise heights than those predict-

ed by the numerical solution. It is suggested that this may be due to an

interaction, in the presence of moisture and an alkaline environment,

between the cyanoacrylate and the cementitious matrix, resulting in a

retardation of the fluid front and subsequent stick slip behaviour.

Although equilibrium capillary rise heights in agreement with the

modified Young–Laplace equation were observed for the planar and in-

clined crack configurations, the shape of the capillary rise response was

different from that predicted by the standard L–W equation. Three cor-

rection factors, previously presented in the literature [16]were adopted

in the numerical simulations presented in Section 6. For the capillary

flow of cyanoacrylate in discrete cracks inmortar the correction param-

eter for stick-slip behaviour at the meniscus front (βs) lies within the

range of 0.12 to 0.01 for 7 to 28 day specimens respectively whilst the

correction parameter for frictional dissipation at the meniscus wall

(βm) was 0.35 Ns/m2 for both 7 and 28 day specimens. Previous studies

with water placed the βm correction value at 0.55 Ns/m2 for 28 day

specimens, confirming the unique relationship that exists for a particu-

lar combination of material and capillary fluid [16]. The correction pa-

rameter incorporating the slip between the fluid and solid wall (βw)

was 0 m3/Ns in all caseswhich suggests that there is no significant influ-

ence of wall slip on the capillary rise response.

The application of the numerical model developed in this study to a

self-healing specimen, tested in Cardiff, suggests that it is appropriate to

use the model to predict the behaviour of such systems, provided that

the rapid cyanoacrylate curing that occurs in openings below 0.05 mm

is taken into account.
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