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Summary of Doctoral Dissertation

Title of Doctoral Dissertation:

Fundamental Study on Effect of Water Movement on Chloride Ion Penetration in Concrete
Name: Kentaro Koike

Recently, Fick’s second law is widely used as one of the durability assessment methods of chloride attack in
concrete structures due to its simplicity and applicability as a model to estimate the diffusion coefficient of
chloride ion.

But in actual environment, adsorption, immobilization, advection of chloride ion due to the capillary water
movement due to wet-dry cycles is also broadly regarded as diffusion of chloride ion.

Most of the marine structures located in tidal zone or splash zone undergo repeated wet-dry cycles. So, inclusion
of water movement to concentration diffusion is not preferable.

In the current durability assessment method, apparent diffusion coefficient are changed due to factors like water
movement and chloride penetration under different environmental conditions even if materials used in RC
structures are same. Recently, it is also reported that, in case of concrete highly resistive to chloride penetration,
diffusion of chloride stagnates due to restricted water movement which is a solvent for chloride diffusion. Hence
this phenomenon cannot be explained by concentration diffusion model. In such case, application of current
diffusion model, possibly reduce accuracy of predictions by water movement.

However, there are a few case studies about relationship between water movement in capillary pore and chloride
ion movement, mechanism of chloride penetration in actual phenomena is not clear.

Therefore, in this study, we experimentally investigated penetration property of chloride ion into concrete
subjected to wet-dry cycles. Based on experimental results, chloride ion penetration model that takes into account
the water movement is developed and application range is validated.

This dissertation has following 8 chapters.
Chapter 1 clarifies background and purpose of the dissertation, and shows the composition.

Chapter 2.

Focusing on water as a solvent for chloride ion penetration, water movement phenomena is classified.
Literature on several studies regarding water movement model is summarized.

In addition, deterioration mechanism due to chloride attack on RC structures explained. And, chloride ion
concentration diffusion model used in the durability assessment of structure by chloride attack is presented and
problems associated with this model when considering water movement is discussed.

Chapter 3 discusses chloride ion penetration test carried out using salt water to clarify effects of water movement
on penetration property of chloride ion in mortar under absolute dry condition and saturation. Also, effect of
water to cement ratio and cement type is considered. Following conclusions are drawn.

* In the case of saturated condition of mortar, penetration profile of chloride ion follows Fick’s Law of
diffusion.
* On the other hand, in the case of absolute dry condition of mortar, the mortar absorbs water rapidly. From

water content profile, water movement includes effect of capillary water movement and water vapor



diffusion. In addition, penetration profile of chloride ion does not follow Fick’s Law of diffusion, but
corresponded advection-diffusion profile.

+ Characteristic of water movement is affected by water to cement ratio and cement types. Especially, in the

case of low water to cement ratio and using blast furnace slag or fly ash, water movement and chloride ion
penetration is inhibited.

- Also, penetration property is related to pore structure which is affected by water to cement ratio and cement

types. And, water movement, chloride penetration, and apparent diffusion coefficient depend on pore
structure.

Chapter 4.
From experimental result of chapter 3, chloride ion penetration model with water movement is proposed as
advection- diffusion model. Following conclusions are drawn.

* In this model, effect of air filled pore could not be evaluated. But, water movement profile (capillary water

movement + water vapor diffusion) is clearly identified. Also, water movement restriction confirmed
experimentally could be reproduced in analytical model.

Chapter 5.

Wet-dry cyclic test were carried out under 3 different conditions (Relative humidity of 30%, 60%, 75%) to
clarify characteristic of water movement and penetration property of chloride ion. Following conclusions are
drawn.

+ Amount of evaporated water increased under low relative humidity during dry condition. In all cases of relative

humidity the depth of water evaporated from surface of specimen was up to 3 to 4cm. water evaporation
reduces with increase in number of cycles. This phenomena is due to increase in chloride ion penetration with
passage of cycles resulting water vapor pressure depression. Hence, relationship between chloride ion content
and water evaporation can be established.

* In the absorption phase, water moves to dried area when dry phase changes to absorption phase. Even if water is

absorbed, it does not reach saturation state. Water movement is restricted up to lcm depth, because of air
filled capillary pores. But, chloride ion penetration is not restricted, because chloride ion diffuse through
alternate water filled connected pores.

Chapter 6.

From experimental result of chapter 5, water movement and chloride ion penetration models under wet-dry cyclic
condition are proposed.

First, water movement model in dry phase is applied based on previously proposed Akita’s model. On the
other hand, in absorption phase, chloride ion penetration model based on chapter4 is applied with
advection-diffusion model. From the analysis it is confirmed that surface chloride ion concentration increases
with passage of cycles.

Chapter 7.
Numerical simulation was carried out to clarify application range of proposed model in my study and
previously proposed diffusion model.

Chapter 8.
The results are consolidated and summarized.



