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ABSTRACT: Ultra High-Performance Fiber Reinforced Concrete (UHPFRC) is known for its enhanced self-healing abilities,
attributed to its low water-to-cement ratio, high content of un-hydrated cement particles, and multi-cracking pattern. This study
investigates the effect of different fiber types and contents on UHPFRC self-healing. Two UHPFRC mixes were evaluated: one
with 65/35 3D steel fibers in a dosage of 40 kg/m* and another with short straight-shaped steel fibers (13/0.2) in a dosage of 160 kg/
m?. The self-healing performance was evaluated through crack closure and water permeability. In addition, resistance to chloride
penetration was evaluated in healed cracks. Pre-cracked disk specimens with cracks between 100-450 um were subjected to two
healing conditions: water immersion at 20°C and exposure to a humidity chamber (20°C, 95% RH). The mix with higher fiber
content (U160) obtained superior crack closure and healing efficiency, particularly under water immersion. For cracks smaller than
150 um, U160 achieved nearly complete healing, while U40 achieved limited healing efficiency. In addition, water permeability and
chloride penetration tests revealed that the U160 mix offered higher resistance to water and chloride penetration, emphasizing the
role of fiber content and crack pattern in improving the self-healing and durability of UHPFRC.
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RESUMEN: Efecto de las fibras en el autosanado de un Hormigon de Ultra Altas Prestaciones. El hormigén de ultra altas
prestaciones reforzado con fibras (UHPFRC) es conocido por sus capacidades mejoradas de autosanado, atribuidas a su baja
relacion a/c, alto contenido en particulas de cemento sin hidratar y un patrén de fisuracion multiple. Este estudio investiga el efecto
de diferentes contenidos y tipos de fibras en las capacidades de autosanado del UHPFRC. Se evaluaron dos amasadas de UHPFRC:
una con 40 kg/m? de fibras de acero 3D 65/35 y otra con 160 kg/m? de microfibras de acero (13/0.2). La capacidad de autosanado
se evalud mediante el cierre de fisuras y permeabilidad al agua. Ademas, se estudio la resistencia a la penetracion de cloruros en los
clementos tras el autosanado. Las probetas ensayadas con fisuras entre 100-450 um fueron sometidos a dos condiciones de sanado
diferentes: inmersion en agua a 20°C y camara de humedad (20°C, 95% RH). La serie con mayor contenido de fibra (U160) obtuvo
una capacidad de autosanado superior, tanto en cierre de fisura como en permeabilidad, especialmente para probetas sanadas en
inmersion en agua. Para fisuras por debajo de 150 um, la serie U160 logrd un autosanado casi completo, mientras que la mezcla U40
obtuvo una eficiencia limitada. Tras el proceso de autosanado, la serie U160 obtuvo mayor resistencia frente a la penetracion de agua
y cloruros, resaltando el papel del contenido de fibras en la mejora de la autosanado y durabilidad del UHPFRC.

PALABRAS CLAVE: Autosanado; Fisuracion; Hormigon de Ultra Altas Prestaciones; Penetracion de cloruros; Permeabilidad al agua.

Copyright: ©2024 CSIC. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0
International (CC BY 4.0) License.


https://orcid.org/0000-0002-1067-1276
https://orcid.org/0000-0001-6456-4401
http://orcid.org/0000-0001-8754-1165
mailto:roigma@uji.es
https://doi.org/10.3989/mc.2024.3
https://doi.org/10.3989/mc.2024.3

2 « M. Roig-Flores et al.

1. INTRODUCTION

Self-healing materials possess the ability to repair
damage autonomously or with minimal external in-
tervention. In construction, the use of self-healing
materials is expected to enhance the longevity of
structures and reduce maintenance and repair needs
(1). Reinforced concrete structures often experience
small cracks (less than 0.3 mm) due to the material’s
low tensile strength, and such cracks are considered
normal in many structures, as specified in Eurocode
2. Concrete has a natural self-healing ability, known
as autogenous healing, which allows it to seal small
cracks through ongoing hydration and carbonation
processes (1). The healing process has been known
for years, especially in concrete water reservoirs and
pipes, where crack sealing and leakage stop were de-
tected. The first mention to the phenomena is usually
attributed to the French Academy of Sciences (1, 2).
Well-known technical books also described the phe-
nomena with different names, such as “cicatrization”
in (3), and is always attributed to cracks below 0.2-
0.3 mm, and thus, within the allowable crack width
values.

Concrete autogenous healing is typically disre-
garded in the design of typical concrete structures, but
it is considered in Eurocode 2 in part 3, EN 1992-3
“Liquid retaining and containment structures”, which
relates to design of watertight concrete structures,
usually exposed to one-sided water pressure (such
as basements, tunnels and water tanks). EN 1992-3
allows certain crack width values for tightness class
1, depending on the water pressure and thickness of

a)

the reinforced concrete wall, with values general-
ly between 0.05 and 0.2 mm, given the requirement
that sealing of the cracks would occur in a short-time,
which, however, is not always guaranteed.

Recent research has focused on improving autoge-
nous healing (4, 5), designing specialized products
to promote self-healing (autonomous healing) (1, 6),
or better understanding these processes. It has been
widely reported that the visual closure of cracks does
not always guarantee improved durability (7, 8),
making the study of self-healing in terms of transport
properties crucial.

From the three mechanisms involved in the trans-
port of fluids, permeability, diffusion, and sorption
(9), the most relevant mechanism will be different de-
pending on the specific civil work and its contact with
water. There are several civil constructions where per-
meability is the main mechanism with different range
of values of water pressure, such as dams (~50-100
meters of water column, mWc), water reservoirs (1-2 ),
concrete pipes (0.5-1 mWc) or even variable mWc in
the case of the groundwater level, a situation that can
be found in many foundations or constructions under
the ground level such as a parking.

Traditionally, concrete permeability has been eval-
uated in the uncracked state following EN 12390-8.
This approach enables the assessment of water pene-
tration depth and whether it reaches the reinforcement.
In specimens with cracks, the flow of fluid through
the sample under a specific pressure can be evaluat-
ed. Testing methods for cracked or damaged samples
are quite similar to those used for porous materials
in fields like soil mechanics or hydrogeology, where

b)

FiGureE 1. Different setups for testing water permeability in soils, a) constant head
water permeability and b) falling head water permeability.
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fluid flow is measured using either the constant head
or falling head methods (figure 1). From these tests,
a permeability coefficient (k) is estimated using Dar-
cy’s law, with slightly different equation depending
on the type of test. However, it should be mentioned,
that Darcy’s law was formulated for porous medi-
ums and its applicability may be limited in concreted
cracked specimens where other phenomena (such as
turbulences) may occur. Other classifications on the
type of permeability tests can be found in the litera-
ture (10), such as a differentiation between discrete
tests (healing occurs between tests) and continuous
permeability tests (where healing occurs simultane-
ously to the test).

For the evaluation of self-healing through transport
properties, there is a need of inducing a previous dam-
age (usually a crack), unlike with mechanical tests.
Usually, water permeability in cracked conditions is
measured after inducing these cracks.

Previous authors (4) designed a test apparatus ca-
pable of inducing tensile cracks in concrete samples
and assessing water permeability under varying pres-
sure levels (ranging from 2.5-20 mWc), and in which
healing took place simultaneously with the permea-
bility test. Their findings indicate that specimens sub-
jected to lower water pressures while healing exhibit-
ed improved healing rates. Similar setups working at
high (~20 mWc) have also been used later on in the
literature (7). In the case of test setups working at low
water pressures, other authors (11, 12) used a method
based on sealing PVC ring and applying a water-filled
tube system with a water pressure of around 0.3 mWe.
In this case, the water permeability is evaluated as the
reduction of water height in the pipette. In the end,
the test selection should depend the application and
objectives.

Ultra-High-Performance Fiber Reinforced Con-
crete (UHPFRC) is a cementitious material that com-
bines self-compacting behavior with excellent me-
chanical, and durability properties, and shows high
ductility and tensile strength (13). Its excellent prop-
erties are attributed to a dense matrix, low w/c and
high content of micro steel fibers (14). UHPFRC mix-
es with high contents of fibers and appropriate mix
design may have multiple cracking behavior, thanks
to a high stress redistribution that produces several
narrow microcracks. The porosity accessible to water
in UHPFRCs without cracks at 28 days can be 7 and
4 times lower than a 30 MPa and a 90 MPa concrete,
respectively (15, 16).

Previous studies (17) investigated UHPFRC beams
loaded with increasing levels of strain in order to pro-
duce multiple cracks, representing service and failure
conditions. A threshold was detected around the resid-
ual strain of 1.3%o, if strains were lower, no differenc-

es were detected in the water permeability coefficient
of UHPFRC. This value of strain was approximately
equivalent to a total crack width of around 130 pm
distributed in 100 mm. Similarly, previous research
in cracked conditions with 20 mWc water pressure
(16) could not detect water movement through 25 pm
cracks, and only extremely low movement for 50 um
cracks. As a result, a modified water permeability test
was developed (17, 18), using sodium chloride and its
reaction with silver nitrate as an indicator to identify
areas where water could penetrate.

The lack of water flow reported in (17, 18) can be
a consequence of the cracking methodology in rein-
forced beams, which makes the crack width to be re-
duced towards the interior of the beam, typically in
a “V” shape. However, other methodologies, such as
those proposed in COST Action Sarcos (19) used con-
crete disks cracked by splitting tests with completely
passing cracks in most of the specimens. Therefore,
this study aims to compare the autogenous healing
capability of UHPFRC with two fiber types and dos-
ages, through crack closure and water permeability. In
addition, protection against chloride penetration after
healing was evaluated in disks with completely pass-
ing cracks after healing.

2. MATERIALS AND METHODS
2.1. Materials

The study compares two different Ultra High-Per-
formance Fiber Reinforcement Concrete (UHPFRC)
mixtures. In order to assess the effect of fiber con-
tent on self-healing properties, these mixtures were
modified to incorporate varying types and amounts
of fiber. The components used in the UHPFRC mix-
es included Lafarge’s CEM I 42.5 R-SRS5, Elkem’s
silica fume, silica sand (0/0.5 mm and 0/1.6 mm),
silica flour (Quarzfin U-S 500) from Sibelco. Regard-
ing the fibers, the U160 mix contained high strength
short, straight steel fibers, specifically 13/0.2 (length
13 mm, diameter=0.2 mm, slenderness=65), with
tensile strength greater than 2000 MPa. The U40
mix incorporated 65/35 3D steel fibers from Dramix
(length =35 mm, diameter =0.55 mm, slenderness
=65). Fibers were added as reinforcement material,
without changing the content of the other compounds.
The superplasticizer Sika Viscocrete 20HE was added
to both mixtures to ensure self-compacting behavior.
Detailed compositions of the two concrete mixes are
presented in Table 1. To validate the results acquired
from this study, the results from previous studies have
been compared, U160 (same mix) and U130 from the
results presented in (18) and U120 for the results test-

Materiales de Construccion 74 (356), October-December 2024, €355. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.390224



4 « M. Roig-Flores et al.

TaBLE 1. Composition of the four UHPFRC mixes compared.

Materials (kg/m’) U160 U40 U130(¥) U120(*)

CEM 142.5 R-SR5 800 800 800 600

Silica fume 175 175 175

Slag 500

Silica sand (0/0.5 mm) 302 302 302

Silica sand (0/1.6 mm) 565 565 565

Silica flour 225 225 225

Sand (0-2) 982

Water 160 160 160 200

ViscoCrete 20HE 30 30 30

Superplasticizer BASF Glenium ACE 300® 33

Short steel fibers (13/0.2) 160 - 130

Steel fibers Azichem Readymix 200® 120

Dramix fibers 65/35 - 40 -

w/c 0.20 0.20 0.20 0.30

w/b 0.16 0.16 0.16 0.18
ed by the authors included results in (20). The com- 2.2. Methodology

position of these UHPFRCs is also presented in Table
1, and are indicated with an (*).

Each mix was evaluated by measuring its compres-
sive strength at 28 days, following the EN 12390-3
standard. This involved testing four cubes for each
mix, each cube having a side length of 100 mm. The
slump flow test was also conducted to assess work-
ability following EN 12350-2. The compressive
strength results at 28 days show that the U160 sam-
ples achieved 140.52 MPa, while the U40 samples
reached 123.0 MPa (14% improvement due to the fib-
ers). Regarding the slump flow measurements, U160
exhibited a slump flow of 560 mm, whereas U40
showed a higher slump flow of 610 mm. Although the
higher fiber content slightly reduced workability, both
mixes remained self-compacting and fell within the
SF1 slump class (with a slump flow ranging from 550
to 650 mm).

To evaluate the self-healing properties of the mixes,
eight cylinders of each mix were prepared, with dimen-
sions of ¥100x200 mm. After curing for 28 days in a
humidity chamber set at 20°C and 95% RH, the cylin-
ders were cut into smaller disks of size @100x50 mm.
The methodologies used for testing adhered to the
guidelines of the COST Sarcos Interlaboratory test
groups (19, 20).

2.2.1. Pre-cracking and crack width measurement

To assess the self-healing capability of the four mix-
es, 28-day-old disks with dimensions of ¥100x50 mm
were pre-cracked using a splitting test. During the
pre-cracking process, the load increased progressive-
ly and crack width in the loaded state was measured
manually. Once the crack reached the desired size,
the specimens were unloaded and the residual crack
width was evaluated. The fibers added to the mixes
allow controlling the cracking process until the target
crack width is achieved. In this work the goal was to
create residual cracks ranging between 100 and 450
pum. The width of these cracks was measured the same
day after pre-cracking and then again after the sam-
ples healed under various conditions. For every heal-
ing condition, at least six specimens were cracked.

The crack width was measured at six points on
each disk (three equidistant points on each plane sur-
face). The measuring points are marked yellow (see
Figure 2). The results show that 100% of the cracks
on the U40 disks were single cracks without (or with
minimal) branching, as shown in Figure 2 (left). Con-
versely, 70% of the measurement points on the U160
disks had several crack branches, i.e. a multi-cracking
pattern. Therefore, more than one crack was present
at most of the measurement points (Figure 2, right).
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F1GURE 2. Single crack produced in the U40 mix (left) and several branches in U160 mix (right).

Since crack width was measured in all the indi-
vidual cracks before and after healing, the parameter
of crack closure was evaluated for each individual
crack. However, as water and chloride permeability
tests were conducted on the entire disk, each disk’s
representative initial crack width was calculated. To
obtain this representative value, the crack width at
each measurement point was determined by summing
the widths of all the crack branches at each point. The
overall representative crack width for the disk was
then calculated as the average of all the width meas-
urements from the six points.

2.2.2. Evaluation of the self-healing efficiency

Two parameters were used for the evaluation of
self-healing efficiency: the crack Closure Ratio (CR)
and the Healing Ratio (HR). CR is obtained using the
crack width values of each individual crack width be-
fore and after the healing process (Equation [1]). HR
is obtained from the low pressure water permeabili-
ty tests results, performed on cracked disks follow-
ing the methodology explained in detail in previous
studies (8). HR was obtained as the ratio of water
permeability, before and after the healing process,
following Equation [2].

Crack width after healing
CR=1 - - : (1
Crack width before healing

HR=1 Water head reduction after healing 2]
Water head reduction before healing

Afterwards, specimens are exposed to the healing
condition: a) W28, 28 days of water immersion at
20°C, and H28, 28 days at 20°C and 95% RH.

2.2.3. Protection against chloride penetration

After the healing period under the two healing
conditions and the completion of the final water per-
meability test, an assessment of chloride penetration
through the healed cracks was performed. The meth-
od used was a modified chloride permeability test, as
proposed in a previous study (18). The results of this
method revealed two main penetration zones: pene-
tration through the matrix, labeled P, and penetration
through the crack, labeled W. To measure P, four
points were marked at 20 mm intervals along both
faces of the disk. To measure W, three points were
measured, maintaining a 20 mm distance from the
surface of exposure to chlorides, in order to avoid the
influence of matrix penetration.

3. RESULTS AND DISCUSSION
3.1. Crack closure

Figure 3 and Figure 4 show Crack Closure Ratio
(CR) obtained after healing, depending on the initial
crack width of each individual crack for both the U160
mix (blue points), U40 mix (orange points). Figure 3
shows the results healing in water immersion for 28
days (W28) and Figure 4 those healing in humidity
chamber for 28 days (H28).

Disks from the U160 mix showed distributed
cracking with a higher number of thinner cracks,
therefore, the CR parameter was analyzed in a higher
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number of cracks in the U160 mix. U160 mix had per-
fect CR in the W28 conditions for most cracks below
360 um. However, some cracks remained open with
CR=0. When U160 disks heal in the H28 conditions,
the CR result is dispersed and below 63% in most
of the cases, with only two cracks with perfect CR
(100%). In the case of the U40 mix healed in W28,
it showed several cracks with perfect healing, some
cracks with disperse healing between 6 and 60% heal-
ing and some cracks that remained completely open
CR=0. In the case of U40, healing in H28, the cloud
of values obtained is between 0 and 84%, and none
of the cracks had perfect healing. Comparing these
results with the literature (20), the mix U120 had most

F1GURE 3. Crack closure ratio vs. initial crack width for every
crack of specimens healed in water immersion for 28 days.

Fi1GURE 5. Crack healing ratio for every disk vs.
the average initial crack width of the disk.

cracks with a lower initial width, around 100 um, and
they obtained a wide dispersion of crack closure ra-
tios, with most of the values above 60%. Other re-
search analyzing UHPFRC with very thin cracks (21),
below 20 pum, had dispersed values between 60 and
90%, for specimens healing in humidity chamber for
28 days and over 70% for specimens healing in geo-
thermal water.

3.2. Water permeability

Figure 5 shows HR depending on the initial crack
width and the healing condition. The water permea-

FI1GURE 4. Crack closure ratio vs. initial crack width for every
crack of specimens healed in humidity chamber for 28 days.

FIGURE 6. Healing ratio vs. crack closure ratio depending
on the fiber content and healing condition.
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bility test was conducted on the entire disk, therefore,
a representative crack width was calculated for each
disk as the initial crack width value. The results show
that U160 had improved healing when healed in W28,
or disks with a representative crack width of less than
150 um. However, disks with wider cracks displayed
more variable results, and some disks obtained HR
values of zero. In the case of the mix U40, the results
are below 50% even for disks with representative
cracks below 100 um when healing in W28 and below
10% when healing in H28.

Most published studies focus on healing through
one parameter, but information on how the different
healing indices compare offers meaningful insights
into the long-term durability of structures. Figure 6
compares global crack closure of each specimen (av-
erage of all the cracks) with its healing ratio. Speci-
mens healed in water immersion are generally aligned
in the bisecting line (CR=HR) or they are U160 speci-
mens with high CR ratio and low HR ratio. Specimens
healed in humidity chamber are mainly gathered in
the area of almost zero CR and almost zero HR. This
observation indicates is consistent with findings from
previous studies (18), which suggest a direct correla-
tion between crack closure and healing ratios when
healing occurs under water immersion conditions.
In addition, the lower values of global crack closure
when compared with the individual crack closure of
single cracks, indicate that healing may occur at spe-
cific locations of an element without improving its
overall behavior. Other works on UHPFRC (21) also
showed good correlation comparing these two types
of self-healing with most of the results placed on the
bisecting line.

3.3. Chloride penetration in healed cracks

Even though the crack closure and healing ratios
for U160 healed in water immersion (W28) were al-

most 100%, the chloride penetration patterns indicat-
ed that chlorides still managed to penetrate through
the cracks to some extent, regardless of whether they
exhibited single or multiple cracking patterns. Figure
7 shows the cracking and chloride penetration pat-
terns revealed by silver nitrate pigmentation.

Regarding the parameter of matrix penetration
(P,), the results indicated that the U160 mix had
0 mm or not detectable penetration, regardless of the
healing condition. This lack of penetration was also
observed in uncracked reference disks. These find-
ings are consistent with previous literature publica-
tions (18), which reported complete resistance to ma-
trix penetration in UHPFRC containing 160 or even
130 kg/m? of short steel fibers after healing in water
immersion condition. On the other hand, the P values
for the U40 mix were higher, despite having the same
UHPFRC matrix composition. The results of penetra-
tion when healing in water immersion were an avg. of
0.92 mm (std. dev. 1.14 mm), while those healed in
the humidity chamber had an avg. P of 2.48 mm (std.
dev. 2.52 mm).

Figure 8 presents the results of W, the depth of
chloride penetration through the cracks. The U160
disks healed in W28 showed full resistance to chlo-
ride penetration, for cracks < 300 um. In contrast, the
W values for U40 disks healed in W28 varied from
4-6 mm for initial crack widths between 100-300 um.
For U160 and U40 disks cured in H28, both mixes
showed similar W values ranging from 0-2 mm.

Regarding previous results (18), UHPFRC sam-
ples with a same mix composition with 160 or even
130 kg/m? of short steel fibers, healed in water im-
mersion for 28 days exhibited penetration through the
crack (W) between 4 and 6 mm. However, that study
also observed some results may have been influenced
by contamination introduced by the wet-cutting meth-
ods used during the preparation of the samples. Simi-
larly, (20) showed penetration values through the ma-
trix below 6 mm, in a UHPFRC mix with 120 kg/m?.

FiGUrE 7. Example of chloride penetration and crack patterns of disks healed in H28, U40 mix (left) and U160 mix (right).
Chloride penetration was quantified through the average PO and W values for each disk under all mixes and healing conditions.
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When comparing the W and P, values, Figure 9,
U40 samples healed in water immersion show values
close to the bisecting line, indicating a similar val-
ue of the two parameters. U40 samples healed under
H28 showed more dispersed W and P, values. U160
samples healed under the W28 condition demonstrat-
ed complete resistance to penetration of chlorides
through both the matrix and the crack path, with val-
ues placed in the origin of the graph. However, U160
disks healed in the H28 condition showed crack pene-
tration (W) that did not correspond to matrix penetra-
tion, which may be caused by internal multi-cracking
and a concentration of micro-cracks.

4. CONCLUSIONS

The results obtained in this study highlight the im-
portance of the presence of fibers, not only for im-
proving the mechanical properties of UHPFRC, but
also to improve the durability and self-healing behav-
ior of the material.

On the one hand, the UHPFRC mix with 160 kg/m?
of fibers demonstrated a complete closure of cracks,
particularly for initial cracks measuring below 350
pum when healing immersed in water for 28 days.
This contrasts with the U40 mix, which displayed
a limited crack healing capability, with most cracks
closing less than 60%. Under high humidity con-
ditions, both mixes showed reduced crack closure
capability, highlighting the need for direct water
contact to promote autogenous healing reactions in
UHPFRC.

FiGgure 8. Chloride penetration depth through the crack (W) vs.
initial crack width, depending on the mix and healing condition.

On the other hand, the healing ratio, evaluated by
the recovery of impermeability showed that the only
mix able to reach complete healing was that with
160 kg/m?® of fibers, and only when healing in wa-
ter immersion. In addition, this mix also displayed
complete resistance to chloride penetration, even for
initial cracks up to 300 pm. In contrast, the UHPFRC
mixes with lower contents of fiber showed some ex-
tent of penetration, around 4 mm in all the cases.

Additionally, it should be noted that crack closure
measures might overestimate the self-healing based
on water permeability. At the same time, water per-
meability tests could overestimate the level of protec-
tion achieved against chloride penetration.
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