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Self-repairing of polymer-cement concrete

P. LUKOWSKI*and G. ADAMCZEWSKI
Faculty of Civil Engineering, Warsaw University of Technology, 16 Armii Ludowej Ave., 00-637 Warszawa, Poland

Abstract. Self-repairing means ability to the total or partial recovering of the properties which were worsened as a consequence of damage
of the material. The subject of the paper is evaluation of ability to self-repair of a cement composite modified with epoxy resin without
a hardener. The methodology of investigation of self-repairing building materials, developed by the authors, has been described, with
controllable enforcing of the limited weakening of the material. Also, the self-repair degree has been defined as the measure of self-repairing
ability of the building composites. The material model of the epoxy-cement composite has been developed on the basis of the tests results.
The material optimization of the composite towards the maximum self-repairing ability has also been carried out. The results of investigation
have confirmed the possibility of self-repairing of the cement composite modified with the epoxy resin without hardener. The conclusion
and further research needs in the range of the self-repairing epoxy-cement composites have been pointed out.
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1. Introduction

Repairs of building structures are often difficult and expensive,
however, they are also inevitable. One of the main tasks of
today’s building materials engineering is development of the
more durable materials, the use of which should diminish the
frequency of necessary repairs. Another challenge is search-
ing for materials, which could make the repairing process
itself easier. The prospect of merging these both research di-
rections is created by the concept of self-repairing concretes
and mortars.

The problem, which has to be solved during the repair of
the concrete structure, is how to advance with the repair ma-
terial to the proper place — where the damage has occurred.
This is usually less complicated in the case of the surface
repairs, as the access to the repaired surface is relatively easy.
The problem is created by damages of concrete inside the
building element. There are microcracks which occurred in-
side the concrete, particularly in the interfacial zones between
the cement paste and the aggregate; the microcracks expand
and form the network, which decreases the concrete strength
and makes the ingress of the aggressive substances inside the
concrete much easier. This, in turn, leads to concrete corro-
sion and destruction. Placing the repair material into the crack
is possible only after the damage becomes visible, what of-
ten takes place when damage is quite serious. The method of
repair of cracks is usually injection [1]; the method, which
is rather complicated and expensive as well as requires the
skilled staff for proper execution. The injection is also con-
nected to a large degree of uncertainty of its effectiveness [2].
The alternative solution may be making the material able to
repair its damages without necessity of external intervention.
The concept of self-repairing consists in the assumption that
the repair material can be placed inside the concrete during
production of the concrete mix, i.e. well before the damage
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is occurring. When the internal stresses in the concrete ex-
ceed the specified level, the repair material is activated. The
methods of self-repairing differ from each other, first of all,
by the mechanism of this activation. Various possibilities of
self-repairing have been briefly described in the paper. The
particular attention has been paid to the use of epoxy resin
without hardener, which is an idea initiated and first investi-
gated by Y. Ohama [3], now developed by the authors [4].

2. Self-healing and self-repairing

Self-healing of concrete means the process leading to the par-
tial recovery of the damaged material properties, which is not
controlled and independent on the designer [5]. The concrete
carbonation, delayed cement hydration and the phenomena
taking place during water flow through the concrete, can be
considered as such processes.

The carbonation is the process in which calcium hydrox-
ide present in the hardened concrete reacts, in the presence
of moisture, with the atmospheric carbon dioxide:

COQ + HQO — H2C03
H>CO3 + Ca(OH); — CaCO3 + 2H>0O

The produced calcium carbonate has larger volume than
the reactants and is less soluble than calcium hydroxide. As a
consequence, the concrete becomes less porous, which leads
to increase of strength and limitation of ingress of the aggres-
sive chemicals. The negative result of carbonation is lowering
of alkalinity of concrete and loss of protection ability of con-
crete in regard to the reinforcing steel [6].

The delayed, “residual” hydration of cement may result in
the partial recovery of the mechanical properties and tightness
of the cracked concrete [7]. The potential source of the re-
pair material is non-hydrated cement, usually present in some
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amount in the hardened concrete. The cracks inside the con-
crete might be filled with the products of cement hydration
[8, 9] (Fig. 1).

Fig. 1. Self-healing of concrete as a result of delayed cement hy-

dration: a) cracked microstructure of the concrete, b) filling of the

microcrack, c¢) products of cement hydration inside the selaed mi-
crocrack after Ref. 9

The effect of such self-healing is possible only in the pres-
ence of water. The multiple cycles of saturation and drying
might also support the tigthening of the cracked concrete [10],
mainly due to the re-crystallisation of calcium carbonate in-
side the crack [11]. The self-healing can be a result of precip-
itation of some deposits from water [12, 13] as well. However,
the saturation of concrete with water is definitely harmful for
the material.

The effectiveness of concrete self-healing is connected
with the width of the cracks. V.C. Li and E.H. Yang have
developed the cement composite, in which this width is con-
trolled by using steel fibres, thus improving the self-healing ef-
ficiency; the material is called Engineered Cementitious Com-
posite [14, 15].

Self-repairing means ability of a material to the total or
partial recovering of its properties, worsened as a consequence
of damage, without any external intervention. The self-repair
should proceed in the place and time expected by the design-
er, i.e. where and when it is desirable. However, achieving
such ability is not easy.

3. Methods of implementation
of self-repairing ability to concrete

One of the methods of implementation of self-repairing ability
to concrete is the use of microorganisms [16]. The promising
results were obtained using Bacillus Pasteurii. The product of
their metabolism is calcite CaCOg, which can be deposited in
the cracks. However, the relatively effective action of the bac-
teria is limited to the narrow range of its concentration in the
concrete. Also, the specific chemical conditions are necessary
(constant pH, moisture, etc.) and the bacteria considered are
aerobs, thus the oxygen access is necessary.

The other way is the concept of dispersed carriers of repair
materials. The initial studies and investigations in this area are
involved with C.M. Dry [17, 18]. The method is based on the
assumption that the functions of the material components can
be separated into the structural and repair function. The repair
substance is introduced into the concrete mix; the substance
does not carry the mechanical loads, but is able to move in-
side the concrete and repair the damages of the microstruc-
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ture, without any additional, external intervention. This was
innovative approach, but also brought numerous technological
problems. The introduction of the repair mean on the stage of
concrete production usually weakens the concrete. Moreover,
this introduction should be done in such a way that its repair
ability is kept during the service life of the building element.
The idea has become true by introducing the liquid repair
substance, contained within the microfibres or microcapsules
made of the brittle material. These microcontainers break un-
der loading and the repair mean is released in the place of
damage, then it hardens, repairing the building element.

4. Epoxy-cement composites without hardener

Polymer-cement concretes (PCC) are materials in which the
polymer forms the separate continuous phase — co-binder. The
necessity of application of the hardener as the additional com-
ponent of the system is technological hindrance when pro-
ducing epoxy-cement concrete or mortar. On the other hand,
these materials have a number of advantages, like improved
tensile and flexural strength, tightness and adhesion to various
substrates [19, 20].

The cross-linking of an epoxy resin in the environment
of Portland cement paste can proceed — to the extent depen-
dent on accessibility of calcium hydroxide, which is a catalyst
— without the presence of any hardener (Fig. 2), which can
make the production of epoxy-cement composites easier.

o OH O—CH;-CH—CH;~
|

—ch— e [—O—CH—CH—CH=0—1 CaOH), [—o—cH=CH—CH—0—
CH;—CH—CHy~ | [O—CHyCH—CH;0 ] 2 [-o-cr-cH—chzo
n
OH n
Fig. 2. Cross-linking of epoxy resin in the presence of calcium hy-

droxide

This phenomenon can be used for implementation of self-
repairing ability to the concrete [21]. At the polymer con-
tent of 20% in the whole binder, the degree of cross-linking
of epoxy resin (when used without a hardener) is estimated
to about 50% [22]. The excess of unhardened resin remains
initially in the pores of the hardened cement paste. As the
loadings occur, the resin is gradually released and fills the
microcracks. There the resin is contacting with the calcium
hydroxide, cross-linking and hardening. The microcracks are
filled and tightened (Fig. 3).

unhardened
resin

hardened
epoxy resin

aggregate

Fig. 3. Self-repairing by modification of concrete using epoxy resin
without hardener

5. Results of testing

5.1. Method of investigation. As for now, no method of self-
repairing evaluation has been commonly accepted, nor has the
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measure of the material self-repairing ability. The original
methodology of investigation of self-repairing building ma-
terials has been developed in the framework of the research
project carried out by the authors, with controllable enforcing
of the limited weakening of the material [23].

Several introductory research were carried out to explore
various possibilities of applying load to the sample. Differ-
ent types of load (bending, compression, tension), different
character of load (static, dynamic) and periodicity of load-
ing (single load, cycle of loading) were tried out. Finally, the
process of a controlled weakening of a concrete sample was
possible due to the precise identification of a moment when
the bending load develops a crack in a sample; computer con-
trolled testing equipment was used (Fig. 4).

Stress [MPa]

0
-0.002 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

Flexural strain at bending [mm/mm]

Fig. 4. Stress-strain curve obtained in bending test

Further development of a crack is connected with a de-
crease of applied load which results from weakening of a
structure of the material being damaged. Point A on the Fig. 4
is related to the flexural strength of a sample, therefore corre-
sponds exactly to the stress value when the first crack appears
in a sample structure. Distance C corresponds to the decrease
of a stress which is a consequence of crack propagation. This
means that it is possible to obtain the desired crack dimension
by matching an appropriate C value (by precise establishing
the B value, which corresponds to the moment of stopping of
the load application). After testing, the residual strength (up
to the destruction of the specimen) can be determined.

In this way, the expected weakening of samples is achieved
and simultaneously the flexural strength of each sample is de-
termined, which allows to reduce the necessary number of
specimens (large, due to the statistic uncertainty of results as
a consequence of an inhomogeneous structure of the material).

The samples treated in this way were divided in two
groups (Fig. 5). For the first one, the residual flexural strength
has been determined immediately after weakening. The sec-
ond group of the samples was left for a certain period of
time to allow a self-repairing process to take place and after
that time the flexural strength has also been determined. In
the same time, the flexural strength has been determined for
the reference samples, not weakened, but instead cured in a
normal conditions.
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Fig. 5. Scheme of investigation of self-repairing of epoxy-cement
composites

5.2. Method of evaluation of self-repairing ability of con-
crete. The ability to self-repair might be understood, to some
extent, in the intuitive way. However, there is still a need for
a quantitative measure of this feature of the building compos-
ites. Such a measure has been defined by the authors as the
self-repair degree [24]. The measure is closely connected to
the developed method of the investigation (Fig. 6).
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Fig. 6. Evaluation of self-repair efficiency as a result of investiga-

tion of epoxy-cement composite. Red line means increase of strength

after controlled weakening of specimens, A — lowering of strength,

B - increase of strength after self-repair, C — increase of strength

connected directly to self-repair, D=D’ — increase of strength con-
nected to normal curing without self-repair

A self-repair degree (STS) has been accepted as the mea-
sure of self-repair efficiency. STS has been defined as the
ratio of increase of strength caused by self-repair (i.e. exclud-
ing the effect of the natural curing of specimens, C =B — D”)
to decrease of strength caused by controlled weakening of the
material (A):
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5.3. Results and discussion. The observations of the mi-
crostructure of the hardened mortars have been carried out
using X-Ray tomography and scanning electron microscopy.
The microscopic images show the specific elements of the
epoxy-cement composite microstructure, for instance the con-
tinuous polymer film, visible in details (Figs. 7 and 8).

Fig. 8. Microstructure of epoxy-cement composite with visible poly-
mer film

Fig. 9. Microstructure of cement composite (a), epoxy-cement com-
posite with polymer in the form of liquid resin (b) or water emulsion
(c); images from X-Ray tomography

Using of X-Ray tomography makes it possible to distin-
guish the areas of low density (bright fields) from those with
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the higher density (dark fields). This, in turn, allows to con-
clude about the spatial distribution of the composite com-
ponents. In the case of unmodified mortar, the typical mi-
crostructure is observed, in which the aggregate grains are
surrounded by the hardened cement paste (Fig. 9a). Introduc-
tion of polymer in the form of the conventional liquid resin
causes formation of dispersed polymer phase, observed on the
cement paste as well as in the contact zone with the aggregate
(Fig. 9b). From the point of view of self-repairing, formation
of the continuous layer would be of advantage — such situa-
tion can be observed when the epoxy resin is introduced in
the form of the water emulsion (Fig. 9c) — the polymer film
is visible, particularly in the interfacial transition zone. The
reason for this difference is the way of introducing of the
polymer — the conventional liquid resin is significantly vis-
cous and thus more difficult to the uniform dispersion in the
mortar (or concrete) mix. The use of water emulsion leads to
more homogenous microstructure. Therefore, the emulsion of
epoxy resin has been selected for using in the self-repairing
tests.

The introductory tests were carried out using the epoxy-
cement mortars with constant binder (Portland cement +
epoxy resin without a hardener) to sand ratio, equal to 1:3
by mass. Water to cement ratio was equal to 0.5. The water
emulsion of epoxy resin was used, therefore the water con-
tained in the emulsion was counted as the part of the mixing
water. The CEM 1 42.5 R cement and standard sand according
to PN-EN 196-1 were also used. The investigation has been
performed according to the procedure described in the point
5.1. The time of curing of the epoxy-cement mortars was 28
days in the conditions given in the European Standards (e.g.
PN-EN 12190:2000 Products and systems for repair and pro-
tection of concrete structures — Test methods — Determination
of compressive strength of repair mortar), i.e. 1 day covered
by plastic sheet +2 days of wrapping with plastic sheet +
rest of curing time in the laboratory conditions (21°C + 2°C
and 60% + 5% RH). For self-repairing, the specimens after
weakening were left for another 28 days in the laboratory con-
ditions. The values of self-repair degree (Fig. 10) have been
calculated according to the Eq. (1).
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Fig. 10. Self-repair degree (STS) of epoxy-cement mortars with var-
ious contents of epoxy resin (without hardener)

The flexural strength of the epoxy-cement composite with-
out a hardener is worse than that of unmodified mortar. The
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reason is, most likely, the presence of unhardened resin in-
side the material as well as the presence of emulsifiers in
the water emulsion of epoxy resin. The emulsifiers hinder the
effective use of water from the emulsion to the cement hy-
dration. They may also disturb the catalytic cross-linking of
the resin without a hardener. Nevertheless, the results of the
introductory tests made it possible to conclude that there is
such content of the epoxy resin which gives the maximum
effect of self-repairing. The next step was, therefore, the ma-
terial optimization of the epoxy-cement mortar towards the
maximum self-repair degree.

The subject of the investigation were the epoxy-cement
mortars with various content of epoxy modifier (poly-
mer/cement ratio, p/c, was from 0.1 to 0.35), applied without
a hardener, and various binder/aggregate ratios, b/a (from 0.33
to 0.60). The research programme covered the evaluation of
effectiveness of epoxy-cement composites self-repairing. The
results of the testing, performed according to the statistical
design of experiment, were the basis for developing of the
material models of the epoxy-cement composites (Fig. 11).

g1S ‘redal-}|9s 40 oney

Fig. 11. Self-repair degree, STS, as a function of polymer/cement,
p/c, and binder/aggregate, b/a, ratio (coded variables)

The optimization procedures including the genetic algo-
rithm and the network method have been employed for de-
termination of the material composition enabling the maxi-
mum effectiveness of self-repairing. The optimum values of
the variables are p/cop; = 0.19 and b/ag, = 0.34 (real vari-
ables). The optimum content of polymer in the composite is
connected to two limitations. First, some minimum amount
of resin is necessary for noticeable self-repairing. However,
further adding of the resin (without a hardener) decreases the
mechanical features of the material and eventually the weak-
ening of the microstructure by unhardened resin prevails over
the effect of the possible self-repairing.

The verification testing has confirmed the adequacy of the
developed material model. The self-repair degree, STS, of the
optimized epoxy-cement composite was equal to 0.43, with
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standard deviation 0.12, while the value of STS calculated
from the model was 0.41.

The self-repair ability of the optimized epoxy-cement
composite is, therefore, promising. However, comparing to
unmodified mortar, some properties (flexural and compres-
sive strength) of the epoxy-cement mortar have worsened. The
other properties have changed only slightly (tensile strength)
or even have improved (water absorbance, consistency of the
mortar mix) (Table 1).

Table 1
Comparison of selected properties of optimized epoxy-cement mortar
(without hardener) and standard cement mortar

Epoxy-cement

Standard
. mortar cement mortar
Property (without hardener) (ace. to
optimized PN-EN ) 196-1
for self-repairing B -1)
Flexural strength, MPa 4.2 6.4
Compressive strength, MPa 27.2 47.5
Tensile strength, MPa 3.4 3.3
‘Water absorbance, % 2.6 5.9
Consistency (slump), cm 6.5 5.5

The self-repair degree, STS, is a combined measure
and its single value is calculated from the separate sets of
strength values (for the samples, which were weakened or
non-weakened, cured for different periods, etc.). Therefore,
the statistical analysis of self-repair efficiency is difficult and
requires a large number of further tests. However, because
the results are most dispersed in the case of the weakened
samples (the residual strength and, particularly, strength after
self-repair), the limitation of their scattering is essential for
the reliability of self-repairing evaluation. This conclusion is
confirmed by some preliminary observations. The variation
coefficient for the flexural strength after self-repair, f, did
not exceed 20 %, while the variation coefficient for corre-
sponding self-repair degree, STS, sometimes reached 30 %
and even more. It can be noted that high variation coefficient
for fy leads to high variation coefficient for STS.

6. Conclusions

The results of investigations, carried out using the developed
methodology, have confirmed that the cement composite can
obtain the self-repairing ability by modification with the epoxy
resin without the hardener. It has been demonstrated that
the composition of the material enabling the maximum self-
repairing effectiveness can be established on the way of the
statistical-experimental optimization. It has also been shown
that self-repair degree defined in the thesis makes possible
the reliable evaluation of self-repairing ability of the building
material.

Polymer-cement concretes (PCC) create a large group of
building composites with the granular filler. To this group
are usually counted also the materials, in which the aggre-
gate grains diameter does not exceed the size typical for the
building mortars. The justification for this categorization are
the properties of PCC, in many cases very similar to those
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characteristic for the concrete [25]. The subject of investiga-
tions presented in this paper were the epoxy-cement mortars.
However, taking into consideration the above explanation, the
conclusions may be accepted as valid in the case of concretes,
too. The verification tests of epoxy-cement concretes are now
in pending.

The further intensive research in the field of self-repairing
ability of the building composites are needed. The particular
problem is involved with the possibility of some worsening of
certain technical properties, when the epoxy resin without a
hardener is introduced into the cement concrete. This can be
explained by the presence of unhardened liquid resin in the
composite as well as the presence of emulsifiers in the wa-
ter emulsion of epoxy resin. The emulsifiers may hinder the
effective use of water from the emulsion to the cement hydra-
tion and disturb the catalytic hardening of the resin. Therefore,
the technological conditions should be precise for reduction of
this effect. The further research directions should also cover
determination of time, in which the self-repair can proceed,
and possible repeating of this process.
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