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Probability based maintenance planning for RC
structure deteriorated by salt attack

IEESIEEZT5 RC REVMOHERMIMEFEERTE

Corrosion of reinforcing steel due to salt attack is one of major mechanisms deteriorated RC structure
around the world. Due to expansion of corrosion product of reinforcing steel, pressure is generated inside
the concrete and covering concrete is under tensile stress. Corrosion crack, spalling, or failure of structure
is the results of steel corrosion. In order to ensure safety and serviceability of deteriorated structure,
maintenance planning program, which is related to inspect current structural condition, predict future
structural condition, and decide necessary action to be performed, has to be conducted. As an increasing
number of aged and deteriorated RC structures, maintenance will become the major task which has to be
significantly concerned instead of the new construction project in the near future.

Currently, there are many standard specifications of maintenance for RC structure proposed by various
organizations as well as various researchers. Due to variations of structural properties due to
workmanship, material properties, or environmental conditions are normally observed in the reality. Most
of current maintenance program uses deterministic model to predict future condition of structure and is
normally specified safety factor to cover the variations of structural properties. This leads to over-design
and high cost of structure than the actual requirement. Some researchers also proposed maintenance
program with deterioration prediction model stochastically based on Markov process. The Markov
process assumes that deterioration development only depends on the current structural condition and
neglects the improvement actions taken in the past. As well as, database of deterioration rate of similar
structure and environmental conditions are required. So its application is limited. Therefore, in this study,
a probabilistic based deterioration prediction model is proposed. Benefits of both deterministic model of
deterioration prediction and stochastic model of variation of structural properties in reality can be
achieved by the proposed method.

The main objective of this study is to propose a maintenance planning program based on optimization of
life cycle cost that considers actual uncertainties of structural properties, and environmental conditions;
considers deterioration mechanisms of structure both before and after being repaired. Variation of
deterioration degree and probability of damage can be calculated. As a result, expected repairing cost and
failure cost can be estimated. Finally, life cycle cost is determined and maintenance planning is decided
based on the intervention that shows the minimum life cycle cost. However, scope of this study is limited
to RC structure deteriorated by salt attack.

Firstly, deterioration prediction model for chloride induced steel corrosion of existing RC structure and
repaired RC structure are proposed. Various effects such as crack width, macrocell corrosion, and
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performance of repairing system are considered to predict the future structural condition along the service
life. Chloride diffusion along the crack width, macrocell corrosion due to non uniform chloride
distribution, and corrosion crack width propagation are considered in the deterioration prediction model.
Surface coating, patching repair, cathodic protection, and its combination are considered as options to
repair deteriorated RC structures. For surface coating, durability against chloride penetration and cracking
of surface coating are discussed. For patching repair, durability against chloride penetration as well as
macrocell corrosion due to different in chloride concentration and material properties are considered.

Inspection program is recommended to determine actual variation of structural performance and
environmental conditions. Parameters to be inspected are recommended based on result of sensitivity
analysis. The minimum number of sample to be inspected are recommended based on required level of
confidence, acceptable level of error, and ratio of target portion to the whole structures. Goodness of fit
test is used to determine the most suitable probability density function in order to define the inspection
result and use in the calculation.

Weibull(1.7294, 30.831)
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Statistical variation of inspection results and probability of damage due to differing limit states

Monte Carlo simulation is selected to solve the reliability problem. Probabilities of failure of structure due
to chloride induced corrosion are determined. Limit states that are considered include corrosion initiation,
corrosion crack width, and concrete spalling. Inspection results of actual structure are considered to be
utilized as an actual variation of structural properties in the prediction model. Number of evaluation times
of Monte Carlo simulation is tested in order to produce reliable and reproducible result. Probability of
damage and variation of deterioration degree can be determined annually.

Life cycle cost is used to decide the most suitable maintenance planning. In this study, repairing cost and
failure cost are considered as life cycle cost. Repairing is conducted when corrosion crack width reach the
limited value. Repairing cost is composed of fixed repairing cost and variable repairing cost. Fixed
repairing cost is assumed to be fixed at every time of repairing. Variable repairing cost is assumed to vary
with the predicted variation of deterioration degree. History price of repairing cost is used in the
calculation. Failure cost is composed of user cost and cost of death. User cost is calculated from time
value and user loss time that relating to variation of deterioration degree. Total repairing cost and failure
cost are determined throughout the service life of structure with also considering the effect of discount
rate. Maintenance methods, schedule of maintenance, cost, and discount rate are considered to affect the
result of maintenance planning. The schedule of repairing, method of repairing, expected repairing cost

26 Ph.D. course 1#-1-i7E



can be obtained from the result of this study. Both of maintenance planning and budget allocation can be
achieved by using the method proposed in this study.

160000

140000 H

120000
100000
80000
60000
40000
20000

Life eycle cost

0 A

Time, vear

—SF=1 == SF=15 Lt
o—SF=2 -+ SF=3
— Probabality T
ve——r pmmrm
T [
0 20 40 60 30 100 120

Life cycle cost for safety factor- and probability-based approaches

Finally, examples of application of method proposed in this study to decide maintenance program for the
actual RC structures are given. Actual inspection program is conducted and obtained results are used in
the prediction. The lowest life cycle cost of scheduled and method of repairing can be decided for each
case studies. Different of life cycle cost between different repairing method, and different durability of

structure are shown in the result.
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Formation and evaluation of sustainable concrete based on
social perspectives in the Japanese concrete industry
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Concrete is the primary material utilized for infrastructure construction. Globally, the usage of concrete
has been increasing as developing countries have begun investing in their infrastructure. Further growth
and urbanization will increase the demand for infrastructure and thus the usage of concrete will increase.
However, this growth and urbanization is also responsible for environmental deterioration. The
environment is one aspect of sustainable development, along with society and the economy. These three
are not separate entities, but rather a hierarchy exists whereby changes in the environment affect society,
and changes in society affect the economy. Sustainable development, therefore, is concerned with how to
develop modern societies while reducing the negative impacts felt throughout these systems and allow
future societies the same chance at development.

As part of the sustainability movement, the concrete industry has also begun to consider its environmental
impact. Concrete’s negative impact comes primarily from greenhouse gas emissions, consumption of
natural resources, and waste disposal. Approaches to considering sustainable practice in the concrete
industry include enhancing durability, utilization of industrial waste, and recycling of construction
demolition. Concrete materials form an important part of sustainable practice but, like sustainability itself,
it is difficult to determine exactly what constitutes sustainable concrete. There is oftentimes a trade-off
between different performance aspects, such as how increasing strength also increases CO, emissions. A
definition for sustainable concrete which includes both a reference state and balance between evaluation
criteria is necessary for the development and implementation of sustainable concretes. Just as concrete
construction requires cooperation and interaction between many different groups, so too should the
definition of sustainable concrete be developed considering the diversity of perspectives and goals within
the concrete industry.

The objectives of this research are to develop a framework which can be used to define and evaluate the
sustainability of concrete materials based on the perspectives of the relevant social groups; to investigate
the perspectives on sustainable practice and materials in the Japanese concrete industry and the
differences between social groups; and to apply these perspectives to the framework to establish a
definition and weighted evaluation criteria for sustainable concrete.

Sociology of technology theory, which considers the technology development process as driven by the
negotiation of differing perspectives on the technology, was combined with a technology formation model,
which visualizes the formation of technology as the transcription of design information on media, to
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produce a framework which could transition from the undefined concept of sustainable concrete to a
specific form and balance of criteria. This framework consists of three parts: the identification of relevant
social groups, the evaluation of the social groups’ perspectives on sustainable concrete, and the
integration of the perspectives into the formation model.

Concrete &
sustainability

Concrete
industry

Sustainable
concrete

Target Relevant social Social Sustainable
technology groups perspectives concrete

Developmental framework for sustainable concrete

To apply this framework for the Japanese concrete industry, relevant social groups were identified by
considering the industry’s structure and the relationship between social groups. The perspectives on
sustainable materials were investigated using a top-down approach, via interviews with industry
researchers, and a bottom-up approach, via surveys across a wide group of concrete industry members.
Sustainable concrete practice and materials could be divided into two aspects: concrete performance and
sustainability. The most importance was placed on durability, cost, and life cycle cost for concrete
performance, and on atmosphere, land, consumption and production, and institutional framework for
sustainability, and these were selected as key indicators for defining sustainable concrete. The concrete
parameters were given higher importance than the sustainability indicators. Few differences between the
social groups were observed; in the cases where conflict occurred, the contractor’s viewpoint was selected
as most appropriate.

Concrete aspect Sustainability aspect

LCC LCCO,
Durability Recyclability
Resource consumption

Evaluation
criteria

Durability Inventory values
evaluation Transparency

Specific
actions

\. /

Standardized code
Consider life cycle
Quality of recycled materials

L Balance between evaluation criteria )

General
actions

Concept for sustainable concrete based on interview results

To convert the importance factors for the key indicators into knowledge which could be applied to the
formation of sustainable concrete, the multi-criteria decision-making tool Analytic Hierarchy Process was
applied. Most of the weight was given to the concrete parameters, with cost and life cycle cost carrying
the highest weight. These weights don’t provide information about the absolute sustainability — only
relative sustainability — so general-use concrete was set as the baseline which the concrete industry should
aim to surpass. Sustainable concrete could therefore be defined as concrete which exceeds the
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performance of general-use concrete, and the evaluation of this performance could be conducted using the
weights given to each indicator. An example calculation using this methodology and a simplified set of
weights from the social perspectives was conducted using five concretes with different approaches to
sustainability. It was found that durability was the key to achieving high sustainable value, and the trade-
off between reducing amount of recycled materials and increasing strength nearly balanced out overall.
Normalizing these performances by the general-use concrete provided an easy-to-interpret means for
understanding the trade-off between different performances.

1.617 0.922
Strength Strength

A

Economic Durability ~ Economic Durability
1.000 2.000 1.894 2.000

P

Environmental Cost Environmental Cost
0.628 0.764 1.212 1.116
W/B = 0.3, normal aggregate W/B= 0.3, recycled aggregate, fly ash = 50%
Overall value: 19.4% (normal: 17.4%) Overall value: 23.7% (normal: 17.4%)

Visualization of concrete sustainability relative to normal-use concrete

The methodology proposed in this thesis can be used to overcome several barriers to the implementation
of sustainable concrete. First, it provides a means for balancing different performance criteria by allowing
that balance to be defined by the relevant social groups. In addition, this thesis directly addresses the
problem of how to define sustainable concrete by a combination of social investigations, Analytic
Hierarchy Process, and the establishment of general-use concrete as the baseline performance. These
techniques may be useful to all members of the industry who are concerned with evaluating the
sustainability of concrete materials.
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Effect of macro-cell corrosion on electrochemical measurements
and total corrosion estimate of steel in concrete

AV Y— by ORILEENESILFEMNEIE
BLUHBHBEEBHAICRITITZE

Reinforcement corrosion can be identified by non destructive measurement methods and they generally
are half-cell measurements and polarization resistance measurements. The abovementioned
electrochemical measurements are used to detect the corrosion degree at a given location. Detected
corrosion output does not directly represent their real corrosion process if macro-cell corrosion is
generated on the steel bar. Anodic activity of physically separated macro-cell affects to the cathode which
may mislead the measurements at the cathodic region; introduced as cathodic polarization.

Macro-cell corrosion can experimentally be identified by using a segmented steel bar embedded in
concrete. Segmented steel bar was developed to measure the macro-cell current flowing from a give steel
element to the adjacent steel element. Thought the segmented steel bar is used, it reflects a continuous
normal steel bar when the steel elements are connected to each other.

AAAA OO A A A D O

gegm_ent ed steel bar

FNF\F\‘F

| IN ] | Steel | Acrylic LT

Segmented steel bar in concrete

Measured electrochemical parameters when the segmented steel bar at connected stage, can be converted
to macro-cell corrosion currents generated at each and every measured location. To perform this,
theoretical macro-cell corrosion models are used, including the method of measurement of direct macro-
cell currents and they are used to calculate generated macro-cell currents by each element.

The change of half potentials at the region of chloride ion is due to direct effect of chloride ions; however
the change in no chloride ion region is due to the effect of cathodic polarization generated by the active
corrosion in chloride region. Real rust production at no chloride region can be assumed to be same for
different cases; however, electrochemical measurements show that it differs. To obtain actual corrosion
process on the steel bar, it is needed to eliminate the effect of cathodic polarization from electrochemical
measurements, which is the objective of this research study.
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Theoretical macro-cell corrosion models:
(a) electric circuit method, (b) multi-circuit method, and (c) segmented steel bar method
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There are several methods to detect reinforcement corrosion or the probability of corrosion. Chloride ion
content at steel bar level, moisture content, concrete resistances are used to identify the possibility of
corrosion however they are not enough to firmly judge the degree of the ongoing corrosion process. To
take the decision about repairing or some other assessment related to corrosion, the magnitude and the
approximately correct position of corrosion is necessary. To achieve these, widely used electrochemical
measurements where half-cell potential and the polarization resistance data can be obtained. Half-cell
potential measurements itself does not provide the corrosion rate but the probability of corrosion.
However, the polarization resistance measurements can directly be converted to the corrosion rate based
on electrochemical theories.

The identifying corrosion is to know about the corrosion cell formation inside concrete. Rather, not only
the corrosion cell but also their anodic and cathodic locations are equally important. The aim of
abovementioned electrochemical measurements is to detect the corrosion degree at a given location.
However, the corrosion detection may mislead the output if macro-cell cathodic reaction is detected
which is not important to amount the rust production or the mass loss of steel. This particular polarization
effect even affects the anodic reaction hence to misinterpret the electrochemical measurement.
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The polarization effect of by the anodic reaction to the cathodically active area (non corroding area) has
been identified. Both major electrochemical measurements; half-cell potential and the polarization
resistance is affected by the macro-cell anodic reaction. Therefore an active corrosion process is detected
even at the locations with zero amount of chloride ion in concrete. However, as expected, the concrete
resistance does not affected by this polarizing effect because the concrete resistance does not directly
represent the corrosion process.

Electrochemical measurements; half-cell potential, polarization resistance, and concrete resistance can be
combined together using theoretical techniques to calculate the macro-cell corrosion current flow from a
defined element to the neighbor element. Specially prepared segmented steel bar is used to measure the
macro-cell current flow between elements. Experimentally measured and theoretically calculated macro-
cell currents were compared to check the accuracy of each method. Though the tendency proves their
compatibility, they are not identical among each method. Techniques are further used to evaluate total
corrosion and compared with the measured total corrosion current.

To understand the macro-cell corrosion mechanism and to explain the above results, a detailed analysis of
corrosion is necessary. For this aim, polarization curves which can detect more accurate corrosion
properties were obtained apart from the usual electrochemical measurements. They were further analyzed
to clarify the macro-cell corrosion mechanism, hence to explain the polarization effect on electrochemical
measurements. Anodic element is combined with several cathodic elements in the macro-cell corrosion
process. Detecting an anodic element represents the availability of cathodic elements. A given anodic
element can polarize several cathodic elements; hence the cathodic to anodic ratio on the macro-cell
current is important to identify the polarization effect by one anode to several cathodes which is also
discussed in this thesis.
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Evaluating the quality of existing concrete structure based
on the heat transfer property of concrete
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Experimental study on flocculation structure of cement
composite materials by using no-flocculation system paste

REFTHRR-RXAPZAVEEA Y MESHHOBREEEICEY 5 REBRAMRE

A number of researches have been done to improve the efficiency and practical suitability of concrete.
The main current achievements are investigations of concrete relating to construction and durability
aspects. To deal with the long-term properties it is necessary to know its properties at the fresh state. The
rheology provides considerable information about the microstructure of concentrated particulate
suspension, and is an important factor to understand the flow behavior of cement paste at the fresh state.
The fresh property of the paste influences initial flow behavior and ultimate performance of concrete. The
fresh properties are affected by several factors such as water-binder ratio, particle size distribution, dosage
of superplasticizer, binder type of powders and replacement ratio.

It is thought that the flocculation structure of cement paste affects the fresh properties of cement paste.
Flocculation structure was estimated by centrifugal dehydration test that the material separated by using
Centrifugal Separation Machine. When the paste is centrifuged, the free water can be obtained. As for the
current research, this free water content is used to evaluate flocculation of the structure. But this free
water content depends on the experimental conditions, such as rotation speed and rotation time. To deal
with this problem, the author used non-flocculation cement paste, in order to clarify the flocculation
structure by using the difference of the measurement result of flocculation cement paste and non-
flocculation cement paste (mortar) on fresh property. And then, the state of non-flocculation cement paste
was produced by excessively adding the superplasticizer.

Internal restraint
water

External restrain
water

Centrifugal
Drying

[

1 1000 rpm
1 40 min
1

____________

Flocculation and non-flocculation structures
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A main objective of this study is to investigate effects of water-binder ratio, particle size distribution,
dosage of superplasticizer, binder type of powders, replacement ratio and sand-cement ratio. Other
objectives are also to clarify relationship between the above mentioned factors and flow by restrain water.

In experiments, cement paste (mortar) are mixed with OPC and four different types of GGBS, namely
BS20, BS40, BS60, and BS80. Different type of replacement ratio which are 0%, 50%, 100%, water-to-
binder ratio which are varied from 30%, 40%, 50%. Gradually addition superplasticizer SPx1%, SPx3%,
SPx5% (percentages of binders-cement slag) and finally sand-to-cement ratio also varied from 1, 2 and 3.

The details of the evaluation were described separately:

= Degree of flocculation structure is higher when the amount of powder becomes higher.

= The value of restrained water per unit mass of powder decreases with the decrease of particle size.
This indicates that the amount of internally restrained water becomes higher with the decrease of
grain size.

= Degree of flocculation structure is less when the dosage of SP is increased.

= Degree of flocculation, dosage of SP, and flow can be used to explain the deformation of fresh
cement paste (mortar).

= Empirical relations were developed to quantify the degree of flocculations.

Scanning electron microscope (SEM) observation of particle dispersion

From the results in this study, it is evident that the effect of fineness of binder up on the fluidity of cement
paste is closely related to early hydration. The authors, pointed out that the fluidity of cement paste
containing dosage of SP was closely affected by dispersion on flocculation properties of binder particles,
and that the flocculation of cement paste should be treated as a flocculation because the cement paste
consisted of particles with different surface potentials. The flocculation of particles took place not only by
the difference in surface potential of cement particles but also by the difference of their radius. The radius
of particles in binder differs depending on fineness that is specific surface area or particle size distribution.
Thus the discussion presented here shows an attempt to obtain a theoretical understanding of the effect
above mentioned factors and role of binder fineness on fluidity from a point of view of restraint water.
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Prediction of moisture deposition to concrete structure
with simulation of regional rainfall and wind
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Quantitative evaluation and utilization of variation
in concrete quality by using neural network
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Effect of environmental non-homogeneity by chloride ions
on macro-cell corrosion in reinforcement bar
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Reinforcement corrosion occurs due to the penetration of corrosive materials such as chloride ions and
carbon dioxide into concrete. The reinforcement bar is naturally protected by a passive oxide layer on the
reinforcement but presence of corrosive materials in concrete starts the destruction of the passive oxide
film which continues towards the corrosion process. According to the basics of corrosion process, the
corrosion cell is a combination of anodic region and the cathodic regions. Depending on the corrosion cell
size, corrosion process can mainly be categorized to two forms as: Micro-cell or Macro-cell corrosion, in
other words, uniform or localized corrosion. According to their formation, macro-cell corrosion
represents the corrosion cells with physically separated anodic and cathodic regions. Macro-cell corrosion
arises due to the electrochemical potential difference generated by different concentrations of corrosive
materials as well as oxygen and water along the reinforcement bar. Due to its nature, it occurs with small
anodic and comparatively large cathodic sites, as a result a rapid reduction of re-bar cross-section and
production of local rust observed. The electrochemical potential difference assumed to takes place due to
several practical reasons, however, generally the reasons such as non-uniform way of corrosive material
penetration, heterogeneous properties of concrete, effect of partial repair, cracks are considered as highly
affecting on macro-cell mechanism. Considering to the importance of corrosion due to macro-cells, most
of researches are involving to clarify their mechanisms. However, enough research activities are not
conducted in the case of first three factors although there are enough results related to cracks.

Hence the objective of this research study was to find out the how the macro-cell corrosion is affected by
first three factors. To obtain the objective, several specimens were prepared belong to mainly in above
mentioned three groups i.e. concrete-concrete with different chloride contents, concrete specimens with
uniform chloride content and partially repaired concrete members. The main measurement was the macro-
cell corrosion current variation. Specially prepared divided steel bar was used for the measurements of
macro-cell corrosion current flowing from element to element. The measured corrosion currents were
transformed to corrosion current density for every element in the divided steel bar.

Divided steel bar for measuring macro-cell corrosion current
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It was observed that different chloride contents in a single specimen shows more local or macro-cell
corrosion where these macro-cells occur in the common region of different chloride contents. Also, it was
observed that the corrosion process is not uniform against the time. In other words, it was observed,
anodic regions become cathodically active and vice versa with the time. Even though the uniform chloride
contents available along the steel bar, it could be obtained macro-cell corrosion variation. Moreover, these
corrosion current densities were also agreed the time dependant variation as similar to the results with
different chloride contents.

The objective of repair work was to protect the steel bar from corrosion, but comparatively higher macro-
cell corrosion was observed in repair material part provided that the combined concrete part does not
contain much chloride ions. When concrete is severely deteriorated, corrosion is observed in concrete
region; however, in this situation corrosion rates were relatively small.
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Corrosion phenomenon and cathodic/anodic behavior in repaired concrete

Considering above results and new findings, it is emphasized to carry out more research studies to
understand the mechanisms. The anodic-cathodic transformation was observed, however the present
theoretical background does not support the phenomenon. The corrosion occurred in repair material part
was also observed as a new finding, which is not accepted by most engineers. Hence, the importance of
more research work is highly recommended.
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Michael HENRY (usA)
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Univ. of Tokyo (2005-2007) HRIKZ

Influence of re-curing condition on damage and recovery
of mortar exposed to fire

KKEZIT-ELZLOBRES SUVEEREICRETBEREORE

As demand on existing infrastructure increases, the frequency of fire-related disasters will also increase.
Concrete structures exposed to fire suffer from strength reduction and explosive spalling, and must be
repaired before returning to service. The delay caused by closed infrastructure pathways has a broad
economic effect, and repairs should be performed as quickly and efficiently as possible in order to
minimize this impact. Existing methods of repair typically involve the assessment of damage, and
unsatisfactory concrete is removed and replaced with a fresh patching material in order to meet safety
factor requirements for load-carrying capacity. However, this method generates waste and consumes
resources. A potential repair system utilizing the re-curing of fire-damaged concrete to recover
mechanical properties would eliminate the generation of waste and reduce material consumption while
optimizing the life cycle performance of the existing structure.

Tunnel
217

Damage level Traditional repair Re-curing repair
BIGEE REERDFEE BEEICL HE
Low strength loss Surface coating
O ansns REBRELE Re-curing
Moderate strength loss BEE

Removal/patching

[FDYERY, Hi5iTH
a9 -+ THE

O eegons
Explosive spalling

BHRER

Removal/patching

Concept of application for re-curing as a repair method after fire

The main objective of this research was to investigate how much strength can be recovered and how long
does it take. Three main variables were considered: the re-curing condition (the condition in which the
concrete is placed after a fire event), the water-cement ratio of the concrete (normal-strength and high-
strength), and finally fiber-related factors (the fiber material type and dosage). Microstructure damage and
recovery was assumed to also be affected by the previous factors, and were measured so that recovery
behavior at both the structural (strength) and micro level could be observed.

Three re-curing conditions were introduced: cooling and re-curing in air, cooling and re-curing in water,
and cooling in air followed by re-curing in water. The strength loss and recovery differed significantly
between these three conditions, due to the difference in thermal conductivity between air and water.
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Water conducts heat more efficiently, so specimens placed in water immediately were quickly cooled.
However, this immediate water submersion was accompanied by a large reduction in strength after one
hour of cooling but by re-curing in water, consistent strength recovery was observed up to 28 days.
Convection by air exposure is less efficient, so specimens cooled in the air underwent a slower cooling
process. After a one hour cooling period, the strength reduction was less than that for the water-cooled
specimens. But further re-curing in the air resulted in the formation of surface cracks and little change
was observed in the residual strength by the end of the re-curing period. In order to avoid the negative
effects of the two previous cooling and re-curing conditions, some specimens were cooled by air for one
hour then placed into water re-curing. These specimens shared the same loss after 1 hour as the air cooled
specimens, but did not suffer the strength-reducing cracks which increased the loss for the air re-cured
condition. Furthermore, strength recovery was observed after submersion in water up to 28 days.

The effect on pore structure damage and recovery of re-curing and mix properties was also observed.
Damage due to fire was generally greater for air and air-water re-cured specimens. Shrinkage of the pore
structure resulted in the pore distribution shifting from dense to coarse upon heating, and the porosity
increased significantly. Upon re-curing, the porosity of air re-cured specimens decreased slightly, but the
distribution of pores remained unchanged. Water re-cured specimens underwent much greater recovery of
pore structure than air re-curing, and the pore distribution shifted to a denser distribution than before
firing. The pore distribution shift of air-water re-cured specimens and the final porosity were both similar
to the water re-cured specimens, but the air-water recovered porosity was greater as the initial amount of
damage was higher. Several cases showed recovery of porosity to the same level as before firing.

Strength and porosity recovery did not always demonstrate the same tendency. It was observed that some
specimens decreased in strength while the porosity decreased, or increased in strength with no notable
change in porosity. These discrepancies may be explained by the cracking behavior, which acts
independently of the pore structure and directly affects the strength directly. It is possible that rehydration
of CH, which is accompanied by a volume increase, causes deterioration. The effect of strength loss and
recovery due to chemical changes may also exhibit some influence on this behavior.
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Cracking behavior of specimens could explain discrepancy
between strength and porosity behavior
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Development of safety emergency retrofitting method
for damaged structure by disaster
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Univ. of Tokyo (2007-2009) MRIKZ

IRZRFHICATRT SFEOERBRERICHT IMBSEEETOERSH

Analysis of the factors driving a decrease in the number of students
applying to construction firms
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Hung Viet VU (Vietnam)
J Exvbk 7V (RrFb)

Univ. of Tokyo (2007-2009) MRIKZ

Effect of oxygen and moisture on chloride-induced
macro-cell corrosion of steel bar in concrete

BESIVKNEFTZZTHHH 2 — O/ ORILEERIC
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In general, oxygen and moisture play an important role in corrosion process. Corrosion rate can be
negligible if reinforced concrete structures were exposed to very dry environment or oxygen supply is
restricted. It can be noted that oxygen and water are required for the cathodic reaction to proceed in a
corrosion process. However, the rate of oxygen and moisture diffusing to concrete is limited because of
the soundness of concrete. Therefore, the rate of corrosion is controlled by the cathodic reaction rate.
Although considerable research has been devoted to study the role of oxygen and moisture in corrosion
process, rather less attention has been paid to effect of them on behavior of macro-cell corrosion in
concrete and repaired concrete structures under chloride contamination, thought as more severe than total
corrosion in some common cases. Furthermore, time-dependent property of macro-cell corrosion was also
discussed in this study.

The main variables were cover concrete surface coating, chloride content along the segmented steel bar
and different materials. Epoxy coating was deliberately and partially applied on cover concrete surface of
specimen with respect to disturb of oxygen and moisture penetration from external environment. Chloride
ions were added with water when mixing to accelerate corrosion process. And segmented steel bar was
used for measurement of corrosion current flowing from element to element. Repair material with high
resistance to invasion of corrosion agents, such as oxygen, moisture and chloride ions, was chosen to
protect rebar from further corrosion. All the results were discussed based on macro-cell corrosion current
densities.

Arrangement of divided steel bars and specimens with epoxy coating

Results of experiment showed that oxygen and moisture play significantly role in tendency of macro-cell
corrosion. When cover concrete surface was coated by epoxy that resists oxygen and moisture penetration,
macro-cell corrosion of steel bar in this region was observed reaching toward the interface or transition
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zone where oxygen and moisture were available in case of high uniform chloride content. Also, this
tendency was clearly observed in case of non-uniform chloride content when higher chloride containing
part was covered. Moreover, epoxy coating is recommended as one of the effective countermeasures to
decrease the risk of macro-cell corrosion. However, the opposite tendency of macro-cell corrosion of
steel was found since coating low chloride content part. Macro-cell corrosion process develops far from
interface zone because cathodic reactions in low chloride part no longer supports anodic reactions in
higher chloride content zone to sustain corrosion process. Furthermore, the purpose of coating low
chloride content part was to decrease the rate of anodic reactions, but comparatively higher macro-cell
corrosion was found in higher chloride content region. More severe macro-cell corrosion may be because
of potential imbalance caused by variation amount of oxygen and moisture between coated and non-
coated parts of specimen. The above two tendencies of macro-cell corrosion were also observed in repair
patching in which concrete part was highly contaminated by chloride ions.
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Transformation of anode and cathode on the surface of steel bar was studied by experimental approach,
but still not clearly observed due to partially coated surface condition. The results showed that anodic-
cathodic transformation mainly occurs on elements that are close to interface or transition zone. At
elements of segmented steel bar where oxygen and moisture were not available had a tendency of
transferring to neutral. Furthermore, over the time, element which received less oxygen and moisture
from the external environment has a tendency of changing its potential from cathode to anode, while
elements close to interface act as cathode where oxygen and moisture are sufficient. To confirm proposed
mechanism of anodic-cathodic transformation, it is suggested that further experiments should be done
such as covering all concrete surface, measuring half-cell potential and separating steel elements further.

Finally, the results of specimens where the ionic current flow between repaired and unrepaired parts is
disturbed showed less effective with respect to the reduction of the risk of macro-cell corrosion in repair
patching when concrete was contaminated by high chloride concentration. It is recommended that
concrete in which chloride content is higher than threshold value should be removed as much as possible.
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Development of a safe and simple rapid emergency retrofitting method
for disaster-damaged structures
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Univ. of Tokyo (2008-2010) HRIAKZ
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Design for spreading recycled aggregate for concrete use
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Design methodology for concrete containing
high volume of waste materials

YA ALHHEZEICEC T —2a vy ) — FOREAER

Consumption of concrete is increasing constantly as fast as development takes place, and along with it the
environmental and other impacts that its use represents. Despite the fact that concrete facilitates
considerably the ongoing development, also has some drawbacks from environmental and social
standpoints; the heavy discharge of carbon dioxide (CO2) into the atmosphere as well as the enormous
consumption of natural resources makes it appear as a non sustainable material. Many efforts have been
done to overcome this situation, and many achievements have been reached. Alternative materials for
mitigating and reducing the environmental impact of producing concrete have been investigated and
included into the concrete practice. Fly ash, blast furnace slag, silica fume and other by-products from
some industrial processes, as well as recycled aggregates from construction and demolition process are
among these alternative materials used to reduce cement consumption and usage of raw materials.
However, there exist some barriers that slow down the use of these called “green concrete”. One of these
barriers is the lacking of methodologies that permit to design green concrete containing such materials,
specifically in the case of recycled aggregates due to the wide variation in their properties that makes

difficult to predict the effect on basic properties of concrete.
Grade-L
n RECYCLED AGGREGATE
Nl =0
I mortar .'- age. I
B IR |

+mortar

Waste and recycled materials used in concrete: fly ash (left), blast furnace slag (middle),
and recycled aggregates (right)

This research attempted to develop a design methodology that allows describing in a better and a reliable
way the effect on basic properties of concrete when using recycled aggregates and also fly ash in large
amounts. For this purpose, concrete with different mix proportions was cast in order to evaluate the effect
of low quality recycled aggregates and fly ash on mechanical performance and environmental impact of
concrete by varying different parameters like binder amount, fly ash ratio, aggregate type and replacement
ratio and water/binder. Also the effect of including a third binder -blast furnace slag- for a given condition
was evaluated in order to determine whether the use of the three binders combined with low grade
recycled aggregate can be an alternative for making green concrete.
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The design methodology covers green concrete containing fly ash as cement replacing material and
recycled aggregates at any replacement ratio satisfying conventional performance requirements as for
conventional concrete. The methodology can be a means for design concrete containing recycled
aggregates at any replacement ratio based upon its own basic properties namely density and water
absorption, being a good approach to bridge the gap between the varying qualities among different
sources of recycled aggregates when making concrete.

From the experimental results, it was also found that having fly ash replacement of 50% by mass and low
quality recycled replacement 100% can be achieved mechanical properties similar to those of
conventional concrete. When increasing water/binder and recycled aggregate replacement, most of the
properties of concrete decrease. The usage of fly ash improved considerably the durability of concrete
containing low grade recycled aggregate by refining its pore structure. The environmental impact was
reduced in noticeably by adding fly ash and low grade recycled aggregate in large volume while
satisfying basic performance requirements. The inclusion of blast furnace slag as a third binder resulted in
an increase in some mechanical properties of concrete, but durability was not satisfactory when having
100% low grade recycled aggregate for the given condition.

From these results, the design methodology for green concrete containing high volume of recycled
materials was proposed by describing their effects on basic properties of concrete through considering the
density and water absorption of recycled aggregates as a modified index factor. The results were
correlated to information obtained from different research works by using the methodology.
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Evaluation for air permeability of cover concrete considering water content
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Rin SEKI
B

Shibaura Inst. of Technology (2007-2008) ZHI %K%
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Naoto KOMATSU
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Shibaura Inst. of Technology (2007-2008) ZHI¥ K%

VUEINRERN L ZORDBEREFENDIELDETICRIETT R

Influence of time of crack and environmental condition
on progress of carbonation
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Shota MIZUKAMI
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Shibaura Inst. of Technology (2008-2009) ZHI %K%
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Examination concerning the acceptance inspection
for quality assurance of structural concrete
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Atsushi KIKUCHI
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Shibaura Inst. of Technology (2008-2009) ZHI¥ K%

T ORIILEENEREEPNAEKRICRFTIEE

Influence of macro-cell corrosion in reinforced bar
on measured electrochemical properties
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Takashi YAMASAKI
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Shibaura Inst. of Technology (2008-2009) ZHI %K%

BEE BT RO T=6HD TST-FiSH D&Y & BESHEDERMRE

Basic properties and repair effect of an
Emergency Retrofitting Method using TST-FiSH
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Wataru HIRATA
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Shibaura Inst. of Technology (2008-2009) ZHI¥ K%

BHFERTEILIINADEEME )M I IILHHDER

Utilizing waste and recycled materials in fly ash fiber-reinforced concrete
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Ryosuke KOBAYASHI
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Shibaura Inst. of Technology (2008-2009) ZHI %K%

VUBIM ERFRE, 5 DRIEEETICRIZTHERE LOXE

Influence of cyclic dry-wet exposure on carbonation progress
from crack surface and concrete-steel reinforcement interface
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Hiromichi YAMASHITA
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Shibaura Inst. of Technology (2009-2010) ZHI ¥ X%

SLF Y TDEREABNREEMEZZSEICEALS
avy)— FOREEME  BEAFICRIEITIEZE

Effect of rubber chip volume on the mechanical/environmental
performance of concrete containing high volume of recycled materials
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Hiromu MURAKAMI
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Shibaura Inst. of Technology (2009-2010) ZHILE K%
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Soichiro SAITO
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Shibaura Inst. of Technology (2009-2010) ZHI¥ X%

VUEANRER DK EEIE T 5 EBRRE

An experimental study on the behavior of water inside concrete cracks
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Hironori KOJIMA
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Shibaura Inst. of Technology (2009-2010) ZHILE K%

BERBICH T HKEEEIED N EHFESFENRICRIFTE

ERRE, MHICEET 52 ST RRELZH S L EBICHTRAEESTIA 774 V2R T 572

DICHEERFETHY, B4 -5 RHICEIHTE LA TEOHRENRLEENTWDS. KSR
1%, BEEOHE THW O T E 1o KEEMEAR Y 7 L& UBIRRIR(AD-284) %, 7'V 23— /L= AT
IWREBEANZ LY 66%ICAR S - BIIEOMBE S ZHIE L, Hi-2M 5 OB ik, Z0
FEWEDIPE F5 L UM TR R & WRRiE L 7.

KEEVER U o7 L 2 IR DB 7= 22 A RA & U CRUSET 2 <~ —(A, B)% HWEHE Ok % 741
L7272, BOSHEE 7 ~—B I2L VD 55%ICF R L= BHIE A fE TrEd L OWEETREE OB O Y]
72 L, KRBRICERT D st gitis & LT

ST 7 ~—B 12XV 55%IZA R U721 2 O CTHEE TR IE OB IR 2 fesl L7/ 3, e
Tt 6 H CHEEMER KL oo/, BE | HECHLEMAME L L OLH+oRfiafiz. £,
KEEPEAR Y o L& URIERIR(AD-284)%, 7Y 2 — /L AT VREBEHNC LY 66%ICA RS 7z
B L, SOGHETE /7 ~—B 2LV 55%ICHR LI-KHEZ, ZhTiiEpiE s — k a&é&
T E2DFREE LT, 7V a— L= AT VRIBEANCEYD 66%IZ AR S - filE 2 FHv =3
%Eﬁﬁmﬁmﬁﬁu?vayﬁﬁ@ﬁA%ﬁ%ﬂﬁm_%ﬁﬁé_&f,Eﬂ@ﬁ%%&k
F G R — kL — AT

FEER TR DN OB E © L1, RCZRERAEZ VT, e RE X OEkoikiE
— hD% %oﬁhﬁﬁﬁ%%;f%t@@%%%ﬁok FEBR Dk B, mﬁifjvv&/ﬁ
%Eﬁ@D%@%&)n~»zz7w+@ﬁ 66% AT IR S AUT-BTHE 2 HTiRAE S — b

WA LI2hG, a3, T)?V?/%ﬁ@@é%@i {2 RA %ﬁb,v—
F%%%ifﬁ_ T, BHROLGHEO 2 fEOMEEZRL, TARF RHEZ W ofEk Tk & [
FOMRN R T DT,

BI3E Y & & U BRBOET

80 Undergraduate i/t



Hiroki KABAYAMA
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Shibaura Inst. of Technology (2009-2010) ZHI ¥ X%
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Effect of construction conditions on the relationship between
compressive strength and mass transport property
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Akina KAWASAKI
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Shibaura Inst. of Technology (2010-2011) ZHIE K%
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