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1. Introduction

The durability-based design of reinforced concrete structures especially in the hot marine environment of
Bandar-Abbas became extensively important during the last few years. It has been known that the durability
of concrete mainly depends on how easily seawater containing chloride ions can ingress into an unsaturated
concrete (Sabir et al., 1998; Hubert et al., 2003; Prabakar et al., 2010; Yoo et al., 2011). Chloride-induced
corrosion of embedded reinforcement is more severe in tidal conditions because of more ingress of chloride
due to moisture convection phenomena. (Broomfield, 1997; Olajumok et al.,, 2009; Akindahunsi et al., 2010).

[tis necessary to approximate the moisture distribution in concrete due to wetting and drying cycles for the
determination of the moisture convection zone. The moisture transfer coefficient (MTC) is one of the most
important parameters for the prediction of moisture distribution. The moisture distribution is often influenced
by environmental conditions such as temperature. The changes of in the depth of the convection zone can be
assessed if MTC is available in various temperatures.

In this research, six concrete mixtures were prepared in which four plain concrete mixtures were
proportioned with water to cementitious materials (w/cm) ratios of 0.40, 0.45, 0.50, and 0.55. In addition to
the plain concretes, one silica fume and one natural zeolite blended concrete mixtures with cement
replacement levels of 7.5, and 10% and a w/cm ratio of 0.45 were considered. The moisture loss or water
absorption of specimens exposed to wetting and drying were measured using the gravimetric method at
temperatures of 23, 43, and 63 °C. A finite element analysis was performed afterward to fit the experimental
data to the governing equations of moisture transfer to determine the MTC. The moisture distribution of
concrete exposed to wetting and drying and then the depth of convection zone (DCZ) are determined using
approximated MTC and finite element-based model. The amount of water entered (AWE) to concrete surface
subjected to tidal condition is also calculated.

2. Methodology
2.1. Determination of the MTC

The gravimetric method was used to obtain the MTC of the concrete, which is a combination of simply
measuring the mass and numerical modeling (Samson et al., 2008). In this method, w?'® (i.e., average w of the
specimen) was experimentally measured as a function of time (t) during the water absorption or moisture loss
tests. The difference between w?V¢(att =t;) and w]?“’e(at t=t+ At) is a definite value. The MTC was

therefore determined by the minimization of the squared differences between the experimental results of the
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average moisture saturation degree of a specimen at each time and numerical values obtained from the three-
dimensional finite element analysis.

2.2. Determination of the DCZ

The one dimensional finite element model was developed to determine the DCZ. Because the boundary
affects one-face of the concrete specimens, it was necessary to assign a moisture flux to the one face of the
specimen as the boundary condition. In addition, the concrete material was assumed to be isotropic and the
rate of hydration was also neglected during the tests. The exposure temperatures of 23, 43, and 63 °C were
considered for numerical analysis.

3. Results and discussion
3.1. The MTC

The MTCs of the concrete mixture were determined using the above-mentioned method in various
temperatures and then presented in Table 1. The parameter of the model during drying were approximated as
a=0.05, wcr=0.80, and N=6. As seen in Table 1, MTC of the wetting period decreased with increasing in
temperature from 23°C to 63°C; Although, MTC of the drying period increased with increasing in temperature.

Table 1. Estimated moisture transfer coefficients

Mixture ID WC40 wceas WCs0 WwCess SF7.5 710
D, X 1078 (m2/s), T=23°C 38 36 34 3.0 6.0 39
D, x 107 (m?/s), T=43°C 31 29 2.7 2.4 5.1 34
D, x 107® (m?/s), T=63°C 1.7 16 14 12 2.7 1.7

B 28 2.1 15 11 35 26
D, x 10710 (m?/s), T=23°C 22 26 2.8 33 12 16
D, X 10-10 (m?/s), T=43°C 111 13.0 14.1 165 8.7 105
D, X 10~ (m?/s), T=63°C 34.9 39.1 412 453 270 332

3.2. The moisture profile

The profile of moisture distribution of various mixtures was calculated using the numerical model and
shown in Fig. 1. The depth of convection zone was also presented in Table 2.

In addition, the amount of water that entered to the concrete surface subjected to a cycle of wetting and
drying was calculated. The obtained results were shown in Table 3.

Table 2. Depth of convection zone, DCZ, (mm)

Temperature (°C) WC40 WC45 WC50 WC55 SF7.5 Z10
23 9.0 10.5 11.5 125 7.0 8.0
43 15.5 17.5 20.0 225 14.5 16.0
63 17.0 20.0 225 235 16.0 17.5
DCZgzec / DCZa3°c 1.9 1.9 2.0 1.9 23 2.2

Table 3. Amount of water entered to concrete surface subjected to a cycle of wetting and drying, AWE, (gr/m2)

Temperature (°C) WC40 WC45 WC50 WC55 SF7.5 Z10
23 88 121 149 191 82 95
43 175 252 321 415 198 225
63 215 328 436 558 249 286

AWE63°C / AWEz23+c 2.4 2.7 2.9 2.9 3.0 3.0
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3.3. The effect of temperature

As seen in Table 2, the DCZ of all mixtures increased with increasing in temperature from 23°C to 63°C. The
variation in w/cm had not considerable effects on DCZ. The DCZ increased on average 73% and 91% when
temperature increased from 23°C to 63°C and from 23°C to 63°C, respectively. Although, Increase of
temperature from 23°C to 43°C and from 23°C to 63°C caused the MTC of drying period to be 5 and 15 times
greater and the MTC of the wetting period to increase in 20 and 57%, respectively. Thus, the significant
influence of the temperature rise from 23°C to 43°C on the DCZ in comparison with the temperature rise from
43°C to 63°C is related to the inverse variation of the MTC by temperatures. This effect is also obvious with
respect to changing in moisture profile slope (Fig. 1).
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Fig. 1. Moisture profile of concrete mixtures subjected to a wetting and drying cycle
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The temperature had a different influence on the blended concrete mixtures. The DCZ increased on average
104% and 124% with an increase of the temperature from 23°C to 43°C and from 23°C to 63°C, respectively.
With increasing in temperature from 23°C to 43°C and from 23°C to 63°C, the AWE of plain concrete surface
subjected to a cycle of wetting and drying increased 110% and 175%, respectively. With the same temperature
rise, the AWE of blended concrete mixtures also increased 139% and 202%.

4. Conclusions

In this paper, four plain concrete mixtures, one silica fume, and one natural zeolite blended concrete
mixtures were proportioned. Therefore, the depth of convection zone (DCZ) and the amount of water entered
(AWE) to plain concrete surface subjected to a cycle of wetting and drying determined using a moisture transfer
coefficient and developed finite element based model. The following remarks are highlighted in this study:

- The DCZ and the AWE increased 41% and 138%, respectively, with increasing in w/cm from 0.40 to 0.55.

- 7.5% of cement substitution by silica fume caused the DCZ and the AWE to decrease 23% and 26%,

respectively.

- The DCZ and the AWE decreased 15% with the 10% of cement replacement by natural zeolite.

- With increasing in temperature from 23°C to 43°C and from 23°C to 63°C, the DCZ of plain concrete

increased 73% and 91%, respectively. With the same temperature rise, the DCZ of blended concrete

mixtures also increased 104% and 124%.

- With increasing in temperature from 23°C to 43°C and from 23°C to 63°C, the AWE of plain concrete

increased 110% and 175%, respectively. With the same temperature rise, the AWE of blended concrete

mixtures also increased 139% and 202%.
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