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Abstract— Concrete which placed in an aggressive environment has a great chance to suffer from damage especially for concrete put
in the marine environment. In this situation, damage process in concrete is mainly caused by chloride ingress. The chloride penetrates
into the concrete by various mechanisms. For concrete submerged in seawater, the chloride solution penetrates into the concrete
trough diffusion mechanism and cause damage over the time. However, in real life, reinforced concrete structure mostly placed in the
partially saturated area and subjected to the repeated actions of the wetting and drying cycle. This condition makes the concrete
structures more vulnerable to corrosion than structures in a fully saturated condition. Therefore, this study investigates the changes
in concrete microstructures condition due to repeated actions of wetting and drying. The samples were exposed by 5% NaCl solution
through the different configuration of wet and dry duration. The microstructural condition was observed by several methods such as
XRF, SEM and EDX analysis. Major constituent phases of concrete and the differences in their distribution due to different duration

of wet and dry were observed in this study. Finally, from the investigation, it was found that there were noticeable differences in
chloride and magnesium percentage in the samples. This result acts as evidence that the duration of wet and dry can affect the
formation of particular compounds such as chloroaluminate, quartz, brucite, and dolomite in the samples which plays roles in the
damage process of concrete.
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the corrosion through impressed current and submerging the
I. INTRODUCTION concrete specimen into the NaCl solution. However, this

Chloride-induced corrosion is the great durability issue in method cannot represent the actual condition which concrete

a reinforced concrete structure for years [1]-[3]. In marine IS Mainly placed in the splash zone and subjected to wetting

area, chloride ions present in the sea water and marineélnd drying cycle. . . !
breeze. Due to concrete microstructure condition, which The method of chloride transport in concrete are different

contains many pores, the chloride ion, water, and oxygenbased on the environmental condition. In fully saturated

manage to reach concrete-steel interface and start to initiat%(_)f?d'_t'on’;hlor'de t_ranﬁport Imehchanlsm ”?;"T'y occursh_br)]/
the corrosion process [4]-[6]. As time passed, the volume of ffiusion. However, In the splash zone or tidal zone, whic
corrosion product will increase and eventually caused concrete Is in pgmally saturated condition, th_e C_hlorlde
cracking in the concrete. The cracking will propagate within trlansport mecg\_anl_sm do;es oceur lby nothon!y dlffu3|or;] but
the concrete cover and cause a crack at the concrete surfac@>° & combination of several mechanisms such as
This crack will lead concrete to higher risk for corrosion aPsorption and convection [16]. Cyclic wetting and drying

development and for a long time it will finally cause strength lead to continuous fluid and moisture movement thr.ough
degradation in the concrete structures [7], [8]. concrete pores. As a result, the microstructural condition of

Several studies related to corrosion had been conducteONCrete is continuous to change and makes concrete with

by previous researchers. The majority of the studies assumeér;'S té’p? ”Of exgosure (;S more er]JInerabIe thanf cohrllcr%te
that the concrete is in the fully saturated condition with placed fully submerged area. The process of chloride

diffusion as a key mechanism of chloride penetration [9], transport during cyclic wetting and drying shows in Fig. 1.

[10]. The previous experimental method frequently used the When chlforldel lon penhei\tratels Into thef con%rete_,rht_he
impressed current method. This method also is WidelyStrUCture of ~calcium ~ chloroaluminate formed. IS
known as a galvanostatic method. The purpose of thiscompound will affect the microstructural condition of the

method is to investigate the corrosion process and crackinqctoncrete' As widely known, concrete quality is affected by

due to corrosion [11]-[15]. This method applied by inducing S _microstr_uctural condition. As a homogenous material,
which consists of aggregate, cement, water and other agents,
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concrete quality and strength could not be separated from its Il. MATERIAL AND METHOD

microstructural condition. Furthermore, the homogeneity of 1o samples used in this research is concrete cubes with
concrete can make concrete with same design category hav§imension 150 x 150 x 150 mm. Also, a steel reinforcement

different quality depend on its mixing technique and quality |55 embedded in the concrete with distance 40 mm from the
of the constituent material. Therefore, the microstructural exposed surface. The steel reinforcement has 19 mm
condition is critical as a representative of the overall jimension with deformed geometry. The concrete used for
performance of the concrete especially for concrete exposeg,o sample is normal concrete made from Portland

to the marine environment. Pozzoland Cement (PPC) and local aggregates with 0.5
water per cement ratio (w/c).

Before the mixing process, the aggregates were washed
and placed in the storage bucket for one day with several
small holes in the bottom part to allow the excess water
drain. At the next day, the aggregate was dried until reach
saturated surface dry (SSD) condition. The cubes molds
were prepared with a special configuration to allow single
reinforcement to embed in the concrete.
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Fig. 1 Chloride transport illustration under wet and dry cycle [16] 150“
Several researchers have been conducted studies related to Fig. 1 Cross section of the model

the microstructural condition of the concrete. Karthikeyan et .
. . . . A. Exposure History
al. conducting an experimental test to investigate the

microstructural condition of concrete which concrete cured The samples were exposed to 5% NaCl solution to
in seawater or normal water [17]. This study also Simulate the sea water. Three variations of wet and dry

investigated the microstructural differences of concrete duration used in this experiment. The first variation used wet
which cured in normal water and exposed subsequently toPer dry duration ratio < 0.5. This condition achieved by
seawater. This study has shown that the microstructural®xPosing the sample with 1-hour wetting and 7 hours drying.
condition of concrete is changed due to different curing The second variation used wet per dry duration ratio > 0.5.
media and exposure. In 2011, Sosa et al. also performed adhis condition obtained by exposing the sample with 3 hours
investigation of concrete microstructures depend on its Wetting and 5 hours drying. The last variation is for wet per
exposure condition which is natural atmospheric, permanentdry duration ratio > 1. This variation can be categorized into
immersion and alternating cycles [18]. It also is shown that fully submerged because the wetting time is more than 1.
there were differences in the microstructural condition of Therefore, this configuration achieved by submerging the
concrete due to the exposure condition. The study related tamples into NaCl solution. .
the microstructure of concrete for long time exposure also _The samples were placed in the three different chambers
has been performed by Jacobsen in 2013. The study showeWith the same environmental ~condition, including
that there was a different distribution of the major temperature and humidity to simulate the wetting and drying
constituent phase of concrete after two years exposure. cycle. However, the time for wet and dry duration was
Even though many studies related to the microstructuraldifferent for all three chambers. The 5% NaCl solution was
condition of concrete exposed to seawater has beersPrayed from a nozzle which connected to the pipe.
performed, but the effect of the influence of the ratio of wet- Furthermore, the water pump was also attached to the timer
dry durations has not been thoroughly investigated. SWitth which manages the spraying time. The drying cycle
According to research by Sutrisno et al. in 2016, the chlorideWas performed by exposing the samples with an infrared

profile of the concrete subjected to wetting and drying cycle lamp to achieve a temperature ofGOA thermostat was
is greatly affected by wetting and drying period [19]. connected to the lamp to adjust the temperature in the
Therefore, this paper is focused on investigating the chamber. When the temperature reaches ovéc,3the

different wet and dry duration ratio. The analysis of contours VIC€ VErsa.
of concrete is performed by using scanning electron
microscopy (SEM) coupled to elemental analysis (EDS) and

X-Ray Fluorescent (XRF)
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Fig. 3 Experimental setup of cyclic wetting and drying

i o Backscattered electron, Secondary electron, and x-ray
B. Microstructural Investigation images were obtained from the test in the appropriate area.

The microstructural investigation was performed by ) o
Scanning Electron Microscope coupled with EDX and also C- Chloride Content Investigation
X-ray Fluorescence (XRF). The samples, which will be  There are two methods to determine the chloride content
tested, were taken from the chamber and stored in the roonin the concrete which are the total chloride content method
temperature for 24 hours to stabilize the samples and drairand free chloride content method. The determination by free
the excess water. chloride content method is rather easy in solutions but

The XRF test was performed by Rigaku ZSX Primus Il becomes more complicated when dealing with hardened
machine. The sample used in this test had 2.5x2.5x1 mm andoncrete. Therefore, for this research, the total chloride
was obtained by sliced the concrete sample at thecontent method was used. For total chloride content method,
appropriate location. The XRF test was performed to acquirethe sample was taken from hardened concrete. The concrete
data related to the elemental composition of the sample afteccube was sliced in every certain thickness, crushed and
exposed to cyclic wetting and drying cycle. The samples powdered. The powdered concrete then subsequently
were mounted on the mounting block and placed at theanalyzed to obtain the chloride profile.
center of the stage. The sample will be vacuumed at the XRF The chloride is analyzed by titration. Before the titration
machine, and after this step had finished, the elementalprocess, Samples were chilled in a desiccator on the day of
composition analysis was started. analysis. For each layer, the samples were crushed and
shieves. Two grams of powdered sample was taken and
digested with nitric acid.

Before titration, the sample was stored at room
temperature. The total chloride content of the sample was
analyzed by using an argentometric titration, with an AgNO
solution and a silver billet electrode. The chloride
concentration was calculated £rom the modulation point of a
plot of the potential versus titrant volume. The titrant was
dispensed by an automatic titrator.

(b)

Fig. 4 Concrete samples before (a) and after (b) coating

I1l. RESULT AND DISCUSSION

After five months’ exposure under fully submerged and
To obtained data regarding the microstructure of the Wet-dry configuration, the sample was removed from the
sample. The SEM/EDX test performed according to ASTM chambers. All samples stored at the room temperature for 24
C 1723. The samples, which have been exposed to hours to stabilize the moisture condition and drain the excess

different configuration of wetting and drying, were cut into Water.

small pieces, Wlt_h size _approxmately 5x5x5 mm, at the A Visual Observation

appropriate location. Prior to the test, the sample was ) i )

vacuumed and coated with gold to obtain more conducting . | N€ Visual inspection of the samples was conducted one

surface. In addition, this process will make the output image 92 Prior to the microstructural testing date. Based on the
of SEM clearer. The SEM test was performed observation, as presented in Fig. 5, there are distinct

simultaneously with EDX test using JSM 7600F Field differences in the_ roughness of each sample. Sample with
Emission Scanning Electron Microscope machine. The Wet and dry configuration has a rougher surface than the
machine used energy-dispersive analyzer for x-rays at ars@mple with fully submerged configuration.

operating voltage of 15 keV to analyze the samples. Furthermore, the sample with fully submerged
configuration shows thin layer on the surface. For structures
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exposed to the marine environment, especially for structuresduration. This condition happened because the sample has a
in fully submerged condition, the formation of a thin layer of very short wetting period so, the diffusion mechanism does
aragonite and brucite in the concrete surface is very commomot occur perfectly. It also can be noticed that due to very
The compounds act as a protective layer at the concretdong drying period, the main mechanism of this
surface. This layer can reduce the chloride penetration andcconfiguration is convection which makes the transport
decrease the amount of chloride in the pore surface.period of chloride become longer.

Therefore, the visual of the concrete surface with fully

submerged configuration is smoother compared with the ;

sample with wet and dry configuration. o a1 hr wetting - 7 hrs drying
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Fig. 6 Chloride penetration at first-month exposure (a) and fifth-month of
exposure (b)

C. Investigation of Internal Sructures

) The investigation of internal structures was performed by
two techniques, which are SEM/EDX and XRF. The samples
Fig. 5 Comparison of the concrete surface condition under wetting andfor the test was taken from the inner location of concrete
drying configuration and fully submerged condition after five months cubes. Fig. 7 shows the internal structures of three samples.
exposure . )
The secondary electron image was taken by SEM technique
B. Investigation of Chloride Profile with a magnification of 2000X until 3000 X and operating

The chloride profile analysis performed by argentometric Vo!tage of 15kV. . o —
titration. Fig. 6 shows the result of the chloride profile The same image with Iarggr magnification shows in Fig. 8.
analysis of the sample at the fifth-month exposure. Based or" that flgure, cement coqstltuent_ phases of C-S-H, V\.’h'Ch
Fig. 6, the chloride concentration with 3 hours wet duration &fached with chloroaluminates is presented. The figure
has highest chloride concentration because this configuratiorsnowed the clear shape of ettriggite and filled up the

combines more than one transport mechanism which isCONCcrete pores. _ _
diffusion and convection Due to exposure to NaCl solution, the chloride slowly

At the beginning of exposure duration, diffusion is the enters into the concrete as contamination. The element will

main mechanism. Therefore, the chloride concentration forreact with .QA or GAHys to form complex Calcium
fully submerged specimens had the highest concentration. ACChIoroaluminates Hydrates (e.g., 3CaO.Ql CaCh. 10
time passed, the convection starts to show its effect. Ther20) Or also known as Friedel's salt. The calcium
chloride concentration at five months’ exposure shows thatchloroalumlnates has a needle shape crystal and normally

the chloride concentration of the concrete with 3 hours yviII be attached to calcium silicate hydrates. Based on Fig. 7,

wetting and 5 hours drying condition keep increased andit can be seen that sample with three hours wet and five

passed the fully submerged samples. However, concrete meours dry has the largest amount of chloroaluminates. The

one-hour exposure condition still has the lowest chloride 'Mag€ shows that the chloroaluminates are presented almost

concentration from the beginning until the end of exposure !N €very pore of the concrete. However, concrete with fully
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submerged and one hour wet-seven hours’ dry configuration The EDS spectra were taken from specific regions of the
show only little chloroaluminates at each pore. sample, as shown in Fig. 9, and it indicated the presence of
Si, Ca, Mg, Al, and Cl in the sample. The percentage of each
element also obtained from the XRF analysis. Even though
the SEM/EDS and XRF technique is not completely
appropriate for the accurate estimation of the chloride
concentration from bulk regions, it has been used as a first
approximation to arrive at a qualitative identification of the
microchemistry. Table 1 shows that concrete with 3 hours
wetting and 5 hours drying has highest chloride content
compared to the other samples. This condition indicates that
this sample is more vulnerable to corrosion due to the rapid
increase of chloride concentration.
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Fig. 8 Magnified view of samples with 3 hours wet and 5 hours dry
configuration which showing the various constituents in hydrated cement
paste

Based on Table 1 it can be seen that all samples have a
different percentage of the element. The profile of Si content
in the sample showed the effect of the penetration depth of
the sample. The presence of Si in the sample can indicate the
present of Quartz (S Quartz is one of the main
components which responsible for mechanical resistance of
concrete. If the environment aggressiveness increases, a
higher loss of quartz could occur on the surface. Sample
with 3 hours wetting and 5 hours drying duration has lowest
Si content. It is indicating that the amount of Si is decreases
due to the influence of external environmental condition.
The sample with 1 hour wetting and 7 hours drying
condition has the lowest amount of Si because of least
wetting time which results in the slower penetration of
aggressive agent.

The presence of Mg is also indicating the existence of
Dolomite (CaMg(Cg),) and Brucite (Mg (OH). Dolomite
and Brucite. Sample with wetting and drying configuration
shows the higher value of Mg compared with the fully
submerged condition. This condition occurs because drying
time in wetting and drying configuration causing the

I 10pm 201
15.0kvV SEI LM WD 8.0mm 10

(c) formation of a calcareous layer in the concrete surface. This
crystal layer acts as a barrier on the concrete surface and
plays an important role to slow down the transport process of
(c) fully submerged configuration chloride ions inside the sample. However, if the wetting time
is sufficient, this layer can be dissolved in the water, and the

Fig. 7 Comparison of internal structure for the sample with (a) 3 hours wet
and 5 hours dry configuration (b) 1 hour wet and 7 hours dry configuration
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ion can infiltrate into the concrete and cause
concrete pores where the drying time occurs.
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Fig. 9 EDS spectra for the sample with (a) 3 hours wet and 5 hours dry
configuration (b) 1 hour wet and 7 hours dry configuration (c) fully
submerged configuration

o0 o0 o0 C

416

damage to

IV. CONCLUSIONS

An experimental test was conducted for five months to
observe the effect of wetting and drying configuration to
concrete internal structures. After five months exposure with
a different type of exposure configuration, the internal
structures show significant differences. The concrete with 3
hours wetting and 5 hours drying configuration has worst
internal structures and surface condition during past five
months. Due to a different configuration of wetting and
drying duration, the sample with this kind of exposure shows
the lowest chloride content and higher silica content. This
condition because this sample has the lowest wetting time,
so the diffusion process cannot occur perfectly. Finally, it
can be concluded that different configuration of wetting and
drying duration can affect the whole internal structures of
concrete which can lead to different type of damage time to
concrete.
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