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Addressing the need for standardization of test methods for self-
healing concrete: an inter-laboratory study on concrete with

macrocapsules

Development and commercialization of self-healing concrete is hampered due to a
lack of standardized test methods. Six inter-laboratory testing programs are being
executed by the EU COST action SARCOS, each focusing on test methods for a
specific self-healing technique. This paper reports on the comparison of tests for
mortar and concrete specimens with polyurethane encapsulated in glass
macrocapsules. First, the pre-cracking method was analysed: mortar specimens
were cracked in a three-point bending test followed by an active crack width
control technique to restrain the crack width up to a predefined value, while the
concrete specimens were cracked in a three-point bending setup with a
displacement-controlled loading system. Microscopic measurements showed that
with the application of the active control technique almost all crack widths were
within a narrow predefined range. Conversely, for the concrete specimens the
variation on the crack width was higher. After pre-cracking, the self-healing effect
was characterized via durability tests: the mortar specimens were tested in a water
permeability test and the spread of the healing agent on the crack surfaces was
determined, while the concrete specimens were subjected to two capillary water
absorption tests, executed with a different type of waterproofing applied on the
zone around the crack. The quality of the waterproofing was found to be important,
as different results were obtained in each absorption test. For the permeability test,
4 out of 6 labs obtained a comparable flow rate for the reference specimens, yet all
6 labs obtained comparable sealing efficiencies, highlighting the potential for

further standardization.

Keywords: round robin test; self-healing concrete; standardization;
macrocapsules; polyurethane; capillary water absorption; water permeability;

active crack width control technique; machine learning

Subject classification codes: 10 Engineering and structural materials; 600 self-

healing concrete



1. Introduction

Self-healing concrete has a great potential as a building material as it is able to heal its
own defects without external human intervention. These defects are a common
phenomenon in concrete and manifest as cracks caused by e.g. mechanical loading or
restrained shrinkage. In most cases the formation of cracks does not pose an immediate
risk for the structural behaviour of concrete elements. However, these cracks may
significantly accelerate the degradation of the elements, and might thereby reduce the
service life and the sustainability. To restore the damaged concrete, repair actions may
need to be undertaken which are expensive due to the requirement of skilled labour and
specialised repair products, on top of indirect costs such as temporary loss of function.
By providing concrete with the ability to heal itself, through the addition of healing agents
and changing the mix design, the initial construction cost requires an increased
investment. Yet, the total lifetime cost can be reduced as a result of a decreased need for
repair and maintenance, in addition to an extended service life. Structures which can
operate longer without being replaced also have a significant environmental benefit,
considering that the construction sector has a large share in the global CO> emissions [1].

Many different self-healing methods for cementitious materials have been
proposed [2]. A wide variety of test methods is already available to assess the
performance of self-healing cementitious materials to be used in new structures [3] and
to assess external surface treatments to repair existing structures [4]. Additionally, several
numerical models investigating self-healing cementitious materials have been developed
[5]. Nonetheless, it often remains difficult to compare results from different studies as no
standard test methods are yet available to test the efficiency and the enhancement caused
by the self-healing properties. This is made more difficult by the large variety of factors

which can influence the self-healing behaviour [3]. This lack of standardized test methods



for self-healing concrete hinders international collaboration and slows down further
development. Additionally, it impedes commercialisation as it is difficult to convince the
construction sector, which is used to a strictly regulated concrete production. In an effort
to remediate this, six different inter-laboratory testing programs to evaluate test methods
to assess the efficiency of self-healing concrete have been established within the
framework of the EU COST Action CA 15202 SARCOS [6]. In addition to the
assessment of the test methods, the goal of these inter-laboratory testing programs is also
to quantify the behaviour of the self-healing techniques in concrete instead of in cement
paste or mortar which are often used in lab scale experiments. When upscaling from lab
scale to real-life concrete mix designs, there is a dilution of the healing agents, when the
dosage is kept constant with respect to the cement weight [2]. Increasing the dosage is
often not desirable due to the negative effect on mechanical properties [2, 7, 8, 9, 10, 11,
12] and the increased cost. As a recognition to the versatility of self-healing cementitious
materials, each of the six inter-laboratory testing programs focuses on a different self-
healing technique: (1) concrete with mineral additions, (2) concrete with the addition of
magnesium oxide, (3) concrete enhanced with crystalline admixtures, (4) high
performance fibre reinforced concrete enhanced with crystalline admixtures, (5) concrete
with preplaced macrocapsules containing polymeric healing agent, and (6) concrete with
encapsulated bacteria. The ongoing development of standardized test methods for self-
healing concrete is ensured by the recent start of a large international Marie Curie training
network called SMARTINCS (Smart, Multi-functional, Advanced Repair Technologies
In Cementitious Systems), in which different self-healing methods and their
commercialization potential will be further investigated [13, 14].

This paper reports on the fifth inter-laboratory testing program, focussing on

concrete with macrocapsules. The use of macrocapsules in cement composites already



dates back to 90s [15, 16, 17]. Since then macrocapsules have been used to incorporate a
wide variety of healing agents in cementitious materials [2, 18, 19, 20, 21, 22, 23, 24].
The macrocapsules which were used in this study were glass tubular capsules filled with
polyurethane. The glass capsules were placed in the moulds prior to casting so that their
location was known and precisely controlled. This had the advantage that the healing
agent had to be supplied only at the location of the specimen where cracks were expected,
thus preventing the addition of healing agent whose healing potential would not be
triggered. When the cementitious matrix cracks at the location of a capsule, the glass shell
breaks, allowing the polymeric healing agent to flow out and seal the crack. Different
studies have already shown good results for the same type of polyurethane encapsulated
in glass capsules. For this healing mechanism the bending strength can be partially
regained (up to 35 %) and once the polyurethane has hardened it is capable of bridging
moving cracks (i.e. cracks with a changing width due to changes in the stress in the cross-
section) with an additional crack opening between 50 and 100 % [25]. The regain in liquid
tightness (often referred to as sealing efficiency) is very good - even up to perfect - with
regard to capillary water absorption [25, 26, 27] and water permeability [28]. In a
preliminary study with regard to the recovery of the durability against carbonation, it was
noted that more than half of the specimens behaved as if uncracked [29]. With regard to
the resistance against chloride ingress, an accelerated chloride diffusion test showed a
healing efficiency of 75 % or higher in healed cracks from a depth of 6 mm onwards away
from the exposed surface. In addition, a probabilistic service life prediction executed in
the same study highlighted that for a reinforced concrete slab with this encapsulated
healing agent in exposure class XS2 the first repair would only be needed after 60-94
years, instead of after 7 years [30]. Performing non-steady state chloride migration tests

even showed a perfect durability recovery in all tested samples [31]. The good behaviour



in chloride environments was also noted in a separate study which indicated an increased
resistance with regard to chloride induced reinforcement corrosion [32].

The inter-laboratory testing program was split up in two parts. In the first part,
reinforced concrete specimens with and without capsules were cracked in a displacement-
controlled three-point bending test (passive crack control). Subsequently, these concrete
specimens were subjected to two capillary water absorption tests, each absorption test
being executed with a different type of waterproofing applied on the zone around the
crack. In the second part, unreinforced mortar specimens were cracked in a force-
controlled three-point bending test after a Carbon Fibre Reinforced Polymer (CFRP) strip
was glued on their top surface. Immediately after cracking, the crack width of the mortar
specimens was reduced to the desired crack width using an active crack control technique
[33]. Once the crack width of these prismatic mortar specimens was controlled, they were

subjected to a water permeability test [ 10, 34].

2. Materials and methods

This section provides information on the used healing agent, the specimen preparation
and the testing methods. In total, 6 university laboratories from five different European
countries participated in this inter-laboratory testing program: Ghent University,
Politecnico di Torino, Riga Technical University, Cracow University of Technology,
Cambridge University, and KU Leuven (Ghent Technology Campus). All macrocapsules
and all specimens were prepared at Ghent University. Cracking and subsequent testing
were performed at the participating laboratories.

The inter-laboratory testing program which is reported here is the only one within
the framework of the COST Action SARCOS which did part of the tests on mortar
specimens. Unlike for the other healing techniques, the amount of polymeric healing

agent is not bound to the mortar fraction, meaning that there is not necessarily a deficit



of healing agent at the location of large aggregates, as might be the case for other healing
agents. For macrocapsules the amount of healing agent is entirely determined by the
amount of capsules, not by the mix design and the mortar/paste fraction. As long as the
viscosity of the healing agent is within certain boundaries, the healing agent will fill the
crack volume regardless of the amount of aggregates at the location of the crack.
Boundaries of 100 to 500 mPa.s for the viscosity have been reported, as this is low enough
to allow for an emptying of the capsules and a subsequent flow through the crack, but
also high enough to prevent absorption of the agent by the matrix and to prevent the
healing agent from seeping out of the crack [15]. Another reason for doing part of the
tests on mortar instead of concrete, is that the studied healing mechanism has already
been implemented in large concrete beams (150 x 250 x 3000 mm?) [35]. Analysing a test
method on mortar specimens also allowed to accommodate an important part of the
research field which is still in the prototype phase, during which healing agents are often

expensive and screening on mortar is required prior to testing the efficiency in concrete.

2.1. Encapsulated healing agent

The polymeric healing agent which was used in this study was a liquid single-component
polyurethane (PU) which is commercially available (HA Flex SLV AF, GCP Applied
Technologies, Belgium). The PU had a low viscosity (< 250 mPa.s at 25 °C) and was
developed as a resin for the manual injection of small cracks (< 0.5 mm). Upon contact
with moisture, which is present in the air or in the concrete matrix, the PU polymerizes.
When the product comes into contact with liquid water it can undergo an expansive
foaming reaction, as a result of water reacting with the isocyanate groups causing the
formation of carbon dioxide. To protect the agent from polymerizing up until the moment

of crack initiation, the agent was encapsulated in tubular capsules. These macrocapsules



were made from borosilicate glass with an external, respectively internal, diameter of
3.35 mm and 3 mm (Hilgenberg, Germany). Glass macro-capsules are considered to be
representative also for other types of brittle capsules, e.g. capsules made from cement
paste [24, 36, 37, 38], ceramic material [39, 40, 41] or PMMA [42, 43]. The length of the
capsules varied depending on the type of specimen. Yet, the ratio of the total volume of
healing agent (calculated as the sum of the internal volume of all capsules in a specimen)
over the theoretical crack volume (approximated as a triangular shaped bending crack
varying linearly from the bottom of the specimens to the top) was kept constant. To
estimate the volume of healing agent in a capsule, an effective length of the capsule was
assumed, being 5 mm shorter than the total length. This was done to account for a small
amount of air in the capsule, as well as the sealing of the capsules with a two-component
epoxy glue (PC 5800, Tradecc, Belgium).

To manufacture the macrocapsules, one side of the tubular glass capsules was first
sealed with epoxy glue which was allowed to cure overnight. Subsequently, the capsules
were filled with the PU healing agent using a syringe with needle. Care was taken to limit
the amount of entrained air. The used PU had a weak yellow colour. To make the leakage
of PU from the cracked specimens more visible, a small amount of bright yellow
fluorescent powder dye (EpoDye, Struers, the Netherlands) was mixed into the PU prior
to filling the capsules. After filling the capsules with PU, the open side of the capsules
was also sealed using epoxy glue.

Specimens which contained capsules were denoted as CAPS specimens, as
opposed to reference specimens without capsules which were denoted as REF specimens.
Both the REF and the CAPS specimens were cracked. Part of the concrete reference
specimens without capsules remained uncracked to determine the sorption coefficient on

uncracked concrete, these were denoted as UNCR specimens.



2.2. Concrete specimens

2.2.1. Concrete specimens preparation

Concrete prisms with a dimension of 60 x 60 x 220 mm? were cast using the mix
composition given in Table 1 (an average air content of 2 % was assumed in the
calculation). The dimensions were chosen to allow for an easy handling during the
capillary water absorption test (see section 2.2.3) and to optimize shipping. As a result of
these dimensions the maximum aggregate size was limited to 8 mm. The used cement
was a CEM 142.5 N (ENCI, the Netherlands) and the water to cement ratio was equal to
0.55. To improve the workability and to allow the concrete to easily flow around the
macrocapsules, 0.41 m% of a superplasticizer based on modified polycarboxylic ether
polymers (Master Glenium 27 concentration of 20 %, BASF, Belgium) was added
relative to the weight of cement. The dry components were first mixed for 1 min (vertical
shaft mixer with rotating pan and capacity of 50 litres, Eirich, Germany), after which the
water together with the superplasticizer were added and the mixing operation continued
for another 2 min. Due to the large quantity of specimens which needed to be cast (12
REF prisms, 12 CAPS prisms and 3 UNCR prisms for each lab), individual batches were
prepared for each lab.

Two smooth reinforcement bars with a diameter @ of 3 mm (low alloyed steel
TIG welding rods, Hilco, Germany) were positioned at 12 mm from the bottom of the
specimens, see Fig. 1. To improve the bond between the bars and the concrete matrix,
they were slightly manually roughened using sandpaper. All labs received REF
specimens without macrocapsules. For the CAPS specimens two different layouts were
considered. Lab 1 to 5 received concrete specimens with 4 macrocapsules with a length
of 60 mm, see Fig. 1 a. Lab 6 received concrete specimens with 5 macrocapsules with a

length of 49 mm, see Fig. 1 b. By changing the capsule length, the total volume of healing



agent was the same in the two layouts. The position of the capsules was determined by
assuming an equal outflow radius out of each capsule, i.e. assuming an identical circular
outflow. For the layout with 4 capsules, the two outermost capsules (i.e. the capsules
closest to the side faces of the mould) were positioned so that the largest aggregates could
pass between the capsule and the side faces of the mould, which was done out of fear for
compaction errors. As a consequence, the outer capsules in that layout needed to supply
healing agent to a slightly larger area of the crack in order to obtain perfect healing, see
Fig. 1 a. For the layout with 5 capsules the requirement that the largest aggregates should
be able to pass between the capsules and the side faces was not imposed as this would
cause too much deviation from the identical circular outflow for the outermost capsules.
Instead extra care was taken in filling and compacting these moulds. In both layouts,
capsules were prepositioned in the moulds by gluing them on a nylon wire running just
above the reinforcement, see Fig. 2 a.

All specimens were compacted on a vibration table. For the specimens with
capsules, concrete was first placed next to the capsules, see Fig. 2 b. The vibration table
was then activated allowing the concrete to flow under and between the capsules, after
which the rest of the concrete was added. The specimens were stored in a curing room
(20 °C and >95 % relative humidity RH) and the day after casting they were demoulded.
No compaction defects were visible for the specimens with 5 capsules, despite the limited
distance between the outer capsules and the walls of the mould. The specimens were
sealed in plastic foil in groups of 3 to prepare them for shipping. Up until the moment of
shipping the specimens remained in a climate room at 20 °C.

For each batch of specimens, the workability (determined by flow table testing
according to EN 12350-5), the fresh density (EN 12350-6) and the air content (pressure

gauge method following EN 12350-7) were determined. Additionally, a minimum of



three control cubes with a side of 100 mm were taken from all batches to determine the
concrete compressive strength (EN 12390-3). The cubes were demoulded at the same
time as the test specimens and were sealed in plastic foil in the same curing room at 20 °C.

The strength testing for all specimens was performed at Ghent University.

2.2.2. Concrete specimens cracking

Prior to cracking the concrete specimens, the different participating labs sawed a notch
with a depth of 3 =2 mm in the bottom of the specimens at the middle of the span. The
average depth of the notch d,,,¢.p, for the different labs is given in Table 2. At an age of
15 £+ 1 days after casting the specimens were cracked in a three-point bending test with a
span of 190 mm. Depending on the lab, the crack formation was controlled using a
displacement-controlled loading system by means of either a linear variable differential
transformer (LVDT) or a crack mouth opening displacement (CMOD) clip gauge
mounted on the bottom of the specimens. One lab used digital image correlation (DIC)
measurements to control the crack formation. The crack was opened at a speed of
approximately 0.7 um/s. The target crack width at the crack mouth after unloading was
300 um. To achieve this, several labs opened the cracks to a wider extent to account for
an elastic closure of the crack upon removal of the load as a result of an elastic shortening
in the reinforcement. Table 2 provides an overview of the used displacement-controlled
loading system, as well as the maximum crack width w,,,,, measured by the system prior
to unloading. It should be noted that lab 1 and 6 used exactly the same test machine,
displacement-controlled loading system and test procedure, although the operator was
different.

After cracking of the specimens, they were stored in a dry lab environment with

their crack facing downwards for minimally 24 hours to allow the PU to polymerize



inside the crack. Afterwards, specimens were submersed in demineralized water for
24 hours, to make sure all the PU had polymerised. Prior to submersion, the crack width

of the specimens was measured.

2.2.3. Capillary water absorption to assess sealing efficiency of concrete

specimens

Prior to the capillary water absorption test, the specimens were dried in an oven at 40 °C
for a minimum of 14 days until constant weight was achieved. Constant weight was
considered to be achieved when the change in mass over a period of 2 hours was less than
0.2 %. The specimens were subsequently acclimatized for 1 day at 20 °C and 60 % RH.
Prior to testing, the specimens were partially waterproofed using adhesive aluminium
tape to avoid that absorption through the matrix could be dominant with respect to
absorption through the crack. The bottom and side of the specimens were waterproofed
except for a zone on the bottom with a width of 14 mm centred around the crack. This to
allow for possible deviations of the crack path from the notch and to cover small damages
on the bottom surface of the specimens due to the removal of the attachments glued on
the specimens to secure the CMOD or LVDT system during cracking.

The dry weight of the specimens (with waterproofing) was recorded and
subsequently the specimens were placed in contact with water. The specimens were
placed on spacers so that there was a volume of water under the specimen. The water
level in the containers was approximately 3 = 1 mm above the top of the notch. During a
period of 24 hours the specimens were one by one taken out of the water at predefined
time steps (after 10 min, 20 min, 30 min, 1 h, 1 h 30 min, 2 h, 3 h,4 h, 6 h, 8 h, and 24 h).
The excess water on the surface was removed using a slightly pre-wetted cloth and the
weight of the specimen was recorded, after which the specimen was immediately placed

back in the water and the next specimen was taken out.



The result were plotted in a graph (x-axis: Vtime (\Vh), y-axis: water uptake (g)).
The slope of the line was termed the sorption coefficient SC. The sealing efficiency

SE,ps. Was calculated as:

SCrer—SC,
SEabs_ — _REF _CAPS (1)
SCREF—SCuNCR

with:
- SCrir the average sorption coefficient of the cracked reference specimens (g/vh);
- SCc4ps the average sorption coefficient of the cracked self-healing specimens
containing capsules (g/\h);
- SCyncr the average sorption coefficient of the uncracked reference specimens (g/Vh).
To investigate the influence of the sealing quality, the aluminium tape was
removed from the specimens and the specimens were stored again for 14 days in an oven
at 40 °C. They were then taken out of the oven for 3 days to apply a water impermeable
coating (depending on the lab either an epoxy or a polyurethane was used). After the
coating had dried, specimens were moved back into the oven for 3-4 days. Next, they
were acclimatized for 1 day at 20 °C and 60 % RH and the capillary water absorption test
was repeated.
An instruction video of the capillary water absorption test can be found in the

supplementary material.

2.3. Mortar specimens

2.3.1. Mortar specimens preparation

Unreinforced mortar prisms (40 x 40 x 160 mm?) were cast using the mortar mix
composition given in Table 3 (an average air content of 4.5 % was assumed in the
calculation). The same cement and sand were used as for the concrete samples; however,

the sand was sieved so that the maximum aggregate size was 2 mm. The water to cement



ratio was 0.50. Superplasticizer based on modified polycarboxylic ether polymers
(Master Glenium 27 concentration of 20 %, BASF, Belgium) was added at a dosage of
0.16 m% relative to the weight of cement. The dry components were first mixed for 1 min
(forced action pan mixer with a maximum capacity of 14 litres, CreteAngle, UK), after
which the water together with the superplasticizer were added and the mixing operation
continued for another minute. Any mortar sticking to the sides of the mixing bowl was
manually scraped off and the mortar was mixed for an additional minute. For each lab a
separate batch was made to cast the specimens, similar as for the concrete specimens (see
section 2.2.1).

The mortar prisms remained unreinforced. Yet, the specimens were provided with
a cast-in hole in order to perform the water flow test (see section 2.3.3). This cast-in hole
was created by placing a smooth steel bar (@ 5 mm) along the length of the moulds. This
smooth steel bar was covered with demoulding oil. When the specimens were demoulded,
the day after casting, the steel bar was pulled out of the mortar prisms, creating a hollow
core along the longitudinal axis of the specimens. The cast-in hole was located with its
centre at 15 mm from the bottom side of the specimens, see Fig. 3. For the self-healing
specimens the capsules were placed at a height of 5 mm above the bottom side of the
specimen so that the vertical distance between the cast-in hole and the capsule, and the
distance between the capsule and the bottom side of the specimen was approximately
equal. The moulds were filled in 2 layers and every layer was compacted on a jolting
table by 60 jolts (in accordance with EN 196-1). The mortar specimens were stored in a
curing room (20 °C and >95 % RH). and the day after casting they were demoulded. After
demoulding, the specimens were sealed in plastic foil in groups of 3 to prepare them for
shipping. Up until the moment of shipping the specimens remained in a climate room at

20 °C.



Aside from the test specimens, 3 prisms were made from each batch to determine
the strength at 14 days according to the method described in EN 196-1. The strength
testing for all specimens was executed at Ghent University. For each batch, the
workability (according to EN 1015-3, table was not lubricated with oil but with a damp
cloth), the fresh bulk density (according to EN 1015-6) and the air content (according to
EN 1015-7) were determined once. To determine the fresh bulk density and the air
content, the measuring vessel was filled in 2 layers which were each compacted by 60

jolts on a jolting table, similar to the test specimens.

2.3.2. Mortar specimens cracking and active crack width control

Prior to shipping the mortar specimens, a carbon fibre reinforced polymer (CFRP) strip
(PC® Carbocomp UNI, Tradecc, Belgium) with dimensions of 40 x 160 mm? was glued
on the top of the specimens using an epoxy resin (Sikadur®-30, Sika, Belgium), see Fig.
3. Due to the limited dimensions, the specimens were not provided with a notch. On the
one hand this had the disadvantage that the crack path was a bit more tortuous, on the
other hand the crack pattern was more natural. At an age of 14 or 15 days each of the
different labs cracked the specimens in a three-point bending test with a span of 100 mm
and a loading rate of 50 N/s (similar to the bending test prescribed by EN 196-1). The
specimens were positioned so that the CFRP strip was at the top (i.e. the compression
side). Due to the fact that there was no tensile reinforcement in the specimens they failed
suddenly; however, both halves remained connected due to the CFRP strip. Due to the
stiffness of the CFRP there was only one degree of freedom; the cracks could widen or
close [33]. Immediately after cracking, the specimens were placed with their crack mouth
facing upwards and the crack width was restrained using screw jacks (shipped by Ghent
University) to approximately 400 um, see Fig. 4. The crack width was then further

restrained under an optical microscope using an iterative procedure of measuring and



restraining until the average crack width (see section 2.4) fell within the desired crack
width range of 290 to 310 um. The specimens were then turned so that the crack mouth
was facing downwards (i.e. CFRP facing upwards). In order to limit the influence of the
specimen orientation on the outflow of PU from the capsules, specimens (both from the
CAPS series and the REF series) were cracked and immediately restrained prior to
cracking a new specimen. The entire process of restraining and measuring the crack width

of a specimen was executed in less than 30 min.

2.3.3. Water permeability test to assess sealing efficiency of mortar specimens

To measure the water permeability of the specimens a water flow test was used [10, 33,
34, 44, 45]. Prior to executing the test, specimens were stored dry in an indoor climate
with their crack facing downwards for at least 1 day to allow the PU to polymerize.
Afterwards, specimens were submersed in demineralized water for 24 to 48 hours to
prevent any influence on the results from water absorption by the matrix. The specimens
were then taken out of the water and were surface dried. To connect the specimens to the
water flow setup, the cast-in hole was enlarged on one side to a diameter of 6 mm over a
length of 25+ 5 mm using a drill. This was done prior to cracking to prevent the
vibrations from influencing the crack. A short tube (length of + 60 mm, Dexternat 6 mm,
Ointernal 4 mm) was then inserted in the cast-in hole and a watertight connection was
ensured using silicone. The other side of the cast-in hole was sealed completely (e.g. with
silicone or a rubber stopper), see Fig. 5. The inserted tube was connected to a tube (length
of 130 £ 10 cm, Dexternal 6 mm, Dineernal 4 mm) in contact with an open water reservoir.
Instead of drilling and inserting a short tube, lab 4 used a plastic sleeve with a changing
diameter so that on one side it could fit inside the cast-in hole and on the other side it
could slide over the tube which connected with the water reservoir. The water head,

measured from the cast-in hole in the specimens up to the water level, was kept constant



throughout the test at 50 =2 cm by topping up with demineralized water whenever
required. Water from the reservoir flowed through the tubes into the cast-in hole, from
where it could leak out of the specimens via the crack. Only the water leaking out of the
crack mouth, i.e. the bottom side of the specimens, was considered. Therefore, the sides
of the specimens were sealed prior to saturation by using aluminium tape, silicon sealant,
or a viscous glue (e.g. viscous methyl methacrylate, see Fig. 4). The first 60 s that water
was leaking from the crack were not recorded in order to measure only a fully developed
flow and to allow water bubbles to be flushed from the system. Subsequently, the weight
of the water which leaked from the crack was recorded for a minimum duration of 6 min.

The sealing efficiency SEf,,, of CAPS specimens with respect to REF specimens

was calculated as:

SEflow — C_IREZ;ZSAPS (2)

with: grpr the mean water flow (g/min) of the reference specimens and g.4ps the mean
water flow (g/min) of the self-healing specimens containing capsules.

The employed water permeability test has already been investigated in a previous
round robin test assessing the sealing efficiency of mortar with the addition of a bacteria
based self-healing agent [44]. Unfortunately, this study was not able to come to
conclusive results which was partly attributed to the large variation of the crack widths
between different labs, as well as within individual labs. Additionally, it was argued that
the cast-in hole was positioned too high in the specimens. A more recent study, in which
the cast-in hole was positioned lower in the specimens and an active crack width control
technique was applied to reduce the variation on the crack width, showed that it is possible

to come to consistent results with this water permeability test [33].



2.3.4. Visual examination of healing agent on the crack surfaces of mortar

specimens

After performing the water permeability test, the CAPS specimens were split at the
location of the crack to determine the healing agent coverage [25, 26, 27, 36, 37]. Pictures
were taken from both crack faces of each specimen. The PU spread was determined via
machine learning by using the Trainable Weka Segmentation plugin which is part of the
open source software ImagelJ (Fiji version 1.52) [46]. After manually training the machine
learning algorithm, it was possible to produce a pixel-based segmentation of the zones
with and without PU. The segmented images were then filtered to remove outliers, after
which the images were manually checked for misidentified zones e.g. a sand particle
being identified as PU due to similar colour. The application of the Trainable Weka
Segmentation to analyse images has also been used by Rodriguez et al. [47] to segment
swollen SAP particles in tomography images of cracked mortar. Once the images were
manually checked, the area with and without PU was determined. The surface coverage
is the ratio of the area with PU over the total area (including cast-in hole) and is in this
paper reported as the average from both crack faces of a specimen, as it was noted that
the PU spread on the segmented images was similar on each crack face. This is different
from a study by Van Belleghem et al. [26] who worked with the same PU and noted that
the PU fractured at the contact surface with the mortar and was thus only visible on one
of the crack surfaces. In the current study fluorescent powder dye was added to the PU to

make it more discernible. This dye left an imprint on the crack surfaces.

2.4. Crack width measurement

After cracking, the crack width at the crack mouth was determined using an optical
microscope. Along the crack path different locations (3 for mortar specimens and 4 for

concrete specimens) were chosen to measure the crack width. The operator chose



locations representative for the crack. Thus, the locations were not fixed as this would
pose the risk of studying a location with a defect, e.g.: a missing aggregate or sand
particle, (semi) loose particles, missing pieces of the cementitious matrix or parallel
cracks. In order to standardise the crack width measurement as much as possible, the
operators were provided with guidelines, see supplementary material. Images taken at
locations with a defect would have resulted in the measurement of a local phenomenon,
instead of a desired global description of the crack. In each location the crack width was
measured 5 times. The reported average crack width was calculated as the average of the
dataset compiled from all measuring points over the different locations of a crack. This
means that e.g. for a mortar prism the average was calculated from 15 points, i.e. 5 points

for each of the 3 locations, representative for the crack.

3. Results and discussions

3.1. Concrete specimens

3.1.1. Fresh and hardened properties of concrete

For each lab a separate batch of concrete was prepared at Ghent University. For each
individual batch the workability (by flow table test), fresh density and air content were
determined, see Table 4. The workability of all batches was comparable, with the batch
used to produce specimens for lab 4 having a slightly lower workability and the batch
used to produce specimens for lab 6 having a slightly higher workability. The air content
was relatively constant and varied from 1.6 % to 2.6 %.

For each individual batch the compressive strength (along with the hardened
density) was also determined at Ghent University on cubes with a side of 100 mm. The
age at testing of the different batches is given in Table 4. For four batches, tests were

executed at 14 (+1) days. The cubes made from the batch used to cast the specimens of



lab 4 were tested at four weeks to determine the 28 day compressive strength, and the
cubes made from the batch used to cast the specimens of lab 5 were tested at 5 days,
which approximately corresponded to the time that most specimens were shipped. From
these results it is clear that specimens had obtained approximately 70 % of their
compressive strength in the first week. After 2 weeks, the concrete (nearly) obtained its
full compressive strength. It is noted that the compressive strength of the concrete of batch

6 was slightly higher than that of the other labs.

3.1.2. Cracking and crack width of concrete specimens

From the data recorded during crack creation by three-point bending, controlled by using
a displacement-controlled loading system, it was possible to plot load-displacement
graphs. In the case of CAPS specimens, small drops in the load indicated the rupture of
capsules. Fig. 6 shows the load displacement graph of a representative concrete specimen
with 4 capsules. In the represented case the 4 capsules broke at: 66, 96, 108 and 167 um
of crack mouth opening. For some specimens it was not possible to discern a discrete load
drop for all of the contained capsules. The reason for this could be noise on the data or
simultaneous breaking of multiple capsules. It has been reported for the type of capsules
used in this study that the crack width at rupture at the location of the capsule is
approximately 25 um [48]. This value was surpassed in all specimens; therefore, it can
be assumed that all capsules inside of the concrete specimens ruptured.

After cracking, the crack width w at the bottom side of the concrete specimens
was measured. Fig. 7 shows the individual mean crack width of each specimen, as well
as the mean of the series (horizontal lines) and the 95 % confidence interval on this mean
(error bars) for both REF and CAPS specimens. The horizontal dashed line indicates the
target crack width of 300 pm. It is evident that there was quite some variation on the

results, even though 2 minimal outliers (one of lab 3 REF and one of lab 4 REF) and 2



maximal outliers (two of lab 4 CAPS) were discarded from the dataset prior to plotting
this graph and performing the subsequent statistical analysis. Table 5 shows the number
of specimens for each lab after removing the outliers (lab 3 and lab 4 also lost some
specimens while calibrating the cracking procedure). For each lab it was statistically
analysed if the mean crack width of the REF, respectively CAPS specimens, was equal
to the target crack width of 300 um (level of significance = 5.0 %). Table 6 indicates that
this hypothesis was not valid in the case of: the REF series of lab 2, both the REF and
CAPS series of lab 3 and 5, and the REF series of lab 4. For the REF series of lab 2 the
difference was rather moderate; the mean was practically equal to the target with a mean
value of 290 um, but the statistical test indicated a significant difference from 300 um
due to the low variation on the results, see also Fig. 7. For each lab it was also analysed
using independent sample t-tests (level of significance = 5.0 %) if the mean crack width
of the REF series was equal to the CAPS series. Table 6 indicates that only for lab 4 a
moderately significant result was obtained (probability value p = 3.0 %). Indeed, Fig. 7
shows that the CAPS specimens of lab 4 had a slightly wider crack width than the REF
specimens. To study if there was a significant difference for the crack widths obtained by
the different labs the results of the REF and CAPS specimens were taken together —
despite the difference between the REF and CAPS series of lab 4. Equal variances could
not be assumed in the analysis (level of significance = 5.0 %, p = 0 %). Therefore, the
equality of means was investigated by both a Welch test and a Brown-Forsythe test. Both
tests showed that the means were not all equal (level of significance = 5.0 %, p = 0 %).
In the post hoc analysis a Tamhane's T2 test revealed two separate groups: the means of
lab 1, 2, 4 and 6 were equal (level of significance = 5.0 %, p > 97.0 %) and the means of

lab 3 and 5 were equal (level of significance = 5.0 %, p = 100 %).



It is surprising that lab 4 obtained wider crack widths than lab 5 (especially for
the CAPS specimens) since they both used a CMOD for controlling the cracking process
and the ultimate crack opening under load was higher for lab 5 than for lab 4 (400 versus
300 um, see Table 2). This might be partially explained by the fact that the notch was, on
average, sawn less deep in the specimens of lab 4 compared to the specimens of lab 5
(1.5 mm compared to 4.5 mm, see Table 2). As a result, the microscopic measurements
of the crack mouth (i.e. inside the notch) of the specimens of lab 4 turned out to be closer
to the CMOD values recorded under load. From Table 6 it can also be noticed that the
variation on the crack width of the CAPS specimens tested by lab 3 is very large
(coefficient of variation CoV = 32.1 %). Possibly the capsules induced an unsteady
behaviour which made crack control via DIC not ideal. The low crack width of the REF
specimens of lab 3 can be explained by the final crack opening which was only 300 pm
and was measured by the DIC system directly in the notch. Upon load removal, the steel
reinforcement underwent some elastic regain thereby partially closing the crack. The fact
that lab 1, 2 and 6 obtained the target crack width of 300 um was not entirely surprising;
they opened the cracks the widest, up to a maximum value recorded by the loading system
equal to 485 um, see Table 2. The opening of the crack was controlled by a CMOD or
LVDT positioned at the bottom of the specimens. At the location of the crack mouth
(inside the notch) the crack width was a little bit lower but still larger than 300 pm. Upon
removal of the load, the steel reinforcement underwent some elastic regain, closing the

crack a little bit, thereby obtaining the target crack width of 300 pm.

3.1.3. Capillary water absorption of concrete specimens

After oven drying and waterproofing with aluminium tape, the specimens were brought
in contact with water to perform the capillary water absorption test. They were taken out

after specific time intervals, the excess water was wiped from the surface and the mass of



the specimens was determined. The limited size of the specimens allowed for an easy and
manageable handling of the specimens, as opposed to larger and heavier concrete
specimens reported in literature [49]. Fig. 8 shows the average cumulative mass gain
plotted versus the square root of time for the specimens of all 6 labs. In the case of the
cracked series (REF and CAPS), the average was calculated using the results of §8-12
specimens, see Table 5. For the uncracked series (UNCR) the results of 3 specimens were
used. The water ingress in the uncracked specimens of lab 5 might have been slightly
different as these specimens were not provided with a notch. For lab 1 the exposed area
with a width of 14 mm centred around the crack was also enforced on the sides of the
specimens and not only on the bottom as was the case for the other labs, except lab 4 for
which this was also not done. For lab 4 the exposed area was equal to the width of the
notch (on average 4 mm), both on the bottom and side surfaces. Without the lateral water
proofing water will also have entered into the concrete from the sides, but this effect will
not have been dominant since lab 1, 2 and 6 show a similar behaviour.

Van Belleghem et al. [50], who did a comparison of an experimental study and a
finite element analysis, highlighted that it is the geometry and the distribution of the
concrete zones in contact with water which is determinative for the capillary water uptake
and not only the surface area exposed to water. They concluded that for an uncracked
cementitious matrix, the water ingress will follow a unidirectional mode in the case of no
waterproofing, while the ingress will follow a multidirectional mode in the case of partial
waterproofing. Thus, the fact that a partial waterproofing was applied is more important
than the actual dimensions of the concrete zone in contact with water. This statement is
underlined by Table 7, which shows the initial rate of water absorption I (in mm/s) from
10 min of water contact to 6 hours of water contact. This initial rate of water absorption

was determined based on ASTM C1585 by normalising the linear slope of the mass gain



(in g) versus the square root of time (in Vs) by the exposed bottom area of the specimen
(in mm?) and the density of water (in g/mm?). Due to the much narrower exposed area of
the specimens of lab 4, I is much larger than measured by the other labs, e.g. I measured
by lab 4 is approximately 10 times higher than I measured by lab 1, while the mass gain
is only 2 to 3 times as high (see Fig. 8). Therefore, it must be concluded that normalising
the mass gain by the exposed area is only useful when the exposed area and the specimen
size are exactly the same for all specimens. Additionally, it is highlighted that, aside from
not waterproofing the exposed bottom surface of the specimens, the specimens in
ASTM C1585 are uncracked. As a result, the water ingress is unidirectional. In the current
study, the specimens were cracked and partially waterproofed, both of which contribute
to a multidirectional ingress. Therefore, the subsequent results are not normalised by the
exposed surface area.

Lab 3, 4 and 5 obtain a higher cumulative mass gain than labs 1, 2 and 6.
Additionally, the variation on the CAPS results of labs 3 and 4 is also significantly higher,
as indicated by the error bars which represent the standard deviation on the mean.
Somewhat surprising is that the variation on the uncracked specimens of lab 3,4, 5 and 6
is significantly higher than the variation measured by lab 1 and 2. There are four different
explanations for these sets of observations. The first being the variation on the outflow of
the healing agent, which might explain part of the variation on the CAPS series of lab 3
and 4. Depending on the outflow of the PU in the crack - although this seems to have
been limited for lab 1, 2 and 6 - some specimens had a lower water uptake. It should be
noted that for some specimens the reverse was also observed. For example, the
cumulative mass increase after 24 hours of one of the CAPS specimens of lab 4 was not
only significantly higher than the other CAPS specimens but was also 16 % higher than

the highest mass increase of the REF specimens. The second explanation accounts for the



behaviour of cracked specimens in general. Looking at Table 6 and Fig. 7 it can be seen
that the variation on the crack width of some series was rather large. It has been reported
in literature that there is a linear relationship between the crack width and the sorption
coefficient, although it has been indicated that the goodness of fit (R? = 62 %) is not very
high as a result of the crack tortuosity which also has an influence [26]. The third and
fourth explanations are operator sensitivity and imperfect waterproofing (e.g. caused by
deficient adherence or creases in the aluminium tape). They might explain why the
variation on the results for uncracked samples of lab 3, 4, 5 and 6 is more pronounced
then the variation measured by lab 1 and 2. Operator sensitivity plays a role in all tests.
Here specifically it might have manifested in the following aspects: the degree of
moistness of the cloth to remove the excess water on the surface of the specimens prior
to weighing, water which remained on the surface of the specimens or inside the notch
during weighing as a result of a too fast execution, the height of the water level during
the test, the frequency of water addition in the reservoir to compensate for the absorbed
water, etc. This operator sensitivity can of course be expanded with random errors (e.g.
differences in the height of the notches), systematic errors (e.g. accuracy of the scales)
and different environmental factors (e.g. differences in temperature and relative humidity
during the test or during oven drying). Some labs who removed the aluminium tape
immediately after testing noted that the concrete was moist in certain areas away from
the crack, such as at the edges of the specimens. Additionally, it was also reported that
there was capillary water uptake between two layers of tape, depending on how the
aluminium tape was folded at the edges.

The effect of the imperfect waterproofing was investigated by lab 6. This lab
chose at random half of its REF and CAPS specimens, as well as all 3 of their UNCR

specimens, and removed the aluminium tape. They took extra care in waterproofing the



specimens again with aluminium tape, paying special attention to the folds at the edges
and tried to prevent any creases and bubbles in the taped area. These specimens were
dried again (prior to the application of the new aluminium tape waterproofing) and the
capillary water absorption test was repeated. The number of specimens on which this
repeated capillary water absorption test with aluminium tape waterproofing was executed
is shown in Table 5. Fig. 9 shows the comparison of the cumulative mass gain over time
of the uncracked specimens with the original waterproofing and the mass gain obtained
in the repeated test with the new waterproofing. In the original test, one of the specimens
clearly had a deviating behaviour as the water uptake was on average more than 40 %
higher than for its companion specimens. In the repetition, the results of all 3 specimens
were much more consistent. This was supported by analysis of the equality of the slope
of the linear regression curves (level of significance = 5.0 %), which showed no equality
for the original test (p < 0.1 %) but revealed equality for the repeated test (p = 18.7 %),
thus highlighting the importance of the quality of execution of the waterproofing. Based
on these results, all labs (except lab 3) removed the aluminium tape from the specimens
and applied a water impermeable coating to investigate the influence of the waterproofing
more extensively (see section 2.2.3 for the exact preconditioning). The labs waterproofed
the same zones as they did with the aluminium tape, but left also a zone on the sides
(centred on the crack) free of coating to make sure that no coating would enter into the
crack. Table 5 shows the number of specimens each lab tested.

In order to calculate the sealing efficiency according to equation 1, the slope of
the linear regression curve was determined both for waterproofing with aluminium tape
and again for waterproofing with coating. It was noted that for nearly all cracked
specimens the value after 24 hours of water contact fell below the regression curve, which

was also the case when the specimens were waterproofed with aluminium tape (see Fig.



8). In contrast, the uncracked specimens showed an opposite behaviour; the measurement
after 24 hours was slightly above the linear regression curve (except for the specimens of
lab 3). Upon a closer examination of the results for waterproofing with aluminium tape
and also for waterproofing with coating, it appeared that there was a transition around
6 hours for the cracked specimens at which the slope slightly decreased. This might have
been the result of saturation of the concrete at the top of the specimens. When cracked
specimens are placed in contact with water, the cracks fill up with water almost instantly,
as has been studied by neutron imaging and X-ray radiography on mortar samples [27,
50, 51]. This allows for a fast transport of water to the concrete above the crack tip. The
amount of concrete at the tip of the crack (i.e. at the top of the specimen) is much more
limited than the amount of concrete at the crack walls and near the crack mouth, meaning
that it will be saturated faster, after which the driving absorption force will decrease. The
transition was taken into account by determining 2 sorption coefficients in addition to the
standard sorption coefficient prescribed by EN 13057 from 10 min of water contact to
24 hours of water contact (SCy_,4). The first additional sorption coefficient was
determined from 10 min of water contact to 6 hours of water contact (SCy_g), and the
second sorption coefficient was determined from 6 hours of water contact to 24 hours of
water contact (SC4_,4). The determination of a sorption coefficient up to 6 hours is also
prescribed by ASTM C1585 for uncracked concrete (as mentioned previously), although
this standard requires the second sorption coefficient to be determined between 1 day and
8 days. Recent research has highlighted that the water uptake in an uncracked
cementitious matrix shows a more linear behaviour when plotted against the fourth root
of time [52, 53]. However, this did not give a satisfactory result for the cracked
specimens. For the sake of consistency, the sorption coefficient of the uncracked

specimens was calculated with regard to the square root of time.



Fig. 10 gives a comparison of the three sorption coefficients, SCy_¢, SCs_24 and
SCy_24, in the case of waterproofing with aluminium tape and in the case of coating. The
results with aluminium tape for lab 6 are the ones from the repeated test after removing
and applying new aluminium tape. For the cracked specimens (REF and CAPS) it was
clear that SCq_, 1is lower than SCy_¢. As explained before, this was a result of the
saturation of the concrete above the crack tip. All sets of specimens tested by the different
labs exhibited this behaviour, but it was distinctly visible for labs 3, 4 and 5. On the other
hand the sorption coefficient of the second period SC,_,, of the uncracked specimens is
higher than the one of the initial period SCy_¢, as can for example be seen for the
uncracked specimens of lab 5 with aluminium tape which gave a SCy_,, equal to that of
the cracked specimens. While this was true for all labs, the large difference observed in
lab 5 could have originated from an imperfect sealing of one of the specimens which led
to an increase of the SC. The difference is less pronounced for the coated repetition. The
uncracked specimens with aluminium tape of lab 3 were an exception to this observation
that SCq_,, 1s higher than SC,_4. Many of these specimens, also the cracked ones, had a
jump in their cumulative mass gain between 1 h 30 min and 2 h. This was the result of
excessive water addition in the reservoir to compensate for the drop in water level due to
absorption and evaporation. Overall, looking at the results with aluminium tape, the same
conclusions can be drawn as for the results in Fig. 8: lab 1, 2 and 6 obtained similar
results, the results of lab 3, 4 and 5 were significantly higher and also had a higher
variation, which in some cases was not explained by a higher mean value.

The results with coating were distinctly more consistent (Fig. 10), highlighting
the influence of the quality of the waterproofing and potentially also the training of the
operator. For example, for lab 4 and lab 5 the CoV on SC,_¢ of the REF specimens

dropped from 16.4 %, respectively 14.4 %, for waterproofing with aluminium tape to



4.0 %, respectively 10.7 %, for waterproofing with coating. Another example is the
average value of SC,_,, which, depending on the lab, varied from 1.78 (lab 1) to
7.76 g/vh (lab 4) for waterproofing with aluminium tape, while it varied from 1.52 (lab 5)
to 2.61 g/\/h (lab 6) for waterproofing with coating. Comparing the results of cracked
specimens with coating, lab 4 obtained a higher SC;_, and SC,_,,. Many specimens of
lab 4 had a cumulative mass gain at 24 hours which was above the linear regression curve.
Possibly, too much water was added after the measurement at 8 hours to make sure that
the water level was high enough overnight, resulting in an extra water uptake between 8
and 24 hours. The variation on the results with coating of lab 6, especially SCy_g, was
slightly higher than for the results with aluminium tape. The specimens of lab 6 were
coated twice, but still there were some small holes in the coating as a result of the high
viscosity of the coating and entrained air from mixing the two components of the coating,
possibly explaining the slightly higher variation. This demonstrates that also when
choosing for waterproofing with coating the application has to be executed meticulously.
It is important to realise that even with a perfect waterproofing and (almost) identical
crack widths there will still be a non-negligible variation on the results as a consequence
of differences in internal crack geometry, which will change over time due to swelling of
the cementitious matrix.

The sealing efficiency SE was calculated for each lab three times using either
SCo_g, SCq_n4 01 SCy_54, all determined from the results of the coated samples. All labs
obtained a nearly negligible sealing efficiency (< 14 %). To investigate the poor sealing
efficiency, some specimens with capsules were opened completely. Fig. 11 shows the
crack surfaces of one of the best performing specimens of lab 1. The PU which was
hardened and present in the crack at the moment of capillary water absorption testing is

clearly visible as fluorescent yellow. The PU outflow from some of the capsules appears



to have been limited, explaining the low sealing efficiency. For the displayed specimen
the crack mouth was not completely filled with PU. When splitting the specimens to
investigate the crack surfaces, some fresh PU leaked onto the crack walls, seen as dark
stains on Fig. 11. This indicates that after cracking a minor amount of PU leaked into the
crack and polymerised, thereby resealing the broken capsules and preventing the slightly
reacted PU inside the capsules from polymerising completely. When splitting the
specimens, this PU plug failed. The PU that was still in the capsules was pushed out as a
result of the trapped CO: inside the capsule, formed by the initial incomplete
polymerisation reaction. The sealing of the capsules used in this study was done using
epoxy, instead of methyl methacrylate as was done in previous studies [25, 26, 28, 30,
32]. A comparison of these two techniques pointed out that the PU inside capsules sealed
with methyl methacrylate undergoes to some extent an initial polymerisation reaction
prior to cracking which pressurizes the capsules with COz. As a consequence, the PU is
pushed out at the moment that the capsule breaks. In the case of capsules sealed with
epoxy, the rate of the initial polymerisation reaction is significantly lower. This might be
the result of a better sealing of the capsule, since epoxy is less permeable to gas and
moisture than methyl methacrylate (although it should be noted that the permeability is
amongst others also dependent on the thickness). Consequently, the PU inside the
capsules sealed with epoxy in this study was not pressurised at the moment of cracking

the specimens, explaining the low outflow of PU in the cracks.

3.2. Mortar specimens

3.2.1. Fresh and hardened properties of mortar

For each lab a separate batch of mortar was prepared at Ghent University. For each

individual batch the workability (by flow table test), fresh density and air content were



determined, see Table 8. The workability of all batches was comparable with the
exception of the batch for lab 3 for which the workability was a little higher. The air
content varied between 3.0 % and 5.4 %.

The hardened density was determined at the moment of strength testing at an age
of 14 days. The average compressive strength, which was measured by Ghent University,
varied between 46.3 MPa and 53.1 MPa. It is noted that the maximum compressive
strength was measured for the batch of mortar having the largest workability and the

lowest air content.

3.2.2. Crack width of mortar specimens

After cracking the mortar specimens, they were restrained using screw jacks. The final
mean crack width w measured by all labs after the active crack width restraining process
is given in Fig. 12. This figure shows the individual values, as well as the mean crack
width of the series (horizontal lines) and the 95 % confidence interval on this mean (error
bars) for both REF and CAPS specimens. The green shaded band indicates the desired
crack width range (290-310 um). Lab 3 and lab 4 did a pre-test on a separately sent batch
of specimens to familiarize themselves with the test technique, these are denoted by
lab 3* and lab 4*. The crack width of many of these specimens fell outside of the intended
range. Additionally, the screw jacks were not applying a significant pressure on the
specimens, because the crack width of these specimens was rather limited after crack
creation by three-point bending. In the repeated test the crack was opened further so that
the screw jacks were fulfilling their intended use of pushing the two halves of the
specimens back together. As a consequence of the higher variation on the crack width in
the pre-test, the water flow results were also inconsistent (see section 3.2.3). On top of
this Lab 4* only had 4 instead of 6 REF specimens due to damage of one specimen during

shipping and the uncharacteristic eccentric cracking of another specimen. Therefore, the



results of lab 3* and 4* are represented here only for the sake of completeness and will
not be taken into account in the further analysis.

The variation on the crack width of the mortar specimens is undoubtedly lower
than the one of the concrete specimens. Overall, the application of the active crack width
control technique using the screw jacks was successful for obtaining crack widths within
the desired crack width range of 290-310 um; most of the individual crack widths of the
specimens of labs 1-6 fell within the prescribed boundaries. When looking at all 71
specimens (each lab tested six REF and six CAPS specimens, except for lab 6 for which
one REF specimen was lost in preparation) only 4 specimens had a crack width smaller
than 290 um, and only 3 had a crack width larger than 310 um. For 1 out of the 4
specimens with a crack width smaller than 290 pm and all 3 specimens with a crack width
larger than 310 um the deviation was smaller than 4 um. It is noted that the boundaries
of the desired crack width range which were used in this study are only 20 pm, which is
significantly lower than in previous studies on similar samples which employed a passive
crack width control using tensile reinforcement and a displacement-controlled loading
system. These studies reported ranges of 40 um [45] to 50 um [44].

The crack width of the REF samples was equal to the CAPS specimens within
each lab, as verified by independent sample t-tests (level of significance = 5.0 %, all p-
values > 20.0 %). Based on this, the REF and CAPS values were combined to study if
there was a significant difference for the crack widths obtained by the different labs.
Equal variances could not be assumed (level of significance = 5.0 %, p = 0.1 %).
According to a Welch test and a Brown-Forsythe test not all means were equal (level of

significance = 5.0 %, Pwee = 1.7%, Pprown-rorsythe = 4.1 %). A subsequent

Tamhane's T2 post hoc test showed that only lab 1 and lab 2 had a slightly different mean

crack width (level of significance = 5.0 %, p = 2.8 %).



To conclude, the active crack width control technique resulted in most specimens
having a crack width which fell within the desired crack width range. As a consequence,
similar results were obtained between the REF and CAPS specimens within each lab, and

all labs obtained (nearly) comparable results.

3.2.3. Water permeability of mortar specimens

Following the active crack control of the specimens and the subsequent submersion, the
specimens were subjected to a water flow test (see section 2.3.3). Fig. 13 shows the water
flow g (g/min) leaking from the samples during the test. The results of lab 3* and 4* were
inconsistent with the rest of the results, as already mentioned in section 3.2.2. For
example, for lab 3* one of the REF specimens obtained a flow more than 4 times higher
than the second largest flow within that series. For lab 4* the coefficient of variation on
the REF values was higher than for any other lab (excluding lab 3*; COV;, 4. =34.5 %).
Additionally, the CAPS flow value of lab 3* and 4* was uncharacteristically high in
comparison with the REF flow value — for lab 3 the flow was even higher for the CAPS
specimens than for the REF specimens. These inconsistent results can be explained by
the high variation on the crack widths and the fact that the screw jacks were not actively
controlling the crack due to a limited crack opening when the specimens were removed
from of the loading setup. Similar as for section 3.2.2, these results will not be taken into
account in the further discussion.

The variation on the water flow was significantly higher than for the crack width,
see Table 9. It can be reasoned that for the CAPS specimens a high variation can be
expected, as the flow of these specimens is dependent on the outflow of PU in the crack.
However, for the REF specimens the variation on the water flow is also larger than the

variation on the crack width. The crack width was only measured manually at discrete



points at the surface of the specimen. Even though guidelines were provided to help select
these points in a consistent way for the different labs (see supplementary material), it is
possible that these discrete points were not entirely representative of the crack itself or
that there were local defects (e.g. missing aggregates) which had a dominant influence on
the water flow. Additionally, the flow is also influenced by the internal crack geometry
or tortuosity. Even for low variations on the crack width it has been reported that the
variation on the flow can be a magnitude higher as a result of differences in crack
tortuosity [33]. This crack tortuosity cannot be controlled in a mechanical cracking
process. Techniques such as tomography could allow to study the interior of these cracks,
but they are often expensive and time-consuming.

Comparing the results of the REF specimens to the CAPS specimens in Fig. 13,
it is evident that the variation is much higher for the CAPS specimens. This is of course
to be expected since there is an extra factor which contributes to variability, namely the
spread of the PU healing agent or in other words the degree of self-healing. For example,
the 95 % confidence interval on the mean of the CAPS specimens of lab 2 is the largest
of all groups, even though 4 out of the 6 specimens have a very similar water flow of
80 g/min. However, the other 2 specimens have a significantly different water flow; their
cracks are perfectly sealed and as a consequence their water flow is equal to 0 g/min,
explaining the wide confidence interval. Therefore, it is most accurate to compare the
results of the REF specimens to investigate the accuracy of the water flow test. A
Levene’s test based on the mean indicated that equal variance could be assumed (level of
significance = 5.0 %, p = 13.0 %). A one-way ANOVA test (one-way analysis of
variance) indicated that there was a difference in the means of the REF series over the
different labs (level of significance = 5.0 %, p = 0 %). A subsequent Tukey's HSD

(Honestly Significant Difference) post-hoc test (level of significance = 5.0 %) identified



3 groups: group 1 consisted of lab 1,4 and 5 (pyin = 9.1 %), group 2 consisted of labs 1,
3,5 and 6 (Piin = 14.8 %), and group 3 consisted of lab 2 and 3 (p = 5.2 %). To account
for unequal sample sizes (lab 6 had only five REF samples instead of six) also a
Hochberg's GT2 and Gabriel's post-hoc test were executed. They identified the same 3
groups as the Tukey test and highlighted that the results of lab 3 and 6 are almost equal
to one another (Pgaprier = 4.7 %, PHochberg = 4-8 7). Despite the fact that there was some
difference between the groups, it is positive to see that none of the labs obtained an
excessively different result from the others.

Looking at the results of the REF specimens in Fig. 13, the same conclusions can
be drawn as for the statistical analysis. Lab 2 has the highest flow rate and its confidence
interval overlaps with that of labs 3 and 6. Lab 4 has the lowest flow rate and has overlap
with labs 1 and 5. It should be noted that, unlike all other labs, lab 4 did not keep the
water head constant. As a result, the driving force decreased over time. For the specimen
with the largest flow, the water drop at the end of the test was about 14 % with respect to
the prescribed water head of 50 cm. This partly explains the somewhat lower results of
lab 4. Even though not all labs obtained a (REF) flow which was statistically equal, the
results have the same order of magnitude and are as such comparable, which is a
significant improvement compared to a previous Round Robin Test [44].

In the end, the most interesting result is of course the obtained sealing efficiency.
Fig. 14 shows the sealing efficiency SE of all labs, calculated according to equation 2. It
can be seen that the result of lab 2 now fall in line with the other labs; the high flows for
both REF and CAPS specimens level each other out. A similar conclusion can be drawn
for lab 4. The sealing efficiency of all labs varied from 40 % to 73 %. Looking at Fig. 14,
the sealing efficiencies can be divided in 2 groups: one group with an efficiency varying

from 40 % to 50 % and another group with an efficiency varying from 64 % to 73 %. Yet,



overall the results of all labs point in the same direction; the sealing efficiency is
promising but definitely not perfect. This imperfect sealing of the cracks has the same
reason as for the concrete specimens: an insufficient leakage of PU into the crack. This is
demonstrated by Fig. 15 which shows a mortar specimen with the mortar removed up to
the position of a capsule. It is clear that only part of the PU leaked into the crack, the other
part polymerised inside of the capsule.

It should be emphasized that for most operators in the different labs this was the
first time to work with this kind of healing technique and this kind of test method. It is
expected that familiarity with the technique would harmonize the results. This study
focused on self-healing mortar with macrocapsules, but the combination of the water flow
test in combination with an active crack width control technique can easily be applied for
other healing techniques. Due to the fast execution time, it has for example already been
applied to study the sealing efficiency of superabsorbent polymers [54] and

superabsorbent polymers in combination with nanosilica [55].

3.2.4. Spread of healing agent on the crack surface of mortar specimens

After performing the water permeability test, labs 1, 2, 4 and 5 split their CAPS specimens
open at the location of the crack to analyse the spread of the healing agent. For two of the
specimens of lab 4 one of the capsules was in a higher location than its preplacement
position, see Fig. 3. Most likely this happened during filling and compacting of the
moulds. For all the other labs the capsules were in their expected position. The labs noted
a similar average surface coverage of: 42.5 % (lab 1), 47.20 % (lab 2), 40.2 % (lab 4),
and 51.0 % (lab 5). The slightly higher surface coverage obtained by lab 5 could explain
the higher sealing efficiency, see Fig. 14. Fig. 16 shows the water flow of the different
specimens in function of their surface coverage. It is noted that it is impossible to obtain

a perfect surface coverage since the area of the hole (used to induce the water in the



permeability test) was taken into account in the total area. Anglani et al. [37] studied the
same PU healing agent but encapsulated in one cementitious capsule with a larger
diameter. These capsules had either an internal or an external epoxy coating to make them
moisture-proof. They measured an average surface coverage of 36 % for specimens with
internally coated capsules and 47 % for specimens with externally coated capsules. These
values are comparable to the average surface coverage of the different labs, although it is
noted that the variation is higher for the results reported here. The sealing efficiency
measured by Anglani et al. [37], using the same permeability setup as is used in the
current study, was equal to 79 %, respectively 28 %, for the specimens with an internally,
respectively externally, coated capsule. Lab 1, 2, 4 and 5 obtained a sealing efficiency
between 44 % and 73 % which falls in between these values.

From Fig. 16 it could also be concluded that a high surface coverage does not
directly translate into a good sealing efficiency. There seems to be no strong relationship
between the surface coverage and the water flow. Indeed, the surface coverage only has
an indirect influence on the water flow. Fig. 17 shows a crack surface overlaid with its
filtered segmented image determined using the Trainable Weka Segmentation plugin in
ImagelJ, see section 2.3.4. The surface coverage of this sample was one of the highest
(71.6 %), yet the zone below the hole was not completely covered with PU, leaving a path
for the water to leak out of the specimen. To seal a crack, it is sufficient if the crack mouth
is filled with healing agent, or in the studied specimens if the water-inducing hole is
surrounded with healing agent. For many specimens it was noted that the PU spread
regions from the individual capsules did not connect, and thus a barrier to withstand the
water pressure could not be created.

The surface coverage which is reported here should be interpreted in a qualitative

way. The applied procedure to determine the surface coverage was susceptible to



segmented. These segmented images were then manually checked for misidentified zones
with the possibility of over- or undercorrecting. For labs 1 and 4 the opening of the
specimens caused a leakage of fresh PU onto the cracked surface similar as explained in
section 3.1.3. Since the fresh PU covered the hardened PU, it was not possible to discern

between the two. The reported surface coverage of these labs might thus be
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4. Conclusions

In this paper, test techniques suited for assessing the performance of self-healing concrete
with macrocapsules were investigated by an inter-laboratory testing program: a capillary
water absorption test for concrete specimens and a water permeability test for mortar
specimens.

The reinforced concrete specimens were cracked in a three-point bending setup
by using a displacement-controlled loading system. The type of system (LVDT, CMOD
or DIC) varied between the different labs, as well as the final crack opening value prior
to unloading. Some labs obtained a high variation on their crack width. There was also
quite some variation between the different labs, but the labs which opened the cracks to
a value as high as 485 um (either with LVDT or CMOD) were able to obtain the target
crack width of 300 um with good accuracy, which can be explained by a partial crack
closure due to elastic regain in the reinforcement upon load removal. After drying of the
cracked concrete specimens, two capillary water absorption tests were performed, once
with aluminium tape waterproofing and once with coated waterproofing. The results with
aluminium tape showed a much larger variability than the results for the coating. This
highlighted the importance of the quality of the waterproofing when executing a capillary
water absorption test, which is more vital than having exactly the same non-waterproofed
area of concrete in contact with water. Despite that a capillary water absorption test is
very straightforward, the results can be easily affected by the operator sensitivity, e.g. the

frequency and amount of water addition in the reservoir to compensate for the absorbed



water. If the quality of the waterproofing is safeguarded and the operator sensitivity is
limited (by providing very detailed guidelines), the presented results show that different
labs can obtain comparable results for the prescribed test protocol. The limited size of the
specimens (60 x 60 x 220 mm?) allowed for an easy and manageable handling of the
specimens. Due to this small size, the top of the cracked specimens became saturated
before the end of the test, resulting in a lower slope of the mass versus square root of time
graphs after approximately 6 hours. This was solved by determining two additional
sorption coefficients (from 10 min to 6 hours and from 6 hours to 24 hours) aside from
the sorption coefficient from 10 min to 24 hours.

The prismatic mortar specimens were not provided with tensile reinforcement, but
the prism halves remained connected after cracking due to a CFRP strip glued to the top.
Cracks were induced in a three-point bending setup without using a
displacement-controlled loading system, instead an active crack width control technique
was applied immediately after cracking. The resulting crack widths were nearly all within
the narrow desired crack width range (290-310 um). As such, the crack widths of the
mortar specimens were much more consistent than for the concrete specimens.
Disregarding a minor difference between two labs, the crack widths obtained by the
different labs did not show a significant difference. This is paramount for obtaining
comparable water permeability results, as these types of tests are extremely sensitive to
the crack width, which was highlighted by the result of a pre-test executed by two labs.
Despite the fact that two out of the six labs did not obtain statistically equal water
permeability values for the REF specimens, the magnitude of the results of all six labs
was comparable. When taking into account both the results of the REF and CAPS
specimens in the calculation of the sealing efficiency, the two labs who obtained

diverging results for the REF specimens obtained analogous results to the other labs. This



confirms the potential of the investigated water flow test in combination with an active
crack width control technique as a standardized test method. This test method can also be
used to assess other self-healing strategies; it has for example already been used to study
the sealing efficiency of superabsorbent polymers and of superabsorbent polymers in
combination with nanosilica. An analysis of the spread of the healing agent on the crack
surfaces showed no strong relationship between the surface coverage and the water flow.
After all, a high surface coverage does not guarantee a perfect crack sealing as long as a
water barrier has not been formed.

The healing which was obtained by addition of the glass macrocapsules filled with
PU was poor for the concrete specimens (< 14 %) and moderate for the mortar specimens
(sealing efficiency of 40 to 74 %). This is the result of a limited outflow of PU from the
capsules into the crack. In previous studies there was a small amount of polymerisation
inside the capsules (prior to cracking) triggered by a small amount of moisture diffusion
through the methyl methacrylate sealing the tubular glass capsules. During the limited
initial polymerisation reaction CO2 was produced which pressurized the capsules. This
pressurization facilitated the outflow when the capsules broke. In the current study, the
sealing of the glass tubular capsules was done with a less permeable material (epoxy
instead of methyl methacrylate). Therefore, the initial polymerisation reaction prior to
cracking was much more limited. As a consequence, the capsules were not pressurized,

and the outflow of PU was reduced.

Acknowledgements

This work is the result of a collaboration of scientists working on the development of self-healing
concrete within the framework of the European Cooperation in Science and Technology (COST)
Action “Self-healing as preventive repair of concrete structures” SARCOS CA15202. T. Van
Mullem and N. De Belie acknowledge the support of the grant (19SCIP-B103737-05) from the

Construction Technology Research Program funded by the Ministry of Land, Infrastructure and



Transport of the Korean government. C. Litina and A. Al-Tabbaa acknowledge the support for
the Resilient Materials for Life (RM4L) Programme Grant (EP/P02081X/1) from the UK
Engineering and Physical Sciences Research Council (EPSRC). The companies Tradecc, Enci
and GCP Applied Technologies are thanked for their generous donation of materials (carbon fibre
reinforced polymers, cement and polyurethane, respectively). Dr. N. Alderete is acknowledged
for her input with regards to the capillary water absorption section. The technical staff from the
Magnel-Vandepitte Laboratory are thanked for the technical support. Authors from Ghent
University, Politecnico di Torino, KU Leuven and Cambridge University have received funding
from the European Union’s Horizon 2020 research and innovation programme under the Marie
Sktodowska-Curie grant agreement SMARTINCS No 860006, which made the continuation of

the collaborative work possible.

Conflict of interest statement

The authors declare no competing financial interests.

References

1. Huang L, Krigsvoll G, Johansen F, et al. Carbon emission of global construction
sector. Renewable and Sustainable Energy Reviews. 2018;81:1906-1916. doi:
https://doi.org/10.1016/].rser.2017.06.001.

2. De Belie N, Gruyaert E, Al-Tabbaa A, et al. A review of self-healing concrete
for damage management of structures. Advanced Materials Interfaces.
2018;5(17):1800074. doi: https://doi.org/10.1002/admi.201800074.

3. Ferrara L, Van Mullem T, Alonso MC, et al. Experimental characterization of
the self-healing capacity of cement based materials and its effects on the
material performance: A state of the art report by COST Action SARCOS WG2.
Construction and Building Materials. 2018;167:115-142. doi:
https://doi.org/10.1016/j.conbuildmat.2018.01.143.

4, Sanchez M, Faria P, Ferrara L, et al. External treatments for the preventive
repair of existing constructions: A review. Construction and Building Materials.
2018 2018/12/30/;193:435-452. doi:
https://doi.org/10.1016/j.conbuildmat.2018.10.173.

5. Jefferson T, Javierre E, Freeman B, et al. Research Progress on Numerical
Models for Self-Healing Cementitious Materials. Advanced Materials Interfaces.
2018;5(17):1701378. doi: https://doi.org/10.1002/admi.201701378.

6. COST Action SARCOS homepage 2020 [cited 2020 May 29]. Available from:
https://www.sarcos.eng.cam.ac.uk/

7. Snoeck D, Schaubroeck D, Dubruel P, et al. Effect of high amounts of
superabsorbent polymers and additional water on the workability, microstructure
and strength of mortars with a water-to-cement ratio of 0.50. Construction and
Building Materials. 2014 2014/12/15/;72:148-157. doi:
https://doi.org/10.1016/j.conbuildmat.2014.09.012.




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lee HXD, Wong HS, Buenfeld NR. Self-sealing of cracks in concrete using
superabsorbent polymers. Cement and Concrete Research. 2016
2016/01/01/;79:194-208. doi: https://doi.org/10.1016/j.cemconres.2015.09.008.
Kovler K. Effect of superabsorbent polymers on the mechanical properties of
concrete. Application of Super Absorbent Polymers (SAP) in Concrete
Construction: Springer; 2012. p. 99-114.

Tziviloglou E, Wiktor V, Jonkers H, et al. Bacteria-based self-healing concrete
to increase liquid tightness of cracks. Construction and Building Materials.
2016;122:118-125. doi: http://dx.doi.org/10.1016/j.conbuildmat.2016.06.080.
Wang J, Soens H, Verstraete W, et al. Self-healing concrete by use of
microencapsulated bacterial spores. Cement and concrete research. 2014;56:139-
152. doi: https://doi.org/10.1016/j.cemconres.2013.11.009.

Garcia Calvo JL, Pérez G, Carballosa P, et al. Development of ultra-high
performance concretes with self-healing micro/nano-additions. Construction and
Building Materials. 2017 2017/05/01/;138:306-315. doi:
https://doi.org/10.1016/j.conbuildmat.2017.02.015.

De Belie N, Van Tittelboom K, Moreno MS, et al. Self-healing concrete
research in the European projects SARCOS and SMARTINCS. Plenary keynote
lecture. RILEM Spring Convention; 10-14 March 2020; University of Minho,
Guimaraes, Portugal: RILEM; 2020.

SMARTINCS homepage 2020 [cited 2020 May 29]. Available from:
http://www.smartincs.eu

Dry C, editor Smart multiphase composite materials that repair themselves by a
release of liquids that become solids. North American Conference on Smart
Structures and Materials; 1994 13-18 February 1994; Orlando, Florida, USA:
SPIE; 1994.

Dry C. Matrix cracking repair and filling using active and passive modes for
smart timed release of chemicals from fibers into cement matrices. Smart
Materials and Structures. 1994;3(2):118. doi: https://doi.org/10.1088/0964-
1726/3/2/006.

Li VC, Lim YM, Chan Y-W. Feasibility study of a passive smart self-healing
cementitious composite. Composites Part B: Engineering. 1998;29(6):819-827.
doi: https://doi.org/10.1016/S1359-8368(98)00034-1.

Sun L, Yu WY, Ge Q. Experimental Research on the Self-Healing Performance
of Micro-Cracks in Concrete Bridge. Advanced Materials Research. 2011;250-
253:28-32. doi: https://doi.org/10.4028/www.scientific.net/ AMR.250-253.28.
Thao TDP. Quasi-Brittle Self-Healing Materials: Numerical Modelling and
Applications in Civil Engineering: National University of Signapore; 2011.
Zhang W, Zheng Q, Ashour A, et al. Self-healing cement concrete composites
for resilient infrastructures: A review. Composites Part B: Engineering. 2020
2020/05/15/;189:107892. doi:
https://doi.org/10.1016/j.compositesb.2020.107892.

Joseph C, Jefferson A, Cantoni M, editors. Issues relating to the autonomic
healing of cementitious materials. First international conference on self-healing
materials; 2007.

Kanellopoulos A, Qureshi TS, Al-Tabbaa A. Glass encapsulated minerals for
self-healing in cement based composites. Construction and Building Materials.
2015 2015/11/15/;98:780-791. doi:
https://doi.org/10.1016/j.conbuildmat.2015.08.127.




23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nishiwaki T, Mihashi H, Jang B-K, et al. Development of self-healing system
for concrete with selective heating around crack. Journal of Advanced Concrete
Technology. 2006;4(2):267-275. doi: https://doi.org/10.3151/jact.4.267.

Formia A, Terranova S, Antonaci P, et al. Setup of extruded cementitious
hollow tubes as containing/releasing devices in self-healing systems. Materials.
2015;8(4):1897-1923. doi: https://doi.org/10.3390/ma8041897.

Feiteira J, Gruyaert E, De Belie N. Self-healing of moving cracks in concrete by
means of encapsulated polymer precursors. Construction and Building
Materials. 2016;102:671-678. doi:
http://dx.doi.org/10.1016/j.conbuildmat.2015.10.192.

Van Belleghem B, Van Tittelboom K, De Belie N. Efficiency of self-healing
cementitious materials with encapsulated polyurethane to reduce water ingress
through cracks. Materiales de Construccion. 2018;68(330). doi:
https://doi.org/10.3989/mc.2018.05917.

Van den Heede P, Van Belleghem B, Alderete N, et al. Neutron radiography
based visualization and profiling of water uptake in (un)cracked and
autonomously healed cementitious materials. Materials. 2016;9(5):311. doi:
https://doi.org/10.3390/ma9050311.

Van Mullem T, Van Tittelboom K, Gruyaert E, et al., editors. Development of
an improved cracking method to reduce the variability in testing the healing
efficiency of self-healing mortar containing encapsulated polymers.
International Conference on Concrete Repair, Rehabilitation and Retrofitting
(ICCRRR2018); 2018 19-21 November 2018; Cape Town, South Africa: EDP
Sciences.

Van den Heede P, Van Belleghem B, Aratijo MA, et al., editors. Screening
Encapsulated Polymeric Healing Agents for Carbonation-Exposed Self-Healing
Concrete, Service Life Extension, and Environmental Benefit. International
Congress on Polymers in Concrete; 2018: Springer.

Van Belleghem B, Van den Heede P, Van Tittelboom K, et al. Quantification of
the service life extension and environmental benefit of chloride exposed self-
healing concrete. Materials. 2017;10(1):5. doi:
https://doi.org/10.3390/mal10010005.

Van den Heede P, Van Belleghem B, Pereira Gomes de Aratjo MA, et al.
Screening of different encapsulated polymer-based healing agents for chloride
exposed self-healing concrete using chloride migration tests. Key Engineering
Materials. 2018;761:152-158. doi:
https://doi.org/10.4028/www.scientific.net/ KEM.761.152. eng.

Van Belleghem B, Kessler S, Van den Heede P, et al. Chloride induced
reinforcement corrosion behavior in self-healing concrete with encapsulated
polyurethane. Cement and Concrete Research. 2018 2018/11/01/;113:130-139.
doi: https://doi.org/10.1016/j.cemconres.2018.07.009.

Van Mullem T, Gruyaert E, Debbaut B, et al. Novel active crack width control
technique to reduce the variation on water permeability results for self-healing
concrete. Construction and Building Materials. 2019;203:541-551. doi:
https://doi.org/10.1016/j.conbuildmat.2019.01.105.

Tziviloglou E, Jonkers HM, Schlangen E. Bacteria-based Self-Healing Concrete
to Increase Liquid Tightness of Cracks. First conference on ageing of materials
and structures; Delft, The Netherlands2014. p. 650-655.

Van Tittelboom K, Wang J, Aratjo M, et al. Comparison of different approaches
for self-healing concrete in a large-scale lab test. Construction and building




36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

materials. 2016;107:125-137. doi:
http://dx.doi.org/10.1016/j.conbuildmat.2015.12.186.

Formia A, Irico S, Bertola F, et al. Experimental analysis of self-healing cement-
based materials incorporating extruded cementitious hollow tubes. Journal of
Intelligent Material Systems and Structures. 2016;27(19):2633-2652. doi:
https://doi.org/10.1177/1045389X16635847.

Anglani G, Van Mullem T, Zhu X, et al. Sealing efficiency of cement-based
materials containing extruded cementitious capsules. Construction and Building
Materials. 2020 2020/08/10/;251:119039. doi:
https://doi.org/10.1016/j.conbuildmat.2020.119039.

Anglani G, Tulliani J-M, Antonaci P. Behaviour of Pre-Cracked Self-Healing
Cementitious Materials under Static and Cyclic Loading. Materials.
2020;13(5):1149. doi: https://doi.org/10.3390/mal13051149.

Van Tittelboom K, De Belie N, Van Loo D, et al. Self-healing efficiency of
cementitious materials containing tubular capsules filled with healing agent.
Cement and Concrete Composites. 2011;33(4):497-505.

Van Tittelboom K, De Belie N, Lehmann F, et al. Acoustic emission analysis for
the quantification of autonomous crack healing in concrete. Construction and
Building Materials. 2012 2012/03/01/;28(1):333-341. doi:
https://doi.org/10.1016/j.conbuildmat.2011.08.079.

Van Tittelboom K, Tsangouri E, Van Hemelrijck D, et al. The efficiency of self-
healing concrete using alternative manufacturing procedures and more realistic
crack patterns. Cement and Concrete Composites. 2015 2015/03/01/;57:142-
152. doi: https://doi.org/10.1016/j.cemconcomp.2014.12.002.

Aratjo MA, Chatrabhuti S, Gurdebeke S, et al. Poly(methyl methacrylate)
capsules as an alternative to the 'proof-of-concept' glass capsules used in self-
healing concrete. Cement and Concrete Composites. 2018;89:260-271. doi:
https://doi.org/10.1016/j.cemconcomp.2018.02.015. eng.

Savija B, Feiteira J, Aratjo M, et al. Simulation-aided design of tubular
polymeric capsules for self-healing concrete. Materials. 2017;10(1):10. doi:
https://doi.org/10.3390/mal10010010.

Tziviloglou E, Wiktor V, Wang J, et al., editors. Evaluation of experimental
methodology to assess the sealing efficiency of bacteria-based self-healing
mortar: round robin test. RILEM Conference on Microorganisms-Cementitious
Materials Interactions; 2016 23 June 2016; Delft, the Netherlands: RILEM;
2016.

Gruyaert E, Debbaut B, Snoeck D, et al. Self-healing mortar with pH-sensitive
superabsorbent polymers: testing of the sealing efficiency by water flow tests.
Smart Materials and Structures. 2016;25(8):084007. doi:
https://doi.org/10.1088/0964-1726/25/8/084007.

Arganda-Carreras I, Kaynig V, Rueden C, et al. Trainable Weka Segmentation:
a machine learning tool for microscopy pixel classification. Bioinformatics.
2017;33(15):2424-2426. doi: https://doi.org/10.1093/bioinformatics/btx 180.
Rodriguez CR, Figueiredo SC, Deprez M, et al. Numerical investigation of crack
self-sealing in cement-based composites with superabsorbent polymers. Cement
and Concrete Composites. 2019 2019/11/01/;104:103395. doi:
https://doi.org/10.1016/j.cemconcomp.2019.103395.

Garcia Feiteira JL, Gruyaert E, De Belie N, editors. Moving towards a realistic
implementation of self-healing concrete based on encapsulated polymer




49.

50.

51.

52.

53.

54.

55.

precursors. HEALCON-Conference-Self-healing concrete for prolonged
lifetime; 2016 28-29 November 2016; Delft, the Netherlands.

Van Mullem T, Gruyaert E, Caspeele R, et al. First Large Scale Application with
Self-Healing Concrete in Belgium: Analysis of the Laboratory Control Tests.
Materials. 2020;13(4):997. doi: https://doi.org/10.3390/ma13040997.

Van Belleghem B, Montoya R, Dewanckele J, et al. Capillary water absorption
in cracked and uncracked mortar—A comparison between experimental study and
finite element analysis. Construction and Building Materials. 2016;110:154-162.
doi: http://dx.doi.org/10.1016/j.conbuildmat.2016.02.027.

Snoeck D, Steuperaert S, Van Tittelboom K, et al. Visualization of water
penetration in cementitious materials with superabsorbent polymers by means of
neutron radiography. Cement and Concrete Research. 2012;42(8):1113-1121.
doi: https://doi.org/10.1016/j.cemconres.2012.05.005.

Villagran Zaccardi YA, Alderete NM, De Belie N. Improved model for capillary
absorption in cementitious materials: Progress over the fourth root of time.
Cement and Concrete Research. 2017 2017/10/01/;100:153-165. doi:
https://doi.org/10.1016/j.cemconres.2017.07.003.

Alderete NM, Zaccardi YV, De Belie N. Mechanism of long-term capillary
water uptake in cementitious materials. Cement and Concrete Composites.
2020;106:103448. doi: https://doi.org/10.1016/j.cemconcomp.2019.103448.

Van Mullem T, Caspeele R, De Belie N, editors. The influence of SAPs on
chloride ingress in cracked concrete. Concrete Solutions 2019 — 7th International
Conference on Concrete Repair 2019 30 September - 2 October 2019; Cluj
Napoca, Romania: EDP Sciences.

Lefever G, Snoeck D, Aggelis DG, et al. Evaluation of the Self-Healing Ability
of Mortar Mixtures Containing Superabsorbent Polymers and Nanosilica.
Materials. 2020;13(2):380. doi: https://doi.org/10.3390/ma13020380.




Table 1. Concrete mix composition.

Components Amount

Cement CEM 142.5 N 337.6 kg/m?
Water 185.2 kg/m?
Sand (0-5 mm) 742.9 kg/m?
Gravel (2-8 mm) 1013.1 kg/m?
Limestone filler 58.0 kg/m?

Superplasticizer Master Glenium 27 1328 ml/m?

Table 2. Displacement-controlled loading systems, ultimate crack widths during loading
Wiax (after which specimens were unloaded) and average notch depth d,, ¢, of the

different labs.

Lab Loading systems Winax dnotch
(um) (mm)

1 LVDT 485 3.5

2 CMOD 485 43

3 DIC 300 4.0

4 CMOD 300 1.5

5 CMOD 400 4.5

6 LVDT 485 43

Table 3. Mortar mix composition.

Components Amount

Cement CEM 142.5 N 519.0 kg/m?
Water 257.7 kg/m?
Sand (0-2 mm) 1313.1 kg/m?
Limestone filler 89.0 kg/m?
Superplasticizer Master Glenium 27 787 ml/m?3

Table 4. Fresh (flow, fresh density, air content) and hardened properties (hardened
density and compressive strength) of the different concrete batches used to cast the

specimens of each lab (4 = mean, CoV = coefficient of variation, NA = not available).

Fresh Air Hardened Compressive
Flow . Age :
density content density strength
™ gmy e DY (i) (MPa)
U CoV 7 ColV
Lab1 46.5 2315 2.6 15 2328 0.1 % 42.4 2.6 %
Lab2 475 2331 1.7 14 2318 0.2 % 39.8 3.6%
Lab3 46.5 2350 2.0 14 2334 02 % 41.2 0.8 %
Lab4 443 2334 1.6 28 2320 0.5% 41.5 4.2 %
Lab5 NA NA NA 5 2289 0.7 % 30.1 6.2 %

Lab6 49.8 2313 2.2 14 2345 0.2 % 46.7 3.5%




Table 5. Number of concrete specimens taken into account for the analysis of the crack
width and the capillary water absorption (NA = not available). The numbers between
brackets for lab 6 are the number of specimens used for the repeated test with a new

aluminium tape waterproofing.

Crack width Capillary water absorption test
Aluminium tape Coating
REF CAPS UNCR REF CAPS UNCR REF CAPS UNCR

Lab 1 12 12 3 12 12 3 7 9 3
Lab 2 12 12 3 12 12 3 12 12 3
Lab 3 10 12 3 9 12 3 NA NA NA
Lab 4 8 8 3 8 8 3 8 8 3
Lab 5 12 12 3 12 12 3 12 12

Lab 6 12 12 3 12(6) 12(6) 303 12 12

Table 6. Mean u and coefficient of variation CoV for the measured crack width w, as
well as the probability value (p-value) for the statistical test comparing the mean to the
target crack width of 300 um and the p-value for the test comparing the mean of the

REF to the mean of the CAPS.

w p-value p-value
hypothesis hypothesis
m CoV
# (hm) p =300 pm Wrer = Wcaps

Lab 1 REF 292 7.9 % 28.4 % 10,9
CAPS 303 4.6 % 50.1 % e

Lab 2 REF 290 4.4 % 2.3% 750,
CAPS 299 3.4 % 76.3 % =0

Lab 3 REF 202 9.7 % 0.0 % 1459,
CAPS 237 32.1 % 1.5% e

Lab 4 REF 266 13.8 % 3.5% 300
CAPS 305 9.2 % 60.2 % e

Lab 5 REF 224 13.3 % 0.0 % 450,
CAPS 221 7.0 % 0.0 % e

Lab 6 REF 303 7.5 % 67.7 % 127

CAPS 295 7.9 % 49.1 %




Table 7. Mean initial rate of water absorption I (in mm/Vs, determined based on

ASTM C1585) of the REF, CAPS and UNCR specimens of the 6 labs.

REF CAPS UNCR

Lab 1 0.089 0.089 0.031
Lab 2 0.100 0.097 0.039
Lab 3 0.238 0.167 0.164
Lab 4 0.843 0.733 0.466
Lab 5 0.187 0.158 0.112
Lab 6 0.113 0.120 0.051

Table 8. Fresh (flow, fresh density, air content) and hardened properties (hardened
density, bending strength, compressive strength at 14 days of age) of the different
mortar batches used to cast the specimens of each lab (1 = mean, CoV = coefficient of

variation, NA = not available).

Flow Fresh density Air content Hardened density = Bending strength  Compressive strength

(cm) (kg/m?) (%) (kg/m?) (MPa) (MPa)
n CoV n CoV 0 CoV
Lab 1 20.0 2201 54 2246 0.8% 6.91 5.8% 46.6 1.7 %
Lab 2 19.8 2205 4.1 2263 0.1 % 7.38 1.6 % 511 4.5 %
Lab 3 23.0 NA 3.0 2269 0.2 % 6.62 2.3 % 53.1 1.8 %
Lab 4 19.8 2169 54 2227 0.7% 6.84 7.6 % 47.8 3.0%
Lab 5 NA NA NA 2229 0.1% 5.99 5.8% 46.7 32%

Lab 6 19.0 2168 4.4 2235 0.2% 7.12 32% 49.5 4.6 %




Table 9. Mean u and coefficient of variation CoV for the measured crack width w and

water flow q for both REF and CAPS specimens of the 6 labs.

REF CAPS
q q
u (um) CoV U (g/min) CoV u (um) CoV U (g/min) CoV
Lab 1 291 2.6 % 68.7 22.6 % 297 2.5% 38.7 70.6 %
Lab 2 302 1.6 % 108.2 17.9 % 305 0.8 % 54.3 78.1 %
Lab 3 301 1.4 % 82.6 153 % 298 1.3% 27.0 83.8%
Lab 4 301 1.6 % 453 28.4 % 304 1.7 % 16.2 104.0 %
Lab 5 301 1.2% 61.2 25.9 % 299 2.6 % 16.7 70.2 %
Lab 6 293 4.5 % 79.9 10.1 % 299 4.6 % 48.2 30.9 %
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Fig. 2. Moulds to make concrete specimens (60 x 60 x 220 mm?) with capsules (a:

mould with 5 capsules; b: casting of specimens with 4 capsules).
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Fig. 3. Cross-section of mortar specimens with capsules (dimensions in mm).




Fig. 4. Screw jacks used for actively restraining the crack width of a mortar specimen.
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Fig. 5. Water permeability measured by a constant head water flow test [33].

)
C

silicone

connector
screw jack

3_((’)\'\
Force
2_

(kN)

96 167
1

0 T II
0 66 108

Fig. 6. Load displacement graph of a CAPS specimen showing capsule rupture at 66,

96, 108, and 167 pm.
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Fig. 7. Crack width w of individual concrete specimens for which the mean of the series
are indicated by horizontal lines and error bars give the 95 % confidence interval on this

mean. The horizontal dashed line indicates the target crack width of 300 pm.
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Fig. 8. Cumulative mass gain versus the square root of time of REF, CAPS and UNCR
specimens (waterproofed with aluminium tape) of all 6 labs with the linear regression

line. Error bars indicate the standard deviation.
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Fig. 9. Comparison of the cumulative mass gain versus the square root of time for the
uncracked specimens of lab 6 with the individual linear regression lines, showing a
more uniform behaviour for the repeated waterproofing with aluminium tape compared

to the original waterproofing with aluminium tape.
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Fig. 10. Sorption coefficients SCy_¢, SCs_» and SCy_,4 of REF, CAPS and UNCR

specimens highlighting that an improved waterproofing quality results in more

homogenous results. Error bars indicate the standard deviation.



Fig. 11. Crack surfaces (60 x 60 mm?) of one of the best performing CAPS specimen of
lab 1. The hardened PU can be seen as fluorescent yellow. Arrows indicate the capsule
from which fresh PU (visible as a dark stain) leaked on the surface when the specimen

was broken. Image is highly saturated to improve visibility.
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Fig. 12. Crack width w of individual mortar specimens for which the mean of the series
is indicated by a horizontal line and error bars give the 95 % confidence interval on this
mean. Most mortar specimens had a crack width w within the desired crack width range

(shaded area).
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Fig. 13. Individual flow rates g and the means of the different specimen batches

indicated by horizontal lines. Error bars give the 95 % confidence interval on the mean.
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Fig. 14. The sealing efficiency SEf,,,, measured in the different labs.



Fig. 15. Mortar specimen with mortar removed from the side up to the location of a
capsule (length approximately 55 mm) showing that most of the PU was retained in the

capsule. Arrows indicate the location of the crack.
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Fig. 16. Water flow g versus the PU surface coverage for labs 1, 2, 4 and 5.



Fig. 17. Crack surface (40 x 40 mm?) of one of the specimens with the best PU surface
coverage but still a significant flow due to an unconnected crack filling below the
cast-in hole (through which water was induced during the permeability test). The crack
mouth through which water leaked out of the specimen is oriented to the bottom, like in

the water flow test.







