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Abstract 
The aim of this research was to investigate the influence of cracking on water transport by 
capillary suction in UHPFRC. Specimens were firstly pre-loaded under four-point bending up 
to a wide range of pre-defined crack open displacement. Crack pattern created was 
characterized (width, number of cracks) before capillarity testing. Test results showed that 
micro cracks induced by previous loading significantly increased the sorptivity comparing 
with non-cracked specimens. However, increasing the damage (COD of 200 up to 400 µm), 
did not significantly compromise the absorption capillary suction of UHPFRC, as compared 
to good quality conventional concrete or engineered cementitious composites (ECC). 
 
 
1. Research Scope 
 
The emergence of Ultra-High Performance Fibre Reinforced Cement-based Composites 
(UHPFRC) provided the structural engineer with an unique combination of extremely low 
permeability and very high strength, namely, compressive strength higher than 150 MPa, 
tensile strength over 7 MPa and with considerable tensile strain-hardening behaviour 
(multiple micro-cracking formation stage). A promising field of application is the 
rehabilitation and/or strengthening of reinforced concrete structures, in which a new layer of 
UHPFRC replaces the deteriorated concrete (cracked, carbonated, chloride attack, etc.). The 
combination of the UHPFRC as protective layer, which can be reinforced, provides a simple 
and efficient way of increasing the durability (prolonging the service life), the stiffness and 
structural resistance capacity while keeping compact cross sections [1], [2], [3].  
In those applications, UHPFRC is exposed to severe environmental conditions (as de-icing 
salts, marine environment, chemical attack) and/or high mechanical loading (e.g. concentrated 
forces, wear, fatigue, impact) for extended periods. Under applied loads in service conditions, 
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a progressive multiple micro-cracking is achieved in UHPFRC due to the addition of a 
significant amount of short steel fibres. Higher number and finer cracks generally characterize 
the crack pattern of UHPFRC, which might affect the transport mechanisms rates. The water 
transport through cracked UHPFRC is possibly driven by pressure gradient water permeation 
or capillary absorption. Very fine cracks can be quickly filled by water due to capillary action, 
thus the structural element is not protected against aggressive aqueous solutions. Since 
resistance to water penetration may be considered as a criterion for durability of cementitious-
based materials, an investigation on the influence of cracking on transport properties of water 
is necessary.  
In order to improve knowledge on water transport by capillary action in UHPFRC, a research 
was launched to study the absorption of UHPFRC submitted to pre-defined deformations. The 
objective was to assess admissible deformations for which the material presents satisfactory 
transport properties and to evaluate the existence of correlation between certain crack pattern 
parameters and water absorption by capillary. 
 
 
2. Experimental program 
 
2.1 UHPFRC tested mixtures 
Materials used to prepare UHPFRC in this study were: Type I 42.5R Portland cement, dry 
micro silica fume, limestone filler, siliceous sand, a polycarboxylate type superplasticizer and 
short steel fibres (ff=21mm; lf=13mm; fyk=2750MPa). In addition, a waste generated by the 
Portuguese oil refinery industry, the spent equilibrium catalyst (ECat) was introduced in the 
matrix as partial aggregate replacement. UHPFRC mixture compositions, incorporating 1.5% 
and 3.0% of steel fibres (in volume), are presented in Figure 1. The UHPFRC self 
compactability was assessed using the mini-slump flow test [4] (Dflow). After the fresh state 
test, several prismatic (40x40x160 mm) specimens were casted following the procedure 
prescribed by the standard NP EN 196-1 [5] except the compaction step. In addition, cube 
specimens (50mm) were casted to assess compressive strength. All specimens were 
demoulded in the following day and then wet cured in controlled environment chamber at 
20±2 ºC and HR≥95%. At 28 days, four-point bending and compressive strength were 
assessed, as well as, several cracking levels were induced in the prismatic specimens. Main 
fresh and hardened properties of UHPFRC mixtures are listed in Table 1. 
 

 
a) b) 

Figure 1 – Mixture composition of UHPFRC with a) 1.5% and b) 3.0% fibres content. 
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2.2 Specimens cracking methodology 
UHPFRC specimens were pre-cracked by imposing different crack open displacements 
(COD) between 200 and 400µm, in steps of 50 µm, to obtain different crack patterns. 
Predefined COD, were produced through four-point bending loading where the loading span 
is 1/3 of the support span. The test was performed as displacement-controlled (displacement 
rate = 0.003 mm/s) and carried out by means of a 300 kN Instron testing machine. Two 
LVDTs were fixed on each sides of the specimen, perpendicular to loading direction, to 
monitor the COD. When the target COD was achieved, the specimen was unloaded and the 
residual COD was recorded. Load-displacement curves obtained during cracking procedure 
are presented in Figure 2, along with the complete load-displacement curves obtained when 
the test was conducted until the end (grey lines). For each mixture, non-cracked prisms were 
also tested for control purposes. As it can be observed from Figure 2, some specimens 
reached the peak load, in which a macro crack develops (approximately between COD 300-
400 micron).  
 

Table 1 – Main fresh and hardened properties of tested UHPFRCs mixtures 

  UHPFRC-1.5% UHPFRC-3% 

Dflow [mm] 302 283 
Final setting time (NP EN 196-3) [hh:mm] 02:00 02:00 
Compressive strength  
(ASTM C109/C109M) 

7 days [MPa] 104 ± 5.1 118 ± 2.6 
28 days [MPa] 121 ± 4.4 147 ± 2.3 

Flexure Strength (4-point bending) 
(prisms 40x40x160 mm) 28 days [MPa] 23 ± 2.5 36 ± 1.6 

 

  
a) b) 

Figure 2 – Obtained load-displacement curves in four-point bending test: a) UHPFRC 1.5%; b) 
UHPFRC 3%. 

 
2.3 Characterization of the crack pattern produced by bending 
For each specimen a mesh was drawn in the zone of maximum tension strain (in between the 
two applied forces) (Fig. 3-a). After imposing the target COD, a 40×40×40 mm3 cube was cut 
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from the central portion of each beam specimen. The widths of cracks observed in the tension 
face of each specimen were measured using a Microscope Multizoom Nikon AZ100 in the 
unloaded state. Measurements were taken from cracks crossing the three lines A, B and C, as 
shown in Figure 3.  
 

 
 

a) b) 
Figure 3 – a) Scheme for measuring of the crack number and widths; b) Typical photo made from a 

measurement. 
 
2.3  Capillary water absorption test  
The sorptivity test was carried out according to RILEM TC 116-PCD [6] and it was 
undertaken on cubic specimens (40 mm), after curing for 28 days plus 12 days drying in an 
oven at 40°C, until constant mass was achieved. The absorption of water under capillary 
action is dependent on the square-root of time and may be modelled [7] following Equation 1, 
where ! (mg/mm2) is the water absorption by unit area of a specimen surface since the 
moment the specimen was dipped in water, " is the sorptivity of the material 
(mg/(mm2.min0.5), # is the elapsed time (minutes) and !$ (mg/mm2) is the water absorbed 
initially by pores in contact with water. The slope of the obtained line defines the sorptivity of 
the specimen during the initial four hours of testing. For all specimens (cracked and 
uncracked), this slope is obtained by using linear regression analysis of the plot of the rate of 
absorption versus the square root of time. Equation (1) was found to provide a very good fit to 
the data with correlation coefficients of over 0.96. 
 

! = !$ + " × #
$.%                               (1) 

 
 

3. Results and Discussion 
 

Figure 4-a illustrates the relationships between the COD before unloading the specimen 
(CODload) and COD after unloading (CODres). The CODres increases nearly linearly with the 
CODload, representing the higher level of damage. Generally, the CODres values decrease 
when the dosage of steel fibres increases under the equivalent damage, since the cracking 
severity is reduced by the higher dosage of steel fibres. 
The relation between sorptivity values and CODres is depicted in Figure 4-b, including non-
cracked specimens. The sorptivity of control specimens was 17.8 and 7.6 
(mg/(mm2.min0.5))x10-3 for 1.5% and 3% fibres content, respectively. These results are 
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corroborated with previous research works [8], [9], [10], [11] also illustrated in Figure 4-b. 
When compared to good quality conventional concrete (w/c=0.40), exhibiting sorptivity 
above  0.09 (mm/min0.5) [12], or even with sorptivity of engineered cementitious composite 
(ECC) with indicative values around 0.028 (mm/min0.5) [13], UHPFRC presented a very low 
water absorption in a non-damage state. This may be attributed to the very low water content, 
the absence of coarse aggregates and the dense cementitious matrix that provide a 
significantly lower capillary porosity and thus capillary sorption capacity of UHPFRC. 
The main mechanisms responsible for fluid transport during the absorption test are hydrostatic 
pressure due to the gravity effect and capillary suction. Since the test was performed at 
atmospheric pressure, the key mechanism in this study was the suction. The effect of crack 
width on capillary absorption is reversed compared to permeability under pressure gradients: 
finer cracks lead to higher capillary absorption. When the first target COD (200µm) is 
achieved, it corresponds to a multiple cracking stage with cracks below 80µm and 10µm for 
1.5% and 3% fibres content, respectively. For these cases, the sorptivity value increased 60% 
and 300% compared to non-cracked specimens. By increasing the damage, the number of 
cracks and the crack widths increased with no substantial effect on sorptivity, even when a 
macro crack develops for target CODs of 350 and 400 µm. Therefore, the measured sorptivity 
for the cracked UHPFRC specimens (< 44 x10-3 mg/(mm2.min0.5)) was not particularly high 
when compared to that of conventional concrete. Moreover, the sorptivity values of cracked 
UHPFRC specimens presented in Figure 4-b possibly represent an upper limit of sorptivity in 
actual structures or elements, since the effect of self-healing was not considered due to the 
short experiment duration. These features provide UHPFRC with distinct barrier qualities 
proving that even when cracked it can act as protective layer increasing the durability (and 
service life) in the rehabilitation of structures or elements.  
 

  

a) b) 
Figure 4 – a) CODload and CODres; b) Sorptivity of UHPFRCs as a function of CODres. 

 

4. Conclusion 
 
The results revealed that the very low water content in addition with no coarse aggregate and 
a dense cementitious matrix provided extremely low sorptivity to non-cracked UHPFRC. 
Even though UHPFRC cracking increased the sorptivity results, the capillary absorption is 
still very low when compared to conventional concrete. This feature provides UHPFRC with 
distinct barrier qualities, which can be beneficial for rehabilitation applications, proving an 
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improved durability, as well as, increased service life of structures or elements. The influence 
of cracking patterns on other durability indicators, such as, resistance to chlorides ingress is 
also under evaluation within the current PhD project. 
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