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Abstract. Nowadays, the application of nano materials is getting attention
to enhance the conventional concrete properties. The ultrafine particles of
nano material also will help reducing the formation of micro pores by
acting as a filler agent, produce a very dense concrete and will reduce the
growth of micro pores in the UHPC structures. The introduction of nano
materials in concrete is to increase the strength and durability of concrete.
One of the most important factor affecting concrete durability is chloride
penetrability. The purpose of this study was to evaluate the chloride
permeability and chloride penetration depth by using rapid chloride
permeability test (RCPT) and colorimetric method, respectively. The study
was conducted for normal performance concrete (NPC), high performance
concrete (HPC), ultra-high performance concrete (UHPC) and a series of
UHPC (nano metaclayed-UHPC) incorporating different replacement
levels of nano metaclay. All the tests were performed at ages of concretes
from 3 up to 365 days. The results showed that the presence of silica fume
in HPC and nano metaclay in UHPC reducing the Coulombs passed on the
56-days up to 365-days. The experimental results also revealed the depth
of chloride ion penetration for nano metaclayed-UHPC concretes are much
lesser than those concretes. As regards to the results, nano metaclay led to
noticeable benefit in term of chloride resistance.

1 Introduction

The most important characteristic of concrete is believed to be the one that affecting its
durability of concrete. Nowadays, concrete with excellent performance in strength has
become one of the most important construction materials. Conversely, it can be misleading
to spontaneously assume that such concrete would also possess high performance qualities
in marine environment [1]. A lot of deterioration is reported for marine construction since
marine environments are very aggressive as well as sea water consists mainly of chlorides
and sulphates [2]. As well-known, the major cause for degradation of reinforced concrete
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(RC) due to chloride penetration has been the great research effort until today. RC is
usually durable, which has resulted in its widespread use for the construction of structures.
However, it has become increasingly apparent that attack by aggressive agents such as
chloride penetration can significantly affect a structure to deteriorate. Chloride ions can
penetrate through the concrete pore network, potentially leading to the corrosion of steel
reinforcement in the initiation stage [3]. The corrosion of reinforcing steel in concrete due
to chloride penetration in RC structures has received increasing attention in recent years
due to its widespread occurrence and the high cost of repair [4, 5].

It is important to note that the main feature of producing superior quality concrete is to
minimize the volume of void in the concrete mass to have denser, stronger and more
impermeable concrete. The interest in dealing with nano-cement and understanding of the
hydration of cement particle to produce high strength concrete will be promised
opportunity. Regards to this, the ultra-high performance concrete (UHPC) has been
introduced as a new class and one of the most advanced concrete which it has better
characteristics in term of strength and durability [6-8]. The use of industrial or agricultural
by-product substitutions for cement has greatly contributed to boost up the performance
characteristics of the concrete [9-11]. Therefore, the UHPC incorporating material as
supplementary cementitious materials (CSM) and nano material has been developed.
Previous literatures regard to the improved performance of UHPC containing pozzolanic
cement enhanced the strength and increase the durability of concrete are well-documented
in Schmidt et al. [12].

Numerous studies outlined that the use of nano-silica in UHPC can promote the
hydration of cement to generate more C—S—H gel thus, leads to reduction of capillary pores
in concrete [13-16]. Another researcher also found that UHPC contains ultra-fine POFA
exhibited the greatest improvement in permeability properties such as porosity, rapid
chloride permeability, water permeability and gas permeability [17]. In the same way, the
chloride penetration in nanoclayed-UHPC were significantly improved its chloride
resistance [18-20]. But, there are still few studies attempting to investigate chloride
penetration in UHPC incorporating nano clay. The interest in using nano metaclay in
UHPC production has been projected in this present research.

Regards to this, the ability of UHPC to resist chloride ion penetration is a key element
for durability of concrete in salt-exposed environment was looked into. The rapid chloride
permeability test (RCPT) results have been used as an indicator for concrete durability
evaluation. However, several researchers have argued on this test when concrete produce
with supplementary cementitious materials. For example, the used of silica fume in
concrete mixture can lead to an order of magnitude reduction in Na+, K+, Cat+ and OH- ion
concentration in pore solution [21-23]. Therefore, it is not appropriate to use RCPT charge
passed alone to evaluate chloride ions penetrability in concrete incorporating SCM [24].

However, Nokken and Hooton [25] argued with this outcome and they found that the
effect of using SCM in concrete is small. Therefore, additional method which is less
dependent on the electrical conductance and pore solution is required to be validated. As a
comparison with previous researches [18, 19], this study aimed to evaluated the chloride
penetration profiles in various concrete types which are normal performance concrete
(NPC), high performance concrete (HPC), ultra-high performance concrete (UHPC) and a
series of UHPC integrating nano metaclay as cement replacement. For that reason,
colorimetric method by using silver nitrate (AgNO3) solution was performed other than
RCPT.
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2 Experimental program

2.1 Materials

In this research, six (6) series of mixtures consists of normal performance concrete (NPC),
high performance concrete (HPC), ultra-high performance concrete (UHPC) and UHPC
with different percentage of nano metaclay (nano metaclayed-UHPC) were prepared. An
ordinary Portland cement (OPC) Type I provided by local supplier was used as a binder for
all mixes. The properties of OPC are equivalent to BS EN 197-1:2000 specification. The
HPC mixture was prepared by replacing 10% silica fume (SF) from the total weight of
OPC. Conversely, the nano metaclayed-UHPC mixture were formulated by replacing the
OPC partly with different levels of nano metaclay at 1, 3 and 5% from the total weight of
OPC used. The mixtures for nano metaclayed-UHPC were labelled as UHPC-1, UHPC-3
and UHPC-5 respectively. The preparation on calcination process; chemical composition
and morphology examination on nano metaclay have been examined in previous studies
[19]. The crushed gravel was used as the coarse aggregate with a nominal size of 10 mm.
Meanwhile, fine aggregate passing 5 mm was used as sand. In addition, the hyper-
superplasticizier (SP) namely Glenium ACE389 SURTEC was added in NPC, HPC, UHPC
and nano metaclayed-UHPC mixes to obtain a desired workability [20]. Table 1 displays
the mix proportion of concrete for all mixes.

Table 1. Mix proportion for NPC, HPC, UHPC and nano metaclayed UHPC concretes

Raw Materials (kg/m3)
Concrete
Designation  OPC SF Metaclay  Aggregate  Sand Water SP wie
NPC 380 - - 995 815 190 2.85 0.5
HPC 416 46 - 1149 619 152 4.20 0.4
UHPC 800 - 0 433 800 160 11.52 0.2
UHPC-1 797 - 8 433 800 160 6.70 0.2
UHPC-3 776 - 24 433 800 160 6.98 0.2
UHPC-5 760 - 40 433 80 160 7.60 0.2

2.2 Preparation of specimens

The concrete cylinder specimens with 100 mm diameter and 200 mm height were prepared
for determination chloride penetration and rapid chloride permeability test (RCPT). In the
first part, the concrete specimens were cured in water up to 365 days before subjected to
RCPT test. The procedures to prepare the sample was called as 2-day preparation. First, the
specimens were removed two (2) days earlier from water curing before RCPT to be
conducted. Then, the cylindrical specimens were cut into slice samples approximately 50
+1 mm in thickness using water-cooled diamond saw. After cutting, the samples were left
in room temperature before coated with waterproofing coating at the side of samples. The
second day of preparation began with the desiccation process to water-saturate the
specimens using desiccator chamber for 24 hours. The RCPT was performed after the
samples cured for 3, 7, 28, 56, 92, 182 and 365 days.

The second part, the specimens for chloride penetration evaluation were taken out from
water curing after cured for 7 days. Before exposed to 3% sodium chloride (NaCl) solution,
the specimens were sealed at the top and bottom parts. In this research, waterproofing
membrane type T-100 water-based PU bituminous was used to prevent the ingress of
chloride ions at the both parts. After the coating membrane dried, the specimens instantly
immersed in 3%NaCl solution for chloride exposure. All the specimens were immersed for



MATEC Web of Conferences 103, 01023 (2017) DOI: 10.1051/matecconf/201710301023
ISCEE 2016

3,7, 28, 56,92, 182 and 365 days. At each interval of immersion, the concrete specimens
were taken out and tested its chloride penetration.

2.3 Testing procedures

In this study, the testing method to determine the chloride penetration can be divided into
two (2) comprises of rapid chloride permeability test (RCPT) and colorimetric method
(AgNO; sprayed method). Under chloride permeability of NPC, HPC, UHPC and a series
of nano metaclayed-UHPC specimens, the RCPT was adopted. It is widely accepted that
the ability of concrete to resist ingress of chloride ions can be resulted by performance the
RCPT [7]. The RCPT was conducted for determining the resistance of concrete to chloride
ions penetration. The chloride penetration was accelerated into the concrete specimens by
applying the direct current of 60 voltage for 6 hours. Then, the concrete permeability levels
were classified based on charge passed as specified in standard as tabulated in Table 2. The
RCPT procedures were confirming to ASTM C1202-05 specifications [26]. This test was
measuring the amount of electrical current that passes through a 50 1 mm thick slice of
concrete samples. The chloride penetration was accelerated into the samples by applying
the direct current of 60- voltage for 6 hours. A sodium chloride solution (NaCl) is applied
to one side of the slice and a sodium hydroxide (HCI) solution is applied to the other side.
At the end of 6 hours, the samples were removed from the cells and the amounts of
coulombs passed through the samples were recorded.

Table 2. Chloride permeability classes based on charge passed [26]

Charge Passed, Coulombs Permeability Classes
> 4000 High
2000 — 4000 Moderate
1000 —2000 Low
100 — 1000 Very Low
<100 Negligible

On the other hand, the chloride penetration depth profile of NPC, HPC, UHPC and a
series of nano metaclayed-UHPC samples were determined by chemical method namely
silver nitrate colorimetric method. Before the test was carried out, the concrete samples
were taken out from 3%NaCl solution after immersed for 3, 7, 28, 56, 92, 182 and 365
days. The exposed samples were left in room temperature to allow it dried for a while.
Afterwards, the samples were prepared by splitting the samples axially into two (2) sections
using compression machine. Then, the freshly fractured surfaces split (cross-section) of
samples was sprayed with 0.1M silver nitrate (AgNOs) solution and left in temperature
room until sprayed solution was dried. Subsequently after the sprayed surface was
completely dried, white silver chloride precipitation on the surface was visible. While, the
area free of chloride ion remains natural or brown in colour. In order to measure the profile
depth of the chloride precipitation, the line along the surface that contain chloride was
drawn. Then, the penetration depth of the chloride penetrability was measured using digital
caliper.

3 Results and discussions

3.1 Rapid chloride permeability test (RCPT)

The results of RCPT is presented in Fig. 1. The figure demonstrates the charge passed
through the concrete decreases as the age prolonged for all concretes. The chloride
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permeability indication can be classified based on the charge passed into concrete as in
accordance with ASTM C1202 specifications. At early age, it was revealed that the chloride
permeability for NPC concrete can be identified as high level of permeability (> 40000
Coulombs) as compare to those concrete mixes. After matured at 28-days, the chloride
penetration in NPC concrete dropped up to 365-days. The Coulombs charge of the NPC
concrete is reduced to 2676 Coulombs, indicating moderate chloride penetration resistance.
The results also clear that the Coulombs charge through NPC is higher than HPC, UHPC
and nano metaclayed-UHPC.

—4—NPC -#—HPC UHPC ==UHPC-1 UHPC-3 UHPC-5
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Fig. 1. Charge passed measured through NPC, HPC, plain UHPC and nano metaclayed-UHPC
concretes

It was observed that, the presence of silica fume in HPC and nano metaclay in UHPC
concretes contribute a benefit in terms of resisting chloride penetration. The incorporation
of silica fume and nano metaclay in HPC and UHPC respectively, results in drastic
reduction in the coulombs charge. The charge passed for HPC, UHPC and nano metaclay in
UHPC concretes are reduced from low penetration to very low penetration of chloride from
day-3 to day-56 respectively. In general, it is also revealed that small charge changes in
Coulombs passed were observed for HPC, UHPC and a series of nano metaclayed-UHPC
concretes after 28-days. This contrasting behavior occurs because of pozzolan-containing
concrete increase more rapidly with increase in curing time than do those for the NPC
concrete. On the other hand, it is also noted that higher w/c ratio results in higher porosity,
so that the total charge passed for NPC concrete is more connected than the pore structure
in low w/c ratio concrete.

On the other hand, incorporation of nano metaclay in UHPC concretes had superior
chloride resistance other than HPC concrete. The Coulombs passed of the UHPC and a
series of nano metaclayed-UHPC slightly decreased after day-56. Among the UHPC
concrete, the different is insignificant but the trend is still the same. It was expressed that
incorporating 1, 3 and 5% nano metaclay in UHPC can decrease RCPT results up to
76.11%, 72.67% and 73.59% respectively. Previous research also found that the volume of
chloride that penetrated into the UHPC is extremely low [7]. These results are consistent
with finding from other researchers, where they reported the UHPC have a discontinuously
capillary porosity and thus exhibit significantly decreased the chloride permeability [27,
28]. In addition, among the series of nano metaclayed UHPC mixes, UHPC incorporating
1% nano metaclay (UHPC-1) has been proved the lowest chloride penetration compared
with other nano metaclayed-UHPC mixes. Incorporating different percentage of nano
metaclay in UHPC did not improve greatly the chloride resistance for all the nano
metaclayed-UHPC from day-56 up until day-365. However, the reaction of 1% nano
metaclay has the anticipated effect on the penetration characteristics of nano metaclayed-
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UHPC. 1t is believed that, the good chloride resistance of nano metaclay blended concretes
is due to the refinement of the pore structure. Previous research also stated that nanoclay in
UHPC is able to acts as an ultra-filler material and yields a significant reduction in the total
charge passed [19].

3.2 Chloride penetration depth profile

The results highlighted the influence of silica fume in HPC and nano metaclay in producing
UHPC concretes to chloride penetrability using colorimetric method. The chloride
penetration depth profiles with respect to expose days in 3% NaCl solution are graphically
presented in Fig. 2 for all concrete mixes. Overall, it was found that the depth of chloride
ion penetration in the concrete increased gradually with the time of exposure. Later, the
chloride penetration depth decreased after expose for 365-days. As expected, the amount of
chloride can be penetrated through NPC concrete recorded highest penetration depth
compare to those other concrete series. It was noted that, the depth of the chloride
penetration in NPC is significant because of the w/c ratio was high thus, results in higher
pore size distribution. It is also clear that w/c ratio is the governing factor for chloride ion
penetration and is mostly dependent on concrete pore structure. Fig. 2 also shows the depth
of chloride ion penetration was high for NPC and HPC from day-3 to day-91. Later,
chloride depth in HPC was higher as compare to plain UHPC and UHPC with 1% and 3%
of nano metaclay. In this stage, it is noticed that silica fume had a significant effect on
reducing the chloride penetration due to the pozzolanic and micro-filler effect. This finding
was also agreed by [29], who found that depth of chloride penetration in concrete made
with silica fume was became zero at 91 days.
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Fig. 2. Chloride penetration depth in NPC, HPC, UHPC and nano metaclayed-UHPC concretes

For UHPC concretes, it is revealed that as the nano metaclay level increases, there is a
very marked reduction in the chloride resistance as compare to UHPC alone after 91-days.
Due to its ultrafine size, nano metaclay particles fill the voids and reduce the capillary
pores. At this stage, the hydration of UHPC concrete with nano metaclay have been also
more advanced as a result of the additional hydration and pozzolanic reaction. The denser
nano metaclayed UHPC would be less vulnerable to the ingress of the chloride in
comparison to those at the age of 56-days. However, it has been observed that UHPC made
with 3% nano metaclay improved significantly the chloride resistance at 365-days of
exposure. From the present results, it is clearly publicized that nano metaclay in UHPC
produces finer pore structure due to formation of the pozzolanic reaction within the
capillary pore space. The pore system will also become finer and more segmented with
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increase in exposure time due to continuing pozzolanic reaction. As well documented in
previous studies, the used of nano-silica in concrete will delay and reduce the chloride
resistance [13-16].

3.3 Relationship on coulombs passed and chloride penetration depth

In order to investigate the role of nano metaclay in enhancing the chloride resistance of the
UHPC concrete, the relationship between Coulombs passed and chloride depth was
performed. Fig. 3 displays the relationship between Coulombs passed and chloride
penetration depth for series of nano metaclayed-UHPC concretes.
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Fig. 3. Relationship between chloride depth and charge (Coulombs) passed for UHPC and nano

metaclayed-UHPC

In general, the performance of chloride resistance of concrete can be improved by obtaining
a discontinuous capillary pore structure caused by lowering w/c ratio or the presence of
pozzolanic materials. In this case, the w/c ratio used for UHPC and nano metaclayed-UHPC
concretes were constant at 0.2. From the graph, it was revealed that the optimum
performance of nano metaclay to contribute in the pozzolanic reaction was recorded at day-
56 for UHPC-1 and UHPC-5. However, the crossing line for UHPC was plotted just after
56-days and UHPC-3 was obtained nearly 56-days. This can give visual evidence that the
degree of hydration in UHPC incorporating nano metaclay appeared considerably at day-
56. Therefore, the filler effect and the pore volume refinement occurred at 56-days of age.
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In order to verify the real influence of nano metaclay at 56-days, the relationship graph
between chloride penetration and charge passed was performed as shown in Fig. 4. It is
found that the different percentage of nano metaclay in UHPC has a strong linear with the
chloride depth penetration. This mean 77.07% variation in chloride penetration depth
profile has been explained by variation in the different levels of nano metaclay replacement
and another 22.93% variation can be explained by other factors such as w/c ratio or age of
curing. Meanwhile, the relationship between RCPT charge passed and various replacement
levels of nano metaclay was not very strong [R-square = 0.6559]. This means that only
65.59% variation in charge passed has been explained by variation in the percentage of
nano metaclay and the other of 34.41%can be explained by other factors. The graph
indicates the optimum performance of chloride resistance for UHPC incorporating 1% nano
metaclay was achieved on the day-56. Previous finding also found that the addition of
metakaolin to concrete has a significant effect on to Coulombs passed and chloride
penetration depth at early age [30]. Another researcher was also discovered that the use of
nano metakaolin in concrete has reduced the capillary in concrete at 28 days of hydration
[31].
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Fig. 4. Relationship on chloride depth and charge passed for UHPC and nano metaclayed-UHPC on
the day-56

4 Conclusions

Based on the experimental results of this research, the following conclusions can be drawn:

i) It is deduced that the presence of silica fume and nano metaclay in concrete is
effective in reducing Coulombs passed at 56-days up to 365-days. Incorporating nano
metaclay in UHPC has a significant effect on the chloride permeability. From the
results, 1% nano metaclay is found to be the optimum amount to be used in UHPC
production. At this replacement level, the Coulombs passed value significantly
reduced up to 76.11%.

ii) The depth of chloride ion penetration for nano metaclayed-UHPC concretes are much
lesser than NPC, HPC and UHPC concretes. The capillary chloride penetration
gradually decreased towards to 182-days. Contradicted to the results obtained from
RCPT, it was found that inclusion of 3% nano metaclay significanty reduced the
chloride penetration depth.

iii) The optimum chloride resistance behavior of nano metaclay in UHPC was achieved
on the day-56. At this stage, it is noted that the high degree of the hydration process of
nano metaclay was developed. It was concluded that the UHPC developed
incorporating nano metaclay has significant potential on chloride resistance.
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