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ABSTRACT

Concrete durability performance can be assessed by a number of parameters, among which permeability
properties are key. In this experimental work, the permeability to water and the diffusion of chlorides in Ultra
High Performance Concrete (UHPC) are studied. To this end, three types of concrete were made: two Ultra
High Performance (one with fibers and one without fibers) and a Conventional Concrete (CC) of w/c ratio equal
to 0.5. The compressive strength of Ultra High Performance Concretes was 130 MPa, and that of conventional
concrete was 50 MPa. All of them were cured at a temperature of 20°C and RH greater than 95% until the age
of 28 days. In the case of UHPCs with fibers, some of the specimens were not placed in the curing chamber
but were allowed to air dry in a laboratory environment in order to study the influence of curing on this type of
concrete. The results show that UHPCs have remarkably lower water permeability than CC, with the water
absorption and water porosity being in the order of 8 times lower, the water absorption by capillarity being in
the order of 30 times lower, and the non-steady-state chloride migration coefficient more than 100 times
inferior. The values recorded of absorption and capillarity in UHPCs with and without fibers were very similar.
However, the permeability to chlorides was somewhat higher in concretes with steel fibres. With regard to the
influence of curing, in air-dried UHPCs there was a significant increase in permeability to both water and
chlorides. Despite this, the chloride migration coefficient registered remained very close to the values proposed
by some recommendations for very high durability concrete.
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1.0 INTRODUCTION features and a compact microstructure (Heinz y
Ludwig, 2004; Herold y Muller, 2004).

The assurance of high durability is a key parameter

to ensure the service life of concrete structures. UHPC has less water and gas permeability than
Scientific and technological advances have allowed conventional concrete (Roux et al., 1996; Graybeal,
the development of new materials for the construction ~ 2006; Pierard y Cauberg 2009; Ghafari et al. 2012;
of structures that provide Superior properties Tam et a.l., 2012) HOWeVer, the results Obta|ned by
compared to those usually used. In this matter, Ultra  different researchers are disperse since they depend
High Performance Concrete (UHPC) is one of the On different factors such as: the type of additions used
materials with more studies in recent years. The first ~ (Tafraoui et al., 2016), the w/b ratio, the application of
application in civil engineering was in 1997 in a Pressure during setting (Roux et al., 1996) or the type
pedestrian bridge in Sherbrooke, Canada (Acker et  Of curing performed (Yazici et al., 2009; Gesoglu et al.
al., 2004). Later on it was used in other areas suchas  2015; Gu et al., 2016; Chen et al., 2018), getting as a
the construction of Cattenom and Civaux power result UHPC with a compressive strength that can
plants (Resplendido, 2004) and research studies on  vary from 120 MPa to more than 250 MPa.

the behaviour of UHPC filled tubes (Tue et al., 2004). _
These concretes are made with an inferior ThUS, for example, aCCOfdlng to some authors the

water/binder (w/b) ratio and elevated cement Wwater absorption is about 14 times smaller than that
contents and additions, especially silica fume. The ©f @ conventional concrete (Roux et al., 1996) and

material obtained has high mechanical performance ~ according to others can be up to 60 times smaller
(Pierard and Cauberg 2009; Ghafari et al., 2012).
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With regard to the chloride migration, Roux et al.
(1996) obtained in tests carried out with UHPC of 230
MPa an effective diffusion coefficient 30 times lower
than in a concrete of 90 MPa and 55 times lower than
in a conventional concrete of 35 MPa.

The addition of steel fibres to the concrete increases
the ductility (Oh, 1992; Oh, 1994; Bayard y Ple, 2003;
Graybeal, 2006; Wang et al., 2015), its load capacity
also increases (Ashour et al., 1993), as well as the
shear strength (Campione et al. 2008). However, a
high concentration of fibers can create fiber bundling
and therefore increase the permeability of the
material.

Therefore, the objective of this experimental work is
to study the porosity of UHPC with fibers, comparing
the results with those obtained with UHPC without
fibers and those registered with conventional high
strength concrete. On the other hand, the influence
that curing has on this on UHPCs is analysed.

2.0 EXPERIMENTAL PROGRAM
2.1 Materials

Three different types of concrete were made: an Ultra
High Performance Concrete (UH), an Ultra High Fibre
Reinforced Concrete (UHF) and a Conventional
Concrete (CC). The Ultra High Performance
Concretes were designed with a w/c ratio of 0.2, while
the Conventional Concrete with a w/c ratio of 0.5. The
concrete specimens were cured during 28 days in a
curing chamber with controlled temperature and
humidity conditions, at 20°C and with RH 95%. In
addition, some UHF specimens were air dried in a
laboratory environment to study the influence of
curing on this type of concrete (UHF-air).

For the concrete mixes UH and UHF, cement CEM |
42.5R (SR), limestone aggregates, silica fume and
silica flour were used. Taking this mix as a reference,
the Conventional Concrete was made using the same
type of cement but without silica fume and silica flour.
The characteristics of each mix are shown in Table 1.
For each mix three batches were made and for each
batch several concrete specimens were produced,
which were demolded 48 hours after casting.

2.2 Test and methodology

In order to analyse the permeability to water and the
diffusion of chlorides, four types of measurements
were performed: water porosity, absorption, capillarity
and chloride migration coefficient. Moreover,
Scanning Electron Microscopy (SEM) analysis was
performed during the experiment to evaluate the
microstructure of concretes and Energy Dispersive X-
ray spectroscopy (EDX) was used for the analysis of
phase composition. In addition, the compressive
strength at the age of 28 days was determined from

each mix (Table 2). For this purpose 100 mm diameter
x 200 mm high cylindrical specimens were used.

Table 1. Mixture proportions of concretes

Material Unit UHF UHF-air UH CC

Cement kg/m?® 800 800 800 450

Water kg/m? 160 160 160 225

Superplasticizer kg/m® 30 30 30 1,37
Silica fume kg/im® 175 175 175 -
Silica flour kg/im® 225 225 225 -
Coarse aggregate kg/m?® - - - 880
Fine sand kg/m® 302 302 302 -
Medium-sized sand kg/m® 565 565 565 -
Coarse sand kg/m?® - - - 880
Steel fibres kg/m® 175 175 - -
Curing 20°C Air 20°C 20°C

Table 2. Compressive strength

UH UHF UHF-air CcC

fc (MPa) 129.8 128.4 137.9 49.9

Water porosity and absorption test

The tests were carried out at 14 days, 28 days, 2
months and 6 months, in prismatic specimens of
100x100x40 mm, according to the NF P 18-459
standard (AFNOR, 2010). First, the specimens were
dried in an oven at 105°C until constant weight (Mary).
Then they were introduced in a vacuum unit and after
4h, maintaining the pressure, they were submerged
in water covering them 20 mm. After 44h the test
specimens were removed from the vacuum unit and
the hydrostatic mass (Mwater) and the air mass (Mair)
were obtained.

Capillarity test
This test was carried out in accordance with the

Spanish standard UNE 83982 (AENOR, 2008) using
prismatic specimens of 100x100x50 mm. During the
test the specimens remained in a container with 5 mm
of water and weighed at specific time intervals. The
test concludes when a steady state is reached (when
the difference between any two successive values,
spaced 24 hours period, is less than 0.1%). Results
are expressed in terms of the quantity of water
absorbed per unit surface area. The tests were
carried out at the ages of 28 days, 2 months and 6
months.

Chloride migration coefficient test

This test provides a measure of the resistance of the
concrete to chloride penetration and it was carried out
according to standard NT BUILD 492 (NORDTEST,
1999). Cylindrical specimens with a diameter of 100
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mm and a thickness of 50 mm were used. An external
electrical potential is applied axially across the
specimen and forces the chloride ions to migrate into
the specimen. At the age of test, the specimen is
axially split and a silver nitrate solution is sprayed on
to one of the freshly split sections. The chloride
penetration depth can then be measured from the
visible white silver chloride precipitation, after which
the chloride migration coefficient can be calculated
from this penetration depth. The test was carried out
at the ages of 28 days and 6 months. For each mix, 2
batches were made and three samples were carried
out for each batch, taking the arithmetic mean of the
six values obtained as the result.

3.0 RESULTS AND DISCUSSION

3.1 Microstructure

Figures 1, 2 and 3 show the SEM images of the
concretes used in this study. All three ultra-high
performance concretes (UH, UHF and UHF-air) have
avery similar microstructure. The matrix is very dense
and the hydration products are mainly C-S-H, very
rich in silicon in some areas, probably due to the large
amount of silica fume used in the concrete (Fig. 1).

Electron Image 1

Topm

Fig. 1. SEM image of UH concrete (x 5000)

CsS and C:S were also found in all these mixes,
giving an evidence that the hydration of Portland
cement was not fully completed (Fig. 2). According to
this, it should be noted that the amount of water used
in the dosage has been very low (w/b = 0.16) and
therefore insufficient to react with all the cement,
leaving unhydrated particles. On the other hand, as
other authors state (AFGC, 2013), it is noteworthy the
absence of portlandite in the samples analyzed. This
is justified by the high content of silica fume in the
concrete, which reacts pozzolanically with the
Ca(OH)2 generated during the hydration of the
cement.

Gandia-Romero et al.

20pm Electron Image 1

Fig. 2. Backscattered electron (BSE) image of UH
concrete

As regards the Conventional Concrete, the
microstructure is less dense (some voids) and less
homogeneous (Fig. 3). In Figure 3 the different
crystalline structures can be seen and Portland
cement hydration products, such as calcium hydro
silicates (C-S-H) and portlandite (hexagonal shape
crystals), can be identified.

Portlancite se=p-

10pm 1

Fig. 3. SEM image of CC concrete (x 5000)

Electran Image 1

3.2 Water porosity and absorption
From the measurements made, the water porosity
and absorption were obtained.

To calculate the water porosity, equation [1], provided
by the standard NF P 18-459 (AFNOR, 2010), has
been used.

Mair_Mdry . 100
Mgir—Mwater
where:

Mair is the air mass

Mwater is the hydrostatic mass
Mary is the dry mass

E =

@)
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Figure 4 shows, for each type of concrete, the
average water porosity.
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Fig. 4. Water Porosity

The absorption has been calculated with equation 2,
given by the standard UNE 83980.

A =YarMary 109 0]

M dry

where:
Mair is the air mass
Mary is the dry mass

Figure 5 shows the average absorption for each type
of concrete.

82 80 ;g4
8 1| @14 days lr
g 7 -+ @28 days |
5 6 -+ 02 months |
-]
S 5 || 06 months ||
2
o
<
4 -
3 2,4 B
5 | 2,01,92,0 ||
1 | 0,9é §1,0|_|1'2 I 081074 ||
0 T T T
UHF UHF-air UH cc

Fig. 5. Water absorption

The results show that for Ultra High Performance
Concretes that have the same curing (UHF and UH),
regardless of whether they have fibers or not, the
porosity and absorption obtained are very similar. On
the other hand, those concretes that were air-dried,
have a greater absorption and porosity than those
that were cured at a controlled temperature of 20°C.

The values of porosity and absorption obtained for
Ultra High Performance Concrete are within the
ranges proposed by other authors (Soylev and
Ozturan, 2014; Wang et al.,, 2014; Fallah and
Nematzadeh, 2017).

It was also observed that UHPC shows very low
porosity and water absorption capacity, which are
approximately 9 times less than that of CC.

3.3 Capillarity

This parameter is an indirect indicator of the durability
since is closely related to the resistance of the
concrete against the penetration of aggressive agents
and the resistance to freezing/thawing.

As it was expected, in all concretes the water
absorption by capillarity is lower the greater the age
of the concrete, due to the progressive hydration of
the cementing material (Fig. 6). This absorption is
also much lower in the three types of Ultra High
Performance Concretes analysed (UH, UHF and
UHF-air) than in Conventional Concrete (CC) as a
result of a denser microstructure. Thus, for example,
the amount of water absorbed (weight increase) per
unit area AP/S in UH and UHF is, on average, around
3% of that absorbed in the CC at the three studied
ages.
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Fig. 6. Water absorption by capillarity per unit area

The values obtained in the UHPC, with and without
fibers, cured in the same conditions (UHF and UH)
have been very similar, with no differences observed
between them. Thus, the presence of fibers does not
seem to influence, significantly, the porous structure
of the material.

Regarding the influence of the curing, in UHPC air-
dried (UHF-air) there is a significant absorption
increase, being this one significantly higher at early
ages (28 days). However, as the hydration
progresses, the differences with the concrete cured in
the chamber decrease, obtaining values very similar
to those of the UHF and UH concretes at the age of 6
months. Since poor curing have not affected the
compressive strength of these concretes (Table 2), it
is most likely that a small increase in porosity has
occurred only in the uppermost layers of the concrete.

3.4 Chloride migration coefficient

Figure 7 shows the non-steady-state chloride
migration coefficient (Dnssm) obtained at the ages of
28 days and 6 months.

Consistent with the results obtained in the other tests
carried out, the chloride diffusion in the three types of
UHPC analyzed (UH, UHF and UHF-air) is much
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lower than in Conventional Concrete, being the
differences between the two of them of two orders of
magnitude.
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Fig. 7. Chloride migration coefficient (Dnssm)

These results are consistent with the ones obtained
from researchers as Graybeal and Tanesi (2007) or
Jaafar et al. (2017). Other authors reported that the
UHPC has a discontinuously capillary porosity and
that is the reason why they have a significantly
decreased of chloride permeability (Bonneau et al.
2000).

However, this fact is not only due to the low porosity
of the UHPC, but also due to the high content of
cement used in the dosage and, therefore, of calcium
aluminate, since chlorides react chemically with
tricalcium aluminate or its hydrates form calcium
chloro-aluminate (Friedel's salt) (Diamond, 1986;
Taylor, 1992) and consequently the free chloride
content decreases.

With regard to the UHPC, only the air-cured concrete
(UHF-air) shows a worse behaviour than the others,
especially at an early age. For example, at the age of
28 days the Dnssm coefficient is twice as high in
UHF-air concrete as in UHF concrete, although at the
age of 6 months the chloride permeability in both
concretes tends to be similar. In any case, the
chloride migration coefficients obtained in the UHF-
air remain very close to the ranges proposed by some
authors and codes for very high durability concretes,
such as the recommendations of the AFGC (AFGC,
2013) that establish values of Dnssm of 1013 m?/s.

Finally, Fig. 7 also shows a lower chloride
permeability in the Ultra High Performance Concretes
without fibers (UH) than in the concretes with fibers
(UHF), being on average the Dnssm coefficient in UH
60% higher than the one obtained for UHF. This fact
may be because when large quantities of fibers are
used, bundles can be formed that generate weak
points through which chlorides diffuse more easily.

Gandia-Romero et al.
4.0 CONCLUSIONS

The results of this research work show that the Ultra
High Performance Concretes (130 MPa) have a
denser microstructure and consequently a
remarkably lower water permeability than the
Conventional Concrete (50 MPa). The water
absorption and the water porosity is approximately 8
times lower, the water absorption coefficient by
capillarity was 30 times lower, and the non-steady-
state chloride migration coefficient was 100 times
smaller.

The values recorded of absorption and capillarity in
UHPCs with and without fibres were very similar.
However, the permeability to chlorides was somewhat
higher in concretes with steel fibres. This fact may be
because when large quantities of fibers are used,
bundles can be formed that generate weak points
through which chlorides diffuse more easily.

With regard to the influence of curing, in air-dried
UHPCs there was a significant increase in
permeability to both water and chlorides. This
increase was approximately 100% in the absorption,
porosity and chloride migration tests carried out at the
age of 28 days. Despite this, the chloride migration
coefficient registered remain very close to the ranges
proposed by some recommendations for very high
durability concrete.
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