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Durability characteristics of high-performance concrete (HPC) and ultra-high performance concrete (UHPC) are
evaluated in comparison to normal strength concrete (NSC). HPC and UHPC are cast using commonly available
materials with no special heat treatment. Concrete resistivity, rapid chloride permeability, sorptivity, porosity,
and resistance to chloride migration and carbonation of these three types of concrete are assessed. Microstructure
and hydration products are investigated using scanning electron microscope (SEM) imaging and X-ray diffraction
(XRD) analyses, respectively. Potential enhancement in the service life of reinforced concrete (RC) structures
when concrete is replaced with HPC and UHPC is predicted using the time-to-corrosion model. Dense micro-
structures, high electrical resistance, negligible chloride permeability, low sorptivity, no carbonation ingress are
observed in HPC and UHPC. The chloride diffusion coefficient was found to be at least three orders of magnitude
lower in UHPC compared to NSC, which could delay the corrosion initiation of steel reinforcement. With such
positive attributes, these concretes are expected to find more widespread application in concrete structures in
harsh-climatic conditions. This paper provides additional data and analysis that could accelerate the adoption of

these materials in practice.

1. Introduction

The durability of normal strength concrete (NSC) under harsh cli-
matic conditions has become a significant challenge worldwide. Chlo-
rides and carbon dioxide (CO2) ingress through the intrinsically porous
microstructure of the NSC and initiate the corrosion of the steel rein-
forcement. Once initiated, the reinforcement corrosion reduces the
service life of reinforced concrete (RC) structures. This issue is aggra-
vated more so in the coastal and arid climatic regions [1,2]. Carbonation
is reported to be more rapid in the industrial and coastal areas [1,3],
where either higher COy concentrations or the optimum conditions of
humidity (40%-80%) and temperature (20-50°C), or both, are encoun-
tered. The CO, concentration in air is about 0.45%; however, in indus-
trial zones and high traffic areas, CO5 concentration may reach up 1%
[4]. Sohail at al [1] reported concrete cover carbonation between 30 mm
and 75 mm in RC structures after 30-50 years of exposure in Doha,
Qatar. The carbonation rate was as high as 8 mm/,/year. While, the
chloride ion concentration at the steel-concrete interface was found to
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be 4 to 6 times higher than the threshold values for corrosion initiation
for mild steel. The underlying reason for these observations was the
inadequate quality of concrete to withstand the severity of the envi-
ronmental conditions [1].

The quality of concrete is critical in weathering the harsh climates
and preventing the corrosion of steel rebar; hence, rendering a resilient
and durable civil infrastructure. High-performance concretes (HPC), and
ultra-high performance concretes (UHPC), due to their dense micro-
structure are expected to address this durability issue in conventional RC
structures. HPC can have a compressive strength of around 100 MPa and
a workability equivalent to that of self-compacting concrete (SCC),
which is typically between 455 mm and 810 mm as measured according
to ASTM C143/C143M-15a [5]. UHPC, on the other hand, has a
compressive strength that exceeds 150 MPa and has even higher flow-
ability than SCC [6-9]. Such high strength and flowability are due to a
high packing density and low porosity. These attributes are achieved by
lowering the water-to-cement (w/c) ratio to between 0.2 and 0.3, adding
a high amount of superplasticizers, and by using an optimum blend of
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Fig. 1. Particle size distribution curves for coarse and fine aggregates.

supplementary cementitious materials (SCM) such as silica fume (SF),
fly ash (FA), glass powder (GP) and rice husk ash (RHA) [1,10-12].
Commonly accepted non-proprietary UHPC mixture designs are still not
available. A wide range of ingredients is used depending on the
geographical location to design UHPC mixtures [10,13-16]. Propor-
tioning of these ingredients is usually decided upon by combining in-
formation from particle size distribution (PSD) curves with analytical
packing density models and trial-and-error. Rui Yu [17], Wang et al.
[18], and Yu et al. [19] employed the modified Andersean and Andersen
(modified A&A) curve, presented in Funk and Dinger [20], to achieve an
optimum particle packing density of dry ingredients of UHPC. While de
Larrard and Sedran [21] used analytical models to maximize the packing
density of dry ingredients to achieve UHPC with strengths up to 200
MPa. Wong et al. [22] proposed a three-tier system for developing UHPC
depending upon the optimum wet-packing-density of the cementitious
materials. The optimum ratio of cement and SCMs for maximum flow-
ability and strength is achieved at the first stage, then sand and the
coarse aggregates are added successively in the cementitious matrix. The
reason behind optimizing the wet-packing-density is to minimize the
electrostatic and frictional forces between the fine particles in dry state
[22,23]. It was reasoned that the maximum wet packing density of the
matrix is what actually is required in the cementitious mix than the dry
packing density.

Recently, more streamlined methods to design UHPC have been
developed. Wille et al. [15] optimized the packing density of the UHPC
mixture based on the maximum flow-spread criterion using a slump
cone test and achieved UHPC with a compressive strength exceeding
150 MPa. Ingredients with varying grain sizes were employed and their
effects on flow and strength were investigated. An optimum ratio of
ordinary Portland cement (OPC): SF: GP equal to 1:25:25 was recom-
mended. Two silica-sand sizes of 200 pm and 800 pm were employed in
the UHPC matrix. Hence, a high percentage of fine particles were added
to achieve a dense microstructure and a compressive strength above 150
MPa. Aghdasi et al. [24] used the same method to achieve a compressive
strength of up to 168 MPa. To achieve a higher flowability of the mix,
the cement and sand were replaced with a round-shaped FA at different
proportions. It was observed that 30% replacement of sand with FA
results in the highest flow and strength.

Regarding long-term durability, it has been established that UHPC
could enhance the structural lifespan by slowing down the ingress of
deleterious agents towards the steel-concrete interface [9,25]. Voort
[26] reviewed the durability properties of UHPC. It was reported that
UHPC has a chloride ion permeability and oxygen diffusivity that are 34
and 220, and 10 and 100 times less than HPC and NSC, respectively.
However, the studies included in Voort [26] focused on reactive powder
concrete (RPC), which is an earlier and uncommon type of UHPC

Journal of Building Engineering 33 (2021) 101669

fabricated via heat-curing at high temperatures [26-30]. Roux et al.
[28] observed that in addition to a very low water absorption, the gas
and chloride diffusion of RPC is two orders of magnitude lower than
those of NSC. Tam et al. [27] found that the drying shrinkage of RPC is
sensitive to w/c ratio and the amount of SP used. With a lower w/c ratio,
a relatively low shrinkage and water absorption were observed, which
were attributed to the dense microstructure and disconnected capillary
pores. Graybeal and Tanesi [9] investigated the abrasion, scaling,
freezing-and-thawing, and chloride resistance of UHPC treated under
four types of curing regimes: i) steam curing at 90°C and 95% RH
starting from 4 h of demolding, ii) untreated, iii) treated in tempered
steam at 60°C initiating at the 15th day of casting (called as delayed
curing). It was observed that the charge transferred in rapid chloride
permeability test (RCPT) was 18 Coulombs, 360 Coulombs, 76 Cou-
lombs, and 18 Coulombs for steam cured at 95°C, untreated, tempered
cured, and delayed cured samples, respectively. These values are very
low compared to what is observed in normal strength concrete [1,31,
32]. While during abrasion testing, it was observed that the untreated
samples lost one order of magnitude more mass than the steam cured
ones.

UHPC employs a high amount of cement and SCMs, which may cause
microcracks in the cementitious matrix due to early age plastic
shrinkage. These cracks increase the chloride permeability and may
initiate the corrosion of distributed steel fibers, especially in coastal
zones. The cracking and corrosion of the steel fibers could reduce the
tensile strength of the UHPC [33,34]. Yoo et al. [33] studied the effect of
autogenous self-healing and fiber corrosion on the tensile properties of
ultra-high performance fiber reinforced concrete (UHPFRC). It was re-
ported that up to 3 pm cracks could be completely self-healed due to the
hydration of unhydrated cement and the pozzolanic reaction of SCM.
This self-healing increases the tensile performance of UHPFRC
compared to the uncracked matrix. At the same time, it was observed
that the corrosion of the surface of the steel fibers could enhance the
tensile strength, strain-hardening in tension, and the fiber-matrix bond
strength in UHPC. Yoo et al. [34] studied the effect of the degree of
corrosion (2-8% by weight) of steel fibers and the effect of rust layer on
the tensile properties of UHPFRC. It was found that 4-6% of corrosion
enhances the tensile properties of UHPFRC compared to the case with no
fiber corrosion. However, once the corrosion reaches 8%, the tensile
strength, strain capacity, and energy absorption are reduced. Never-
theless, the tensile strength and energy absorption, even at 8% of
corrosion by weight of steel, satisfied the minimum tensile strength
requirement of 8 MPa and the minimum energy absorption requirement
of 150 kJ/m3, as specified in the Association Francaise Genie Civil
(AFGC) recommendations [35]. Hashimoto et al. [36], after studying the
effect of crack width opening on the tensile softening of UHPC rein-
forced with steel fibers, concluded that cracks up to 0.5 mm width, have
no effect on the tensile strength or corrosion of steel fibers. It was re-
ported that cracks larger than 0.5 mm could cause fiber corrosion, which
in turn results in a higher tension softening behavior.

This study develops an HPC and a UHPC mixture using commonly
available materials and no special heat treatment and investigates the
durability characteristic of HPC and UHPC in comparison to NSC
through accepted laboratory tests. Compressive strengths of 100 MPa
and 150 MPa are, respectively, targeted in the material development of
HPC and UHPC. The carbonation resistance of HPC and UHPC was tested
under accelerated carbonation testing. Time-to-corrosion initiation was
estimated using Fisk’s second law of diffusion. Such concretes are
becoming a necessity to arrest the rapid deterioration of RC structures,
especially in harsh climatic regions. The data presented here is expected
to shed light on the long-term durability of HPC and UHPC for more
widespread implementation of these materials in practice.
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Fig. 2. Particle sizes of ingredients used in UHPC. Arrows represent the minimum and maximum, while the dot shows the median particle size.

Table 1
Oxides in OPC, SF, and FA obtained from XRF analysis.
Oxides” Cement Silica Fly Sand- Sand-
(OPC) Fume Ash 1 2
Nay0 (%) - 0.04 0.06 - -
MgO (%) 2 0.23 1.57 0.9 0.91
Al,03 (%) 3.18 1.44 28.49 3.9 4.11
Si05 (%) 15.74 94.5 55.97 67.05 75.09
P,05 (%) - 0.53 0.62 1.3 0.93
SO3 (%) 3.8 2.14 0.51 4.78 2.31
CL (%) 0.05 0.16 0.12 1.71 2.13
K30 (%) 0.47 0.37 1 0.7 0.02
CaO (%) 68.91 0.16 2.74 17.44 12.71
TiO; (%) 0.28 - 1.95 0.23 0.16
V205 (%) 0.05 - 0.04 - -
Crz03 (%) 0.05 - 0.04 0.12 0.13
MnO (%) 0.09 0.02 0.09 0.05 0.04
Fe,03 (%) 4.8 0.42 6.63 1.7 1.35
NiO (%) - - 0.02 0.04 -
Rb,O (%) - - 0 _ _
SrO (%) 0.05 - 0.06 0.08 0.05
Y203 (%) - - 0 - -
ZrO2 (%) - - 0.07 - -
ZnO (%) - - - - 0.02
Ta,0s - - - - 0.03
Alkali (Na,O + 0.658 0.68 1.07 3.27 - -
K50) (%)°
Pozzolanic activity” - 110 - - -
Los on ignition (%)” 1 21 1.2 - -

@ Equipment used does not detect lighter oxides, that is why % oxides are less
than 100.
Y Information provided by the supplier.

2. Materials and methods
2.1. Materials and preparation methods

2.1.1. Properties of material ingredients

OPC, complying with CEM I 42.5R [37] and provided by a local
manufacturer, was used with target compressive strengths of 150 MPa,
100 MPa, and 40 MPa for UHPC, HPC, and NSC, respectively. Gabbro
aggregates and washed sand constituted the coarse and fine aggregates,
respectively, in NSC and HPC. Fig. 1 shows the PSD curves for the used
coarse and fine aggregates. The maximum coarse aggregate size was
limited to 10 mm to achieve homogenous and self-compacting mixtures
for HPC and NSC. Epsilon PC 485 [38], a polycarboxylate ether-based
admixture, was used as a high-range-water-reducer (HRWR) for all
concretes.

UHPC mixture comprised of two fine sand sizes: sand-1 with a par-
ticle size range from 600 pm to 1.18 mm and sand-2 with a particle size
range from 300 pm to 600 pm. These sands were obtained through a
sieve analysis of one type of washed sand that was available locally for

this study. Sand-1 and sand-2 made up to 65% of the total washed sand
by weight. The remaining 35% of the sand contained either larger par-
ticles up to 4.75 mm or very fine sand below 300 pm, both of which are
considered unfit for UHPC; and therefore, were discarded. Larger par-
ticles could inhibit a proper packing, while finer sizes increase the water
demand; hence, reduce the flowability and strength. For the same rea-
sons, coarse aggregates were omitted from the UHPC to increase the
homogeneity and eliminate weak inclusions within the matrix. SF and
FA were used both in HPC and UHPC. The particle size analysis of FA,
OPC, sand-1, and sand-2 was carried out using a Malvern Master Sizer
3000®. While for SF, the Zetasizer Nano ZS (Malvern) equipment was
used. The sonication of these finer particles (i.e., SF, FA, and OPC) was
performed for 15 min before the analysis to avoid agglomeration, which
results in erroneously identifying larger particle sizes. Fig. 2 shows the
ranges of particle sizes used in UHPC. Arrows present the minimum and
maximum sizes, while the dot shows the median size for each ingredient.
The largest particle size of 1.18 mm (1180 pm) in UHPC was from sand-
1, while the smallest was 0.1 pm from the SF. Median particle sizes of
sand-1 and sand-2 were 797 pm and 421 pm, respectively. SF showed a
particle size range between 0.1 pm and 10 pm, with a median particle
size of 0.39 pm. The FA had a particle size range between 3 pm and 55
pm with a median of 20 pm. The particle size of OPC ranged between 10
pm and 90 pm with a median of 30 pm. The uniformly dispersed rounded
fine particles of FA and SF render a denser and more homogeneous
UHPC matrix.

UHPC has a very brittle matrix; and therefore, steel, synthetic, nat-
ural, or hybrid fibers are commonly used in UHPC. However, since the
focus of this study is to evaluate the durability of the cementitious
matrices, fibers are omitted from UHPC for a fair comparison with HPC
and NSC. Fibers could also interfere with the applied currents and
voltages during durability testing. In addition, it was reported that fibers
have no impact on the particle packing density and play no role in the
homogeneity of the matrix because their size is of the same order of
magnitude of the large aggregates [39].

With regards to the chemical composition of these ingredients,
Table 1 presents the major and minor oxide compositions of SF, FA, OPC,
sand-1, and sand-2, obtained through X-ray fluorescence (XRF) analysis
using a S2 Puma Bruker®. The amount of silica in SF was 94% with a
pozzolanic index of 110 (as per the supplier). FA, sand-1, and sand-2 had
silica contents of 56%, 67%, and 75%, respectively. Crystalline silica in
sands create a bond between the sand particles and other products in the
cementitious matrix during the hydration process. While the amorphous
silica in SCM react with the calcium hydroxide (Ca(OH)s) in the hy-
drated concrete matrix to form secondary calcium-silicate-hydrates
(C-S-H) gel, which not only consumes portlandite but also increases
the strength. As seen in Table 1, the silica contents of all ingredients
were high.
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Table 2
Mixture proportions of NSC, HPC, and UHPC.
Ingredients NSC HPC UHPC
kg/ kg/ Ratio by % kg/ Ratio by %
m® m® wt. of OPC m® wt. of OPC
OPC 400 645 1 820 1
Silica fume - 128 0.2 190 0.23
Fly ash - 128 0.2 150 0.18
Sand (max. particle size 955 700 1.09 - -
of 4 mm)
Sand-1 - - - 718 0.87
Sand-2 - - - 320 0.39
Coarse aggregates (max. 950 555 0.86 - -
particle size of 10 mm)
Water 159 200 0.31 173 0.21
HRWR 5 10 0.02 25 0.03
Table 3
Corrosion risk as a function of cementitious material resistivity
[50].

Resistivity (Ohm-cm) Corrosion risk

>20,000 Negligible
10,000 to 20,000 Low
5,000 to 10,000 High
<5,000 Very High

2.1.2. Proportioning of UHPC

A reproducible UHPC mixture with optimum wet-packing density,
flowability, and maximum possible strength without using any special-
ized mixing or heat treatment technique, was achieved through exper-
imental iterations. To achieve a target compressive strength of 150 MPa
with high flowability, a range of quantities of OPC, SCMs, sand, water,
and HRWR was established through an extensive literature review on
UHPC from the 1990s until 2016, as presented in Sohail et al. [6]. Those
ingredients which are readily available in the local construction market
and have been employed by several other researchers [13,14,31], were
selected. A similar concept to that presented in Wille et al. [15] and
Wong and Kwan [22], which involves optimizing the maximum
wet-packing-density of ingredients for maximum flow and strength, was
employed. However, instead of obtaining the optimum flow and
strength of cementitious materials separately, the sands were added in
the mix at the start. The flow of the mix was recorded according to ASTM
C1437-15 [40], and the compressive strengths of 50 x 50 x 50 mm
cubes were measured at 7 days and 28 days of curing. The quantity of
each ingredient was changed, and its effects on flow and strength were
determined until the desired strength with acceptable flowability was
achieved. Around 40 trial mixes were carried out to obtain the optimal
results. Initially, an OPC: SF: FA ratio of 1:0.25:0.25 was employed,
which was based on the recommendations by Wille et al. [15]. In this
study, FA was employed instead of GP, also sands were added with other
cementitious materials in the dry state. Therefore, the highest strength
and flow were achieved with an OPC: SF: FA ratio of 1:0.23:0.18. The
total sand ratio by weight of OPC was 1.25, of which sand-1 was equal to
0.88 and sand-2 was equal to 0.37. The w/c ratio was 0.23, and the
water-to-binder (w/b) ratio was 0.178. The HRWR amount was 3% by
wt. % of OPC. Table 2 presents the mixture proportions for NSC, HPC,
and UHPC.

Mixture proportioning information is readily available for HPC and
NSC. For HPC, the design procedure presented in Ref. [41] was used.
However, the procedure in Ref. [41] is for a material with 55-70 MPa
compressive strength, while, in this study, an HPC with 100 MPa
strength is desired. Adjustments to OPC, SF, FA, sand, aggregate quan-
tities, and w/c ratio were made to achieve the desired 100 MPa strength.
The NSC mixture was based on readily employed designs for structural
concrete.
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2.1.3. Mixing procedure

The mixing procedure and the type of mixer used are as crucial as the
material selection in obtaining the desired properties of UHPC. The
liquefaction time, workability, and strength of the UHPC, all depend on
the preparation method [12,42]. Since very fine ingredients are
employed in UHPC, to overcome the electrostatic and friction forces that
cause agglomeration, a higher amount of energy is required during
mixing. Hence, an intensive mixer is needed. It is necessary to achieve a
homogeneous dry-mix before adding liquid ingredients to avoid the
agglomeration of the fine particles. It has been observed that the step-
wise addition of liquid HRWR enhances the dispersion of these fine
particles and increases the flowability [43,44].

A 5L pan mixer was used for the trials of UHPC, while a 95 liters pan
mixer was used to produce larger quantities during casting of cylindrical
(100 x 200 mm) and prismatic (100 x 100 x 350 mm) samples. In both
cases, ingredients were first dry-mixed for 5 min, then half of HRWR was
slowly poured into the mix of dry materials in 1 min, and mixing was
continued for 2 more minutes. The remaining half of the HRWR was
mixed with water and poured in the mix slowly over a 1 min period. As
mentioned earlier, because of the very low w/c ratio of UHPC, it de-
mands a higher amount of energy during the mixing of the dry in-
gredients. For this reason, the time it takes for a mixture to become a
flowable paste became an essential parameter. Hence, the time required
for a mixture to turn into a flowable paste after adding all the liquid
ingredients has become known as the liquefaction time [24].

Although the liquefaction time depends on the relative amounts of
HRWR, FA, OPC, and SF, it was found that the most influential ingre-
dient is the FA, a higher amount of which reduces the liquefaction time.
Other factors such as the dryness of the mixer walls, slight variations in
the speed of addition of the water and the HRWR, and the temperature
and humidity of the mixing environment were also found to affect the
liquefaction time. The liquefaction time of the optimized mixes was
between 2 min and 4 min in both 5 L pan mixer and 95 L pan mixer. The
mixing of NSC and HPC were carried out in a conventional gravity
mixer.

2.2. Fresh and hardened properties

The flowability of UHPC was measured according to ASTM C1437-15
[40] while the flow spread of NSC and HPC were measured according to
ASTM C1611/C1611M-14 [45]. The compressive strength of NSC, HPC,
and UHPC was measured on 100 x 200 mm cylinders according to
ASTM C39/C39M-17 [46] at 28 days of curing, while the flexural
strength was measured on 100 x 100 x 350 mm prisms at 28 days of
curing according to ASTM C78/C78M-15a [47].

2.3. Durability characterization methods

The quality of the cementitious materials was assessed based on re-
sistivity, porosity, sorptivity, and resistance to chloride migration and
CO4 penetration measurements. These parameters are considered good
indicators of whether a cementitious material will withstand the harsh
environmental conditions in service. The details of the tests performed
are described in the following.

2.3.1. Resistivity

The resistivity of a cementitious material indicates whether the
reinforcing steel is susceptible to corrosion or not [48,49]. A lower re-
sistivity is associated with a higher risk of corrosion and vice versa.
Alongside several other factors that affect the resistivity, the micro-
structure formation is the most important. A dense cementitious matrix
shows a higher electrical resistivity. In this study, the resistivity was
measured using a four-point Wenner probe from Giatec®, in accordance
with AASHTO TP 95 [50]. Measurements were performed on three cy-
lindrical samples of 100 x 200 mm dimensions from each material at 28
days of curing. The degree of saturation of concrete and type of pore
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solution affect its resistance to the electrical charge. The electrical
resistance of concrete varies from 50 Ohm-m in saturated state to 10°
Ohm-m in a completely dry state [51]. Thus, it is recommended to test
concrete samples in a saturated surface dry (SSD) condition to obtain
reliable and repeatable results for comparison purposes [52]. For these
reasons, the samples in this study were tested in a quasi-saturated state
just after the 28 days of curing. Table 3 presents the corrosion risk
associated with different ranges of concrete resistivities. When the re-
sistivity is higher than 20,000 Ohm-cm, the corrosion risk is negligible,
while for resistivity less than 5,000 Ohm-cm, a very high risk of corro-
sion exists.

2.3.2. Chloride permeability

The ability of chloride ions to penetrate through concrete was
determined using the rapid chloride permeability test (RCPT) in accor-
dance with ASTM C1202-12 [53]. The experiments were carried out on
disk samples of 100 x 50 mm dimensions sliced from 100 x 200 mm
concrete cylinders after 28 days of curing. The disks were dried in an
oven at 50°C for three days, and then silicone epoxy was applied on the
cylindrical surface of the samples. The samples were then placed inside a
desiccator under 50 mbar vacuum environment for 3 h. After 3 h of
vacuuming, water was poured in the desiccator through a valve such
that the samples are completely immersed. The vacuuming was
continued for another 18 h. After the conditioning, the samples were
mounted between two polycarbonate boxes, out of which, one was filled
with 0.3 N NaOH solution and the other one with a 3% by weight sodium
chloride (NaCl) solution. A 60 V potential was applied between the
terminals of the two containers. Due to the applied voltage, the current
flows through the concrete disk samples. The total charge transferred, Q,
is calculated (in Coulombs) according to

Q =900(1o + 2130 + 21e0 + -+ + 21300 + 21330 + I360) (€9)

where Ij is the current (in Amperes) immediately after the voltage is
applied, and I3, Igo, and so forth, are the currents after every 30 min.
The resistance to the chloride ingress and the predicted quality of the
cementitious materials are associated with the amount of charge transfer
[531.

2.3.3. Porosity

The porosity of the cementitious matrix greatly influences the
durability of RC structures. Harmful agents penetrate easily through the
concrete cover if the pores have a high volume, large diameter, and if
they are interconnected. The porosity of NSC, HPC, and UHPC was
measured according to ASTM C1754/C1754M-12 [54]. Cylindrical
concrete samples of 100 x 200 mm were sawed into 100 x 50 mm sized
disk specimens. The obtained specimens were dried at 38 °C, and the
weight was monitored every 24 h until the change is less than 0.5%.
Then samples were immersed into water for 30 min, and the submerged
weight was recorded. The total void contents were calculated based on
the sample dimension, the dry weight, and the submerged weight
through a relation provided by ASTM C1754/C1754M-12 [54].

2.3.4. Sorptivity

Sorptivity is another important parameter for the durability assess-
ment of cementitious materials, and it indicates how easily moisture
containing deleterious agents can ingress through the concrete cover. It
also indicates the capacity of cementitious material to absorb water
through the capillary pores. Sorptivity was measured in accordance with
ASTM C 1585-13 [55] on disk samples of 100 x 50 mm dimensions
sliced from concrete cylinders of 100 x 200 mm dimensions at the age of
28 days. Three specimens cut from the middle of the cylinders were
tested for each material. Samples were conditioned in an environmental
chamber at 50°C and 80% RH for 3 days and then stored in a laboratory
environment at 23°C for 15 days to stabilize the moisture content in the
capillary pores. Then, the cylindrical surfaces of these disk samples were
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covered with silicone epoxy. Samples were dipped into distilled water
inside a large container in such a way that the whole cross-sectional area
is exposed to water, and the samples were immersed up to only 1 cm
depth underwater. Weight measurements were recorded at intervals
recommended by ASTM C 1585-13 [55]. The absorption, I, is calculated
according

ml

I= a*d &)

where m; is the change in mass (g) at time t (sec), a is the exposed area
(mm?) to water, and d is the density of the water in g/mm?. Absorption is
plotted against the square root of time, t, to obtain the absorption rate,
which is the sorptivity in mm//sec. The first 6 h of readings provide the
initial sorptivity, while readings from 24 h to 7 days provide the sec-
ondary sorptivity. The initial sorptivity indicates the ability of concrete
to absorb water from the atmosphere in a dry state. The secondary
sorptivity indicates a saturated state of concrete pores. The rate of ab-
sorption at the early age of contact with moisture determines how easily
water would penetrate and then evaporate. This process facilitates the
concentration of salts that the evaporating water will leave inside the
concrete pores. In this study, only the initial sorptivity is reported since
the secondary sorptivity may not be possible in UHPC due to very slow
initial sorptivity in the very low porosity matrix.

2.3.5. Chloride diffusivity

Corrosion of reinforcement initiates when a certain chloride con-
centration is achieved at the steel-cementitious material interface.
Models predicting the time-to-corrosion are based on the diffusion
properties of the cementitious material. HPC and UHPC are expected to
have a very low chloride diffusivity due to the disconnected capillary
pores and the dense microstructure. The chloride diffusion coefficient
was determined in accordance with ASTM C1556-11a [56]. Cylindrical
specimens of 100 x 200 mm were saw cut to disk samples of 100 x 70
mm dimensions. Silicone epoxy was applied to the cylindrical surfaces of
the samples. Then, the samples were immersed in a saturated calcium
hydroxide solution for three days or until the weight change becomes
constant. Then samples were rinsed with tap water and immersed in a
3.5% by weigth NaCl solution. The ASTM standard specifies a minimum
immersion of 35 days; however, since a low w/c ratio was used in HPC
and UHPC, to allow chloride to penetrate in these materials, the samples
were kept under the solution for 95 days. The initial chloride contents
were measured by cutting a 100 x 20 mm disk from the parent cylinder.
This was to account for the chlorides introduced by its ingredients or by
accidental exposure to the saline environment before testing. After
conditioning, 4 mm thick slices were cut from each sample and ground
to an average 125 pm particle size. The chloride content in the powders
was determined in accordance with BS 1881:Part-124 [57].

The chloride diffusion coefficient was estimated by measuring the
chloride contents at different depths. This chloride profile along the
depth was fitted to the following nonlinear regression

X
Clx1)=C, = (C,— CJﬂf(m) Y

where C(x,t) is the chloride content (in % mass) at a depth x and
exposure time t (sec), C; is the projected chloride contents in % mass at
the interface, which is exposed to the liquid, C; is the chloride contents in
% mass prior to immersion in the NaCl solution, and D, is the apparent
diffusion coefficient in m?/s.

2.3.6. Carbonation

The carbonation of concrete cover is another major factor that may
initiate the corrosion of reinforcing steel bars by reducing the pH of the
cementitious matrix. In this study, NSC, HPC, and UHPC cylinders were
placed in an environmental chamber at 50% CO,, 60% RH, and 23°C at
28 days of curing to study the carbonation rate. The concentration of
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Table 4

Fresh and hardened properties of tested cementitious materials.
Properties NSC HPC UHPC
Flow (mm) 535° 586" 280"
Tso (5) 8 6 NA
28 days compressive strength (MPa) 38 93 161
28 days flexural strength (MPa) 4 7 11

a2 According to ASTM C1611-14 [45].
Y According to ASTM C1437-15 [40].

=
=
)
o0
N
l

Fig. 3. Cone flow test of UHPC: a) flow spread on the recommended table, b)
flow spread on a flat steel plate.

CO, was at least 100 times higher than a natural environment to
accelerate the carbonation process. The carbonation depth was
measured using phenolphthalein spray on the sawed surfaces after 3
months and 6 months of exposure. The carbonation rate is calculated
according to

x=AVt )]

where x is the depth of carbonation in mm after time t (year), while the A
is the rate of carbonation in mm/, /year.

2.4. Microstructural imaging and mineralogical analysis

The microstructure formation was studied using scanning electron
microscopy (SEM) imaging of the broken cementitious material surfaces
at different magnifications using a FE SEM NOVA® instrument. The
mineralogy of the hydrated cementitious matrices was obtained using an
X-ray diffraction (XRD) analysis carried out using a PAN analytical®
EMPYREAN with C, — K, radiations. The scan was run at 20 values from
10° to 90°, and the step size was 0.01°. These tests were performed after
90 days of casting to ensure that the hydration process is complete.

2.5. Service life Evaluation

The degradation in RC structures can be divided into two distinct
time phases: initiation, and propagation as in

T=T.+T, )

where T; is the initial phase until the initiation of corrosion and T, is the
time after corrosion initiation. The initial phase depends on the quality
of the cementitious material, its diffusion coefficient, porosity, absorp-
tion, and the cover thickness used. This phase lasts until a sufficient
amount of chloride ions diffuse through the cover and accumulate at the
steel-concrete interface to initiate the corrosion of the steel reinforce-
ment. While the propagation phase, T, is the time from corrosion
initiation until enough corrosion-products are formed at the steel-
concrete interface to distress the concrete and cause cracking and
spalling. The concrete cracking is either considered as the end of service
life or time-to-repair. However, T, is a short period of time and difficult
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to model due to several complex phenomena involved. For this reason,
the corrosion initiation is considered by several researchers as the end of
life of an RC structure.

In this study, the time-to-corrosion was calculated for NSC, HPC, and
UHPC using

2
T — Ce 6)

2
4D, (erf*‘ (1 - %))

where C, is the chloride threshold of rebar in % wt. or kg/mg, C; is the
surface chloride concentration in % wt. or kg/ms, D, is the diffusion
coefficient in mmz/year or m?/sec, C is the cover thickness in mm, and
erf() is the statistical error function. The cover thickness was increased
from 30 mm with 5 mm increments up to 75 mm.

3. Results and discussion
3.1. Fresh and hardened properties

Table 4 presents the fresh and hardened properties of the studied
cementitious materials. The NSC and HPC had flow spreads of 535 mm
and 586 mm, respectively, while Tsg, i.e., the time to reach 50 cm
spread, was 8 s and 6 s, respectively. The flow of the optimized UHPC
mixture was 280 mm. Fig. 3 shows the spread diameter of UHPC in the
cone test, according to ASTM C1437-15 [40]. The recommended cone in
the standard was placed on a flat steel plate since the dimensions of the
recommended brass table was not sufficient enough to cover the flow of
UHPC (see Fig. 3).

Fig. 4 presents the cross-sectional views of 100 x 200 mm hardened
cylinders of NSC, HPC, and UHPC. The texture of the cementitious
materials gets finer from NSC to UHPC. NSC uses a high amount of
coarse aggregates as compare to HPC, while coarse aggregates are
omitted from UHPC in order to eliminate these weak inclusions. It is
noteworthy to mention that some researchers have developed UHPC
with coarse aggregates of up to 20 mm size [18].

The average compressive strengths of NSC, HPC, and UHPC
measured on six cylinders at 28 days of curing were obtained as 38 MPa,
93 MPa, and 161 MPa, respectively. The failure modes of HPC and UHPC
were distinctly different from NSC. NSC cylinders failed in the cement
matrix, having failure lines passing through the length of the cylindrical
test samples. While in the case of HPC and UHPC, the failures were
through the aggregates and sand particles, demonstrating the higher
strength of the cementitious matrix compared to the coarse and fine
aggregates used. Due to the very high elastic energy stored close to
maximum load and since no fibers were used, the UHPC samples failed
with a sudden blast. The failure shape was conical in both the HPC and
UHPC. The average flexural strength measured on three samples of each
material was 4 MPa, 7 MPa, and 11 MPa for NSC, HPC, and UHPC,
respectively. It is important to note that the bending test is normally
performed on UHPC mixes with embedded distributed fibers, which
drastically increase the flexural strength. Therefore, the results pre-
sented here should be interpreted as a representation of the UHPC
cementitious matrix, not the UHPC material. The compressive and
flexural strengths of NSC, HPC and UHPC are provided in Table 4.

3.2. Durability characteristics

Fig. 5 presents electrical resistivity values after 28 days of curing.
Average values over three samples were obtained as 25 kQ cm, 343 kQ
cm, and 480 kQ cm, for NSC, HPC, and UHPC, respectively. HPC and
UHPC had 13 and 18 times higher electrical resistivity than the NSC,
respectively. These resistivity values are very high, according to
AASHTO TP 95 [50], and no-corrosion risk is associated with such
values. Electrical current passes through concrete pore solution, and if
pores are interconnected and filled with ion carrying liquids, a lower
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Fig. 4. Cross-sectional views of a) NSC, b) HPC, and ¢) UHPC concrete cylindrical samples.

500

400

300

2001

1004

Electrical resistivity (kQ-cm)

24

343

480

NSC

Fig. 5. Resistivity measured at 28 days according to AASHTO TP 95 [50].
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Fig. 9. Sorpitivity of NSC, HPC, and UHPC.

electrical resistivity is obtained. In the case of UHPC, the higher resis-
tance to electrical current suggests that there is a lower number of
smaller pores that are not interconnected. During the corrosion propa-
gation phase, the higher concrete resistivity hinders the corrosion pro-
cess at the steel-concrete interface by reducing the mobility of Fe?* and
OH~ ions. This reduces the formation of expansive rust products that
distress the surrounding cementitious material. Hence, the cracking and
spalling could be minimized with HPC and UHPC.

Fig. 6 presents a comparison of the RCPT values. Average values over
three samples were 5,148 Coulombs, 120 Coulombs, and 48 Coulombs
for NSC, HPC, and UHPC, respectively. The dense microstructure and
discontinuous capillary pores of UHPC resist the flow of ionic charge
while porous NSC permits these ions to pass relatively easily. Similar
RPCT values were obtained for UHPC (i.e., less than 40 Coulombs) by
Graybeal and Tanesi [9]. The chloride diffusion coefficient of concrete
could also be estimated from the RCPT values [58]. The higher the
charge transfer through the cementitious matrix is, the higher is the
diffusion coefficient.
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Fig. 10. Chloride profiles and curve fitting to calculate the diffusion coefficients: a) NSC, b) HPC, and c¢) UHPC.

Fig. 11. Carbonation depths by phenolphthalein indicator: a) NSC and b) HPC after 3 months; ¢) NSC and d) HPC after 6 months, and e) UHPC after 6 months.

Fig. 7 shows the average porosity measured from three samples of
NSC, HPC, and UHPC. UHPC had a porosity of 1.43%, while HPC and
NSC showed a porosity of 2.5% and 5.6%, respectively. The lower w/c
ratio, the presence of fine SCM, and the use of fine sand reduce the
formation of larger pores and reduce the total porosity of the cementi-
tious matrix. Such low porosity of UHPC slows down the ingress of water
and other deleterious agents. Roux et al. [28] found the total porosity
(defined as the space not occupied by the hydration products) of RPC to
be around 1% with pore sizes ranging between 6 nm and 100 pm. Vernet
2004 [59] also suggested that the total porosity is not more than 1-2% in

the case of UHPC. It was also suggested that the pore size range between
2 nm and 10 nm. Abbas et al. [60], through a literature review, also
presented a similar range of values found by different researchers. These
results confirm the findings of this study.

Fig. 8 presents the average initial sorptivity values of the studied
cementitious materials. Average values as measured on three samples of
each material were 40 x 10~* mm/ /sec, 23 x 10~*mm//sec and 11 x
10~* mm/+/sec for NSC, HPC and UHPC, respectively. The sorptivity of
HPC and UHPC was significantly lower compared to NSC. During the
immersion underwater, the intake curve shows a point of inflection,
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Fig. 12. Microstructural images of studied concretes: a, b) NSC, ¢, d) HPC, and e, f) UHPC.

indicating a shift from a transient to a steady-state absorption. To
observe these inflection points, the curves were plotted from the first
until the last reading point, as shown in Fig. 9. The point of inflection is
seen in NSC and HPC. However, it was not obviously present in the case
of UHPC, indicating that either capillary pores are missing in the UHPC
matrix or the pore network is disconnected. Roux et al. [28] also
observed a very low water absorption and no point of inflection in RPC
and attributed it to disconnected capillary pores.

Lower water sorptivity of the cementitious material from the moist-
air or seawater minimizes the ingress of deleterious materials such as Cl~
and sulfates. In addition, water is required for the carbonation process.
Hence, with negligible water sorptivity, the carbonation process will be
slowed down. With a low water sorptivity, the durability of RC struc-
tures could be enhanced in industrial and coastal areas where the
carbonation is prevalent. With lower water entrapped in the concrete
volume, the freezing and thawing effects could also be minimized in cold
climatic conditions.

Fig. 10 presents the chloride concentrations at different depths after
95 days of exposure to a 3.5% by weight NaCl solution. Three samples
for each concrete type were tested, readings for each depth were found
to be similar over all samples. The chloride diffusion coefficients and

estimation of surface chloride contents were done by fitting the profiles
to Eq. (3) in accordance with ASTM C1556-11a [56]. As per the stan-
dard, the reading at the first depth that is at the surface was excluded
during fitting. The diffusion coefficients were obtained as
1.32X107'! m?/sec, 7.5X10713m? /sec and 1.42X10~'* m?/sec for NSC,
HPC, and UHPC, respectively. UHPC had about three orders of magni-
tude lower chloride diffusion coefficient than NSC. This means to ach-
ieve the same chloride threshold at the steel-concrete interface by
diffusion, a 1,000 times longer time period will be required; hence,
time-to-corrosion initiation will be prolonged. Piérard et al. [61]
observed an apparent chloride diffusion coefficient of 20 x 10~* m2 /sec
in UHPC with a compressive strength from 140 MPa to 160 MPa. Vernet
2004 [59] suggests that the diffusion coefficient of UHPC is two orders
of magnitude lower than that of HPC and three orders of magnitude
lower than that of NSC. Roux et al. [28] estimated the diffusion coeffi-
cient for RPC by a method similar to RCPT, and the results were in the
same range as those for UHPC in this study.

Fig. 11 shows the carbonation depth after conditioning the samples
in the carbonation chamber for 3 months and 6 months. After three
months in a 50% CO, environment, the carbonation front reached 5.6
mm in the NSC cylinders while it reached up to 12 mm after 6 months.
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Fig. 13. XRD peaks of a) NSC, b) HPC, and c) UHPC.
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Fig. 14. Time to corrosion initiation from NSC and HPC for different
cover depths.

This gives a carbonation rate, A, of 12-16 mm//year according to Eq.
(4). On the other hand, there were no signs of carbonation in HPC and
UHPC after 6 months in a similar environment. Similar observations are
reported by Roux et al. [28] after placing RPC in 100% CO environment
for 42 days while a carbonation rate of 50 mm/,/year was observed in
NSC samples with 30 MPa strength. The carbonation rate depends on the
quantity of Ca(OH), in the matrix, the concentration of CO2, and the
availability of HyO. In the case of NSC, the Ca(OH), constitutes up to
20% of the total hydration products, which increases the carbonation
rate of concrete. In the case of HPC and UHPC, the composition of the
hydrated matrix is different than that of NSC. The pozzolanic reaction in
which the SCM react with Ca(OH); to form C-S-H gel consumes the Ca
(OH)- needed for the carbonation reactions.

3.3. Microstructural imaging

The SEM images of NSC showed the needle-like formation of
ettringite and a large amount of Ca(OH); crystals (see Fig. 12a and b).

10

Fig. 13 presents the XRD peaks of NSC, HPC, and UHPC materials.
The peaks of portlandite were only available in NSC, while in HPC and
UHPC, these peaks were either not present or had very low intensities.
The peaks of labradorite and hatrurite (alite) were prominent in the case
of HPC and UHPC, indicating the presence of different phases of C-S-H
formed due to the initial hydration of cement and by the pozzolanic
reaction of the SCM.

3.4. Service life evaluation

The generally accepted chloride threshold value for mild steel is
0.4% by weight of cement [62,63]. This value was converted to % wt. of
cementitious materials. For NSC, HPC, and UHPC, the chloride threshold
was obtained as 0.06%, 0.09%, and 1.2% wt., respectively, while C; was
set to 0.05%. Fig. 14 shows the time-to-corrosion for NSC, HPC, and
UHPC for different cover thicknesses. The initiation times for UHPC are
presented on a logarithmic scale on the right of Fig. 14. It is observed
that the time to corrosion increases by several folds if HPC and UHPC are
employed. With 30 mm cover depth, the HPC had three times higher
time-to-corrosion than NSC. While for UHPC with a 30 mm cover
thickness and measured diffusion coefficient, the initiation time was
1950 years. Because of the delayed corrosion initiation and slow
corrosion activity due to higher electrical resistivity, the repair cost
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during the lifespan of a RC structure could be reduced or completed
eliminated for HPC and UHPC.

It is to be noted here that these conclusions are based on un-cracked
HPC and UHPC. As these concretes are very brittle in nature, cracking is
expected and should be controlled using an appropriate amount of micro
and macro fibers.

4. Conclusions

This study showed that HPC and UHPC could be a feasible and
practical solution for the durability issues encountered in harsh climatic
regions. These cementitious materials could be manufactured using
commonly available ingredients and conventional mixing and curing
methods to achieve compressive strengths of 160 MPa. A study on the
durability characteristics of these materials yielded the following main
conclusions.

e The HPC and UHPC have a very high electrical resistivity, i.e., 343
kOhm.cm and 480 kOhm.cm, respectively, which means that a very
low corrosion risk is involved for steel rebar placed in these
materials.

The sorptivity of HPC and UPHC was between one-half and one-third
of that of NSC. This could help reduce the absorption of water, which
transports the chlorides and other harmful agents.

The charge transfer in RCPT was as low as 48 Coulombs for UHPC,
and 129 Coulombs for HPC. This shows the dense microstructure
with less interconnected pores.

The porosity of NSC, HPC, and UHPC was 5.5%, 2.65%, and 1.43%,
respectively.

Microstructural analysis of HPC and UHPC revealed a dense forma-
tion of C-S-H gel and smaller ITZ. Peaks of Portlandite were not
present in XRD of NSC, while UHPC and HPC showed the presence of
different phases of C-S-H gel as a result of the consumption of por-
tlandite in the presence of SCM. These are the results of the pozzo-
lanic reactions of FA and SF with portlandite.

It was concluded that for UHPC there was no carbonation penetra-
tion after 6 months of exposure to a 50% CO, environment.

The respective chloride diffusion coefficients in the case of HPC and
UHPC were one and three orders of magnitude lower than that of
NSC.

The time to corrosion initiation with 30 mm concrete cover thickness
was three and 78 times that of NSC for HPC and UHPC, respectively.
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