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Abstract

The generation of huge amounts of construction waste is anticipated due to the demolition of older structures such as
power stations built more than 30 years ago. On the other hand, the reuse of construction waste is highly essential from the
viewpoint of Life Cycle Assessment (LCA) and effective recycling of construction resources. In order to promote the
reuse of construction waste, it is necessary to achieve three basic concepts: (1) assurance of safety and quality, (2) de-
crease of environmental impact, and (3) increase of cost effectiveness of construction. This paper outlines the develop-
ment of a recycling system, application of recycled aggregate concrete produced by the aggregate replacing method,
which is effective in reducing both cost and environmental impact from the viewpoint of LCA for concrete waste gener-
ated by the demolition of large-scale buildings such as powerhouses.

Result of this study showed that recycled aggregate concrete using the aggregate replacing method can acquire sufficient
quality as structural concrete and/or precast concrete products through material design based on the value of relative
quality method. Moreover, with the adoption of the developed recycling system, it was confirmed possible to recycle
concrete waste produced from the demolition buildings in a highly effective manner reducing both recycling cost and
environmental impact.

1. Introduction

1.1 Background

According to an investigation conducted in 2002 by the
Ministry of Land, Infrastructure and Transport (herein-
after referred to as MLIT), the amount of construction
waste produced in Japan is approximately 83 million tons
per year, most of which is recycled in compliance with
related laws and ordinances. Of the total construction
waste, concrete waste accounts for approximately 35
million tons per year. Although the recycling rate of
concrete waste has reached 98%, most of it is used for
roadbed gravel.

Tokyo Electric Power Company (TEPCO) currently
owns about 5,800 buildings (as of 2004) excluding 700
nuclear power facilities. These buildings include thermal
power plant powerhouses, substations, head and branch
office buildings, etc.

Figure 1 shows the breakdown and amount of con-
struction waste that will be produced when these 5,800
buildings are demolished. The total predicted amount of
construction waste is about 7.8 million tons of which 7.6
million is concrete waste. If the total amount of con-
struction waste is treated through dumping in pub-
lic/private disposal facilities, the amount of CO, emis-
sions is predicted to be about 0.67 million tons. Moreover,
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thermal power plants, particularly those built in the
1970s, will be replaced by a new type of thermal power
plant in the near future and a huge amount of concrete
waste will be produced within a short-term construction
period.

In view of this situation, establishing an effective re-
cycling method for concrete waste is highly anticipated
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Fig. 1 Presumed amount of construction waste and CO
emissions (Buildings owned by TEPCO).
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from the standpoint of resource circulation and envi-
ronmental preservation.

1.2 Present condition of concrete waste
Although concrete waste is presently used almost en-
tirely for roadbed gravel, the demand for roadbed gravel
is not expected to increase, largely due to a decrease in
new road construction. Meanwhile, toxic substances
such as hexavalent-chromium and lead are present in the
concrete waste since they are originally contained in
cements. Taking soil contamination into consideration, it
is necessary to develop other uses apart from roadbed
gravel. The most promising alternatives are recycled
aggregate and recycled aggregate concrete.

TEPCO has been conducting research on the applica-
tion of recycled aggregate concrete to buildings since
1993. They have subsequently applied it to their new
buildings with the approval of MLIT obtained in January
2002 and September 2004.

2. Application of recycled aggregate and
recycled aggregate concrete

2.1 Concept

When recycled aggregate concrete is applied to buildings,
etc., the quality required is generally the equivalent to
natural aggregate such as gravel and sand. However, in
the case of manufacturing such recycled aggregate, the
manufacturing cost and amount of CO, emissions is
likely to rise sharply, consequently limiting the extent to
which recycled aggregate concrete is used.

As shown in Fig. 2, in order to promote the application
of recycled aggregate concrete, it is necessary to secure a
suitable balance between 1) safety and quality, 2)
cost-effectiveness, and 3) environmental impact.

2.2 Transition of techniques used for recycled
aggregate concrete
Concrete waste was mainly reused as a substitute for

Target vector
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(Demand quality) | Optimum balance
Cost-effectiveness
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Environmental impact ~>
(LCCOy)

©

Fig. 2 Evaluation of recycling.

aggregate resources or cement during revival from a
catastrophe or war.

According to Buck (1977), there are several research
papers on recycled aggregate concrete immediately after
World War II: physical properties (strength, etc.) by
Glruzhge in 1946, Russia, and the influence of mixture
impurities (gypsum) by Graf in 1948, Germany.

Research on recycled aggregate concrete in Japan
started with the Building Contractors Society (BCS
project) and the Ministry of Construction (first project)
with the key theme “A Cure for Resource Depletion”
after the 1973 oil crisis. The Synthesis Technical De-
velopment Project (second project) of the Ministry of
Construction started in 1992 and was carried out for the
purpose of preparing a more practical basis for recycled
aggregate concrete.

Based on the results, JASS 5 of 2003 (Eng-
lish-language edition: 2004) prescribed that recycled
aggregate may be treated as natural aggregate if it fulfills
the quality equivalent to gravel and sand. Furthermore,
the Japanese Industrial Standard (JIS A 5021) for recy-
cled aggregate for concrete-class H “high-quality recy-
cled aggregate” was enacted in March 2005, and JIS A
5023 for recycled concrete using recycled aggregate
Class L “low-quality recycled aggregate” was enacted in
March 2006. Moreover, the establishment work about
JIS of recycled concrete using recycled aggregate Class
M “middle-quality recycled aggregate” is carrying out
now.

Thus, the maintenance of specifications related to ap-
plying recycled aggregate to structural concrete aggre-
gate has been progressing.

2.3 Results of approval by MLIT

Table 1 shows the actual results of acquiring MLIT ap-
proval for the application of recycled aggregate concrete
by TEPCO.

According to MLIT, there are 22 approvals for recy-
cled aggregate concrete during May 2001 to September
2005. Except for two MLIT approvals in Table 1, the
other 20 approvals of recycled aggregate are based on the
production methods of removing the original mortar
from the recycled aggregate during the refinement prcess
(aggregate refining method) (Dosho 2005; GBRC 2005,
2006; Kawai et al. 2006; Shintani et al. 2000).

The aggregate refining method mainly comprises four
methods, “Gravity concentration method (Abe 1997)”,
“Heating and rubbing (Kuroda ez al. 2003; Kuroda and
Hashida 2005)”, “Mechanical grinding (Takeshita ez al.
2002; Yanagibashi et al. 2004, 2005)” and “Screw
grinding (Sakazume et al. 2002)”. High-quality recycled
aggregate satisfying the requirements of JIS A 5021 can
be manufactured with these methods.

On the other hand, TEPCO obtained the approval of
MLIT for a method that reduces the influence of the
original mortar and produces concrete with the required
performance capability by mixing natural aggregate and
recycled aggregate at the concrete manufacturing stage
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Table 1 Actual results of approval by MLIT.

Item Project No.1

Project No.2

Chiba Heating Power Area - Symbiosis

Yokohama Thermal Power Plant Premises -

placement

Designati
esignation Building Biotope Soga Incinerator Building
Authorization Approval (Special project) Approval
classification Partial limitation: Foundation, footing beam | All components in TEPCO's owning buildings*
Authorization date 18 January 2002 15 September 2004
Date of t
ate of conetete June 2002 May to August 2005
placement
Amount of concrete 3 3
About 200 m About 1,000 m

Specified concrete
strength

Ordinary portland cement: Fc = 24 N/mm’

Ordinary portland cement: Fc = 21-33 N/mm’
Low-heat portland cement: Fc = 21-27 N/mm”

Replacement ratio of

30%
recycled coarse aggregate

50% (Maximum)

**Supply of recycled coarse aggregate concrete is possible only to a joint applicant's ready-mixed concrete factory.

(aggregate replacing method).

Based on the approval of MLIT, the recycled coarse
aggregate concrete was applied to two buildings. One is
the Biotope Soga symbiosis building (Project No. 1)
installed in the Chiba Heating Power area. The applica-
tion of recycled coarse aggregate concrete to Project No.
1 was approved by MLIT in January 2002, and con-
struction (concrete placing) started in June 2002.

The other is the waste incinerator building (Project No.
2) installed in the Yokohama Thermal Power Plant
premises. The application of recycled coarse aggregate
concrete to Project No. 2 was approved by MLIT in
September 2004, and construction started in May 2005.
The application situation for these two projects is shown
in Fig. 3.

3. Recycled aggregate concrete by
aggregate replacing method

The appearance of recycled aggregate is shown in Fig. 4.
Recycled aggregate consists of original aggregate and
original mortar. Recycled aggregate using the aggregate
refining method is manufactured for the purpose of ac-
quiring equivalent quality to natural aggregate such as
gravel and/or sand, and being used as a substitute.
However, in order to manufacture such recycled ag-
gregate removing the original mortar, an advanced
processing technique using special facilities such as the
method of “Heating and rubbing” and ‘“Mechanical
grinding” is needed. Moreover, the recycling rate of the
“Heating and rubbing (Kuroda and Hashida 2005)” and
the “Mechanical grinding (Yanagibashi et al. 2005)” are
as high as about 56% and about 50% respectively,, even
if the amount of high-quality recycled aggregate pro-
duction satisfying the requirements of JIS A 5021 may
include both recycled coarse aggregate and recycled fine

v prem

Project No.1 s

Fig. 3 Example of applicétion to actual buildinigﬂs.

aggregate.

On the other hand, the gravity concentration method
and screw grinding fit only to recycled coarse aggregate
with a recycling rare of about 20% and about 34-45%
respectively. While establishing the JIS, there was a case
(MLIT approval) that middle-quality recycled aggregate
was applied to actual buildings hence the fraction of
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Fig. 4 Appearance of recycled aggregate.

materials produced by aggregate refining method appli-
cable as recycled aggregate for structural concrete ag-
gregate may be changed from now on (Shintani et al.
2006). Heating and rubbing that can produce
high-quality recycled aggregate best among aggregate
refining methods consists of recycled coarse aggregate of
about 35% and recycled fine aggregate of about 21% for
the entire concrete waste. The remaining 44% is fine
powder contains a large amount of original mortar. Al-
though several recycling applications for the fine powder
to cement materials is reported, a wide dissemination is
believed to be difficult under the present condition be-
cause there are problems with quality control such as
establishment of preparedness at cement plants and the
cost-effectiveness on its execution (Kuroda ef al. 2003).

Therefore, more advanced processing techniques and
facilities are needed for the reuse of the fine powder to be
applied other than to concrete-related materials hence the
cost and/or environmental impact may increase accord-
ingly.

For this reason, the aggregate replacing method, which
does not remove the original mortar, becomes effective.

The standard plan for the aggregate replacing method
was created by the Ministry of Construction (first pro-
ject). However, examples of actual application to build-
ings or structures did not exist due to the absence of a
suitable quality assessment index.

TEPCO confirmed the validity of the aggregate re-
placing method through a feasibility study (Dosho et al.
1998a), basic experiment (Dosho et al. 1998b; Kikuchi et
al. 1998), and actual machine manufacturing experiment
(Teranishi et al. 1998).

As a result, a quality assessment index has been es-
tablished and application of recycled aggregate concrete
has been made possible.
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Fig. 5 Developed recycling system for concrete waste.

3.1 Recycling system

Figure 5 shows an outline of the recycling system de
veloped by TEPCO. The advantages of this system are
that the manufacturing process is simple and recycled
coarse aggregate can be manufactured using gen-
eral-purpose facilities including mobile ones. The
manufacturing situation (test case) of an actual recycled
aggregate is shown in Fig. 6. Using this method, 55-73%
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of the entire concrete waste can be used as recycled
coarse aggregate for structural concrete.

The remaining 27-45% can also be used as recycled
fine aggregate for the manufacturing of precast concrete
products. In addition, since the recycled fine aggregate
contains a large amount of original mortar that remarka-
bly deteriorates the quality of concrete, a wet grinding
treatment process is added for improved quality.

3.2 Simulation of cost-effectiveness and
evaluation of environmental impact

In the simulation, it is assumed that the recycled coarse
aggregate is manufactured at the construction site using a
mobile-type facility such as Fig. 6. Recycled coarse
aggregate concrete having a 30-50% replacement ratio is
assumed to be applied to new building construction. The
recycled fine aggregate is assumed to be treated by the
wet grinding method at a factory outside the construction
site and applied to the manufacturing of precast concrete
products for market delivery.

Figure 7 shows the simulation results in the case ofa
thermal power plant (power-generation output:
350,000-kW class). The results indicate that the recy-
cling system shown in Fig. 5, using the replacing method
can reduce costs (LCC) by about 34-41% and CO,
emissions (LCCO2) by about 23-28% for dumping at
public/private disposal facilities.

3.3 Appraisal method for recycled aggregate

concrete
The value of relative quality is an index used for as-

Test case | |

Conerete waste
25 mim: or more;
20:mm: or more

Recycled: fine
aggregate ‘and

Case 1 Case 2
Upper : 25 mm 20 mm
Lower: Smm Smm

Case 1 5-25 mm: about 73.0%
0- 5 mm: about 26.7%
Scrap iron: about 0.3%)

Case 2 5 - 20 mm: about 54.6%
0- 5 mm: about 45.1%
Scrap iron: about 0.3%)

Recycled: coarse
aggregate concrete

Fig. 6 Manufacturing situation of actual recycled aggre-
gate.

]

sessing aggregate quality and is given by Eq. (1).

A clear correlation is admitted between the value of
relative quality and the main properties of recycled ag-
gregate concrete (compressive strength, Young's
modulus, drying shrinkage, accelerated carbonation
depth). Therefore, in the case of recycled aggregate
concrete to be manufactured by the aggregate replacing
method, the concrete mix design can be made using this
index so as to comply with the required quality.

_QCvG xa+QCvSxb+QCrGxc+QCrSxd (1)
a+b+c+d

QCt

where

QCt (%): Relative absorption rate;

QCvG (%): Absorption rate of natural coarse aggre-
gates (river gravel, pit gravel, crushed stone, etc.) in
recycled aggregate concrete;

QCvS (%): Absorption rate of natural fine aggregates
(river sand, pit sand, crushed sand, etc.) in recycled ag-
gregate concrete;

QCrG (%): Absorption rate of recycled coarse aggre-
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Fig. 7 Simulation results of cost-effectiveness and envi-
ronmental impact.
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gate in recycled aggregate concrete;

QCrS (%): Absorption rate of recycled fine aggregate
in recycled aggregate concrete;

a, b,c,d (L/m3): Absolute volume of natural coarse
aggregate, natural fine aggregate, recycled coarse ag-
gregate, and recycled fine aggregate, respectively.

3.4 Use of recycled coarse aggregate concrete
Table 2 lists the specifications for recycled coarse ag-
gregate concrete (Project No. 1: Fc = 24 N/mm’, Project
No. 2: Fc = 21-33 N/mm®) approved by MLIT in the
aggregate replacing method at TEPCO.

The specified slump is 15 and 18 cm and the re-
placement ratio, which is the volume ratio to be replaced
by recycled coarse aggregate, is 30 and 50%. In addition
to ordinary portland cement, low-heat portland cement
(Fc = 21-27 N/mm?), which can be used for mass con-
crete, is also included in the approval.

3.4.1 Quality

In using the aggregate replacing method, the quality
required as structural concrete can be secured by mix
proportion design (material design) in accordance with
the appropriate index such as relative absorption rate,
replacement ratio, etc. The replacement ratio can be
determined by the relative quality value method.

Figure 8 shows the correlation between the relative
absorption rate and the main properties of recycled ag-
gregate concrete (compressive strength, drying shrinkage,
accelerated carbonation depth).

3.4.2 Determination of replacement ratio
In the case of Project No. 2 (N-type cement), the relative

absorption rate corresponding to the threshold value (in
this case, 800 um drying shrinkage) of demanded quality
is estimated at 2.93% (Fig. 8). Therefore, the upper limit
of the average strength required (mF) in the same
strength range (W/C) of recycled coarse aggregate con-
crete decided with a relative absorption rate of 2.93%
satisfies the required qualities, such as in terms of drying
shrinkage and accelerated carbonation depth. Moreover,
when a recycled coarse aggregate concrete is used in a
cold district, etc., in principle the quality must be con-
firmed by conducting freezing and thawing examination.

3.4.3 Material design

According to the author's studies (Dosho et al. 2005,
2006a), the cement-water ratio corresponding to the
qualities required for building concrete can be deter-
mined by regression analysis. Furthermore, it is neces-
sary to examine the difference in compressive strengths
of concretes manufactured in actual plant and laboratory.

Figure 9 shows the relationship between compressive
strength and cement-water ratio for an actual plant and
laboratory. In the figure, the compressive strength of an
actual plant is about 90% of laboratory. That is, the es-
timated value (o) of the compressive strength of an
actual plant falls on the safe side, decreasing by 10%
from the value of laboratory.

Figure 10 shows the presumed cement-water ratio that
satisfies nominal strength under both a 30% replacement
ratio and 1.90% relative absorption rate in accordance
with compressive strength under the replacement ratios
of 0 and 50%. Since the difference in water-cement ratio
between the estimated values assuming an actual plant
and the tested values is very small and on the safe side,

Table 2 Types of recycled coarse aggregate concrete approved by MLIT.

Maximum )
Management . Fc (N/mm”)
. size of | Replacement
Project| Type of age of ) Type of Slump
. coarse ratio .
No. cement compressive admixture (cm)
aggregate (%) 21 | 24 127 |30 33
strength
(mm)
Or(:tllrig AE and
1 po 28 days 20 30 water-reducing 18 - 1O - - -
cement admixture
™)
30 15 oO|lO0O|lO0O|O0]|O
tAE a;d, 18 |o|o|o]o
water-reducing
i 15
Ordinary 50 admixture m 8 8 8 8 o
portland 28 days -
cement 30 AE and 15 -1O0O]J]O]0O]|O
) N) 20 high-range 18 -]0)J0]0O0]O
50 water-reducing 15 O/0|0|O0
admixture 18 -10]0O0|0/|O
LOW-heat 30 AE and 15 o) 0 e} _ _
portland .
ment 91 days water-reducing
e (Lj 50 admixture 15 0|10]0]| - -
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Fig. 8 Example of relationship between relative absorp-
tion rate and main properties of recycled coarse aggre-
gate concrete.

the strength estimated using the relative absorption rate is
considered to be valid and it is possible to determine the
water-cement ratio at any replacement ratio.

This result shows that it is necessary to determine the
cement-water ratio based on the required compressive
strength.

3.4.4 Quality control

The flow of quality control from investigation of the
original concrete to application of the recycled coarse
aggregate concrete is shown in Fig. 11.

Quality control is carried out according to the con-
struction specifications and manufacturing guidelines for
recycled coarse aggregate concrete. Quality control
covers the three respective processes for the material: (a)
original concrete, (b) recycled coarse aggregate, and (c)
recycled coarse aggregate concrete. As a result of ex-
amination, any material that does not adapt the quality
requirements of the construction specifications and/or
manufacturing guidelines at any of the three processes is
restricted from use.
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Fig. 10 Example of presumed water-cement ratio on
arbitrary replacement ratios

3.4.5 Original concrete

As shown in Table 3, the main quality control items for
original concrete consist of alkali-silica reaction, chlo-
ride ion content, and compressive strength (core). If the
necessary data is available, such as from construction
records, and the data indicates the production district and
quality of aggregate, and the design strength of the
original concrete, etc., it is possible to reduce the ex
amination frequency. When there are no construction
records, investigation is conducted for one unit to 500m’
of original concrete used. On the other hand, when there
are construction records, investigation is conducted for
one unit to 1000m’>. For example, in the case of Project
No. 2, investigation was conducted for one unit to 500m’
due to the absence of construction records.

3.4.6 Recycled coarse aggregate

The main quality control items for recycled coarse ag-
gregate consist of density (oven-dry condition), absorp-
tion rate, grain size, content of materials finer than 75 um
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(a) Quality of original
concrete

i CONFORMITY

Compressive strength of original
concrete, chloride ion content,
alkali-silica reaction, etc.
INCONGRUENT

Manufacture of recycled coarse aggregate

Inadequate in
adjustment grading, etc.

(b) Quality of recycled
coarse aggregate

Main physical properties of aggregate
(absorption rate, etc.), chloride content
(aggregate), alkali-silica reaction

INCONGRUENT

CONFORMITY

Unsuitable

Mix proportion of recycled coarse aggregate concrete

l

Manufacture of recycled coarse aggregate concrete

(c) Quality of recycled
coarse aggregate concrete

CONFORMITY

( Concrete placing )

Slump, air content, chloride content,
compressive strength, etc.
INCONGRUENT

Unsuitable

Fig. 11 Quality control flow for recycled coarse aggregate concrete.

Table 3 Example of quality standards of original concrete.

. . Test case
Item Project No.1 Project No.2 (Reference)
Number of years elapsed About 40 About 40 About 40
(year)
Use of the original Turbine mount of a thermal Machine foundation of a Wall section of an
structure power plant thermal power plant office building
Fc (N/mm?) 21 Unknown 18
. . Value of Value of
Main quality control . Measurement . Measurement Measurement
items quality result quality result result
standard standard
Compressive strength
(Core: JISA 1107) 18 or more 18.7-54.5 18 or more 27.0-46.9 19.2
(N /mm?)
Chloride ion content
(JIS A 1154 or JCI-SC4) 0.3 or less 0.12-0.21 0.3 or less 0.16-0.26 -
(kg/m®)
R . Visual No harmful Visual No harmful No harmful
Alkali-silica reaction . .
confirmation crack confirmation crack crack
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sieve, alkali-silica reaction, and chloride content.

The recycled coarse aggregate used under the approval
of MLIT was manufactured from the concrete waste of
the demolished turbine mount and chimney foundation
of the Chiba and Yokohama Thermal Power Plants,
which were about 40 years old. In addition, the quality of
the recycled coarse aggregate manufactured from the
original concrete extracted from the walls of the
40-year-old office building is also shown for comparison.
An example of the quality of the recycled coarse aggre-
gate is shown in Table 4.

3.4.7 Impurities

Impurities due to finished building materials, etc. be-
come a factor causing fluctuation in the quality of recy-
cled aggregate concrete. An example of the measurement
results of an impurity is shown in Table 5.

In order to ensure that the minimum amount of finishing
material be used for thermal power plant structures, the
quantity of the impurity was about 1/100 to the rated value
of JIS A 5021. Furthermore, the case of the office building
shown for comparison was about 1/10 to the rated value.
This is because the finishing material was carefully re-
moved before demolition of the structure. In the case of
thermal power plants, the content of impurities is very

little compared to ordinary buildings as their main RC
parts are not covered with finishing materials.

The original concrete of the recycled coarse aggregate
applied to the actual structure was supplied from the
machine foundation, etc. Dirt was treated by water
washing and screening, and a manual removal process
was adopted in consideration of the mixing of other
impurities.

3.4.8 Recycled coarse aggregate concrete

For the mix design of recycled coarse aggregate concrete,
the control items comprising compressive strength, dry-
ing shrinkage, carbonation depth, etc. are specified in
order to secure the target quality. Although quality con-
trol at manufacturing and delivery is carried out ac-
cording to JIS A 5308 in principle, a severe value is
provided for chloride content in consideration of salt
eluting from the original mortar. Moreover, it must be
confirmed by examination prior to construction that the
recycled coarse aggregate concrete is free from al-
kali-silica reaction.

The alkali-silica reaction is regarded as the strictest
quality control item of all the processes relevant to re-
cycled coarse aggregate concrete, and a high rate of
examination frequency is required.

Table 4 Example of quality standards of recycled coarse aggregate.

Application destination Project No.1 Project No.2 Test case (Reference)
Maximum size (mm) 20 20 20 ‘ 25
| f Val f
Examination Measurement Va ue. © Measurement 4 ue. © Measurement
. quality quality Measurement result
item method result result
standard standard
Fi
Hmeness JNSAT102 | 6.69+0.20%1 6.76 6.60 +0.20 6.52 6.44 6.63
modulus (F.M.)
Density in
oven-dry JASAT110 | 2.20 or more 228 2.20 or more 230 225 223
condition
(g/cm3)
A ti t
bsmg/l;’n e nsatto 8.0 or less 6.59 8.0 or less 6.22 6.02 7.15
0
Solid contentin | '\ 1104 | 55 or more 60.2 55 or more 60.5 59.8 -
aggregate (%)
Content of
materials finer | o\ 1103 1.0 or less 0.3 3.0 or less 2.1 13 22
than 75 pm
sieve (%)
Al i f
brasion o JSA 1121 40 or less 323 40 or less 28.9 247 33.6
aggregate (%)
JIS A 1804 - - Harmless Harmless Harmless Harmless
Alkali-silica JIS A 1146*2 Harmless Harmless Harmless Harmless Harmless Harmless
reaction ZKT206%3 i i No reactivity | No reactivity ) )
(A) (A)
hlori
Chloride JIS A 5002 - - 0.0l orless | 0.01orless | 0.01 orless | 0.01 or less
content (%)

*1 The value of mixed aggregate both natural coarse aggregate and recycled coarse aggregate used.

*2 Project No.1: Based on JIS A 5308 (1998), Annex 8.

*3 Method of rapid test for alkali-silica reactivity of concrete (ZENNAMA test method).
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Table 5 Mixture of impuirities.

Recycled aggregate for concrete-class H (JIS A 5021) Example of investigation
Amount of impurities contained
Type of impurities U(lrjrllazfsrsl‘i’/r:)it (mass Z;)St e
Project No.2 erence)
A: Tiles, bricks, pottery waste and asphalt concrete waste 2.0 0.007 0.107
B: Glass waste 0.5 0 0
C: Gypsum waste and chalk wall waste 0.1 0.003 0.100
D: Mineral material board waste 0.5 0.004 0
E: Plastic waste 0.5 0.005 0.024
F: Wood chips, wastepaper and asphalt concrete waste 1.0 0.004 0.050
Total amount 3.0 0.023 0.28
Table 6 Mix proportion of recycled coarse aggregate concrete.
Content per unit of concrete (kg/m?)
Project . Replac.ement wi/C Recycled
No. Nottion™l r(iz;) (%) | Water | Cement Pit d Crus};ed Cr?shed coarse | Admixture*3
san san stone
aggregate
1 27-18-20-N 30 49.4 183 370 720 - 713 273 1.48
27-18-20-N 53.0 176 332 481 336 683 266 3.59
27-15-20-N 53.0 170 321 475 330 707 276 3.47
2 27-15-20-L % 58.0 160 276 517 359 707 276 2.98
36-15-20-L 40.0 161 402 455 316 707 276 4.34
27-18-20-N*2 50 53.0 176 332 481 336 489 442 3.59

*1 Nominal strength — Slump — Maximum size of coarse aggregate — Type of cement

*2 Only the sample for monitoring.
*3 AE and water-reducing admixture

3.4.9 Quality control system

The quality control committee organized by the con-
struction supervisor (TEPCO), building designer, builder
(general contractor) and manufacturer (ready-mixed
concrete factory, etc.) shall carry out the quality and
schedule control.

3.4.10 Quality control results
The mix proportions of recycled coarse aggregate con-

crete applied to the actual structures are shown in Table 6.

Typical examples of the quality control results are shown
in Table 7.

In order to ensure that all quality requirements were
satisfied, the validity of material design using a value of
relative quality method was confirmed.

3.4.11 Monitoring

For self-management purposes, samples of the recycled
coarse aggregate concrete are installed near the site and
monitored for confirmation of long-term quality (crack
situation, compressive strength, Young's modulus, car-
bonation depth, salt penetration depth, etc.) (Kondo et al.
2005, 20006).

Figure 12 shows an outline of monitoring samples
installed at the Chiba and the Yokohama Thermal Power
Plant sites. On-site tests were conducted at the Chiba
Thermal Power Plant (Project No. 1) after about three
years, and at the Yokohama Thermal Power Plant site
(Project No. 2) after about one year, the results of which
were used to observe any performance decrement in
comparison with normal-weight concrete (natural ag-
gregate concrete).
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Table 7 Typical examples of the quality control result.

Project Target M t
rojece Notation Item Test method Age Curing method arge casurement
No. value result

Slump (cm) JIS A1101 - - 18+2.5 17.0-18.5
Air content (%) JISA 1128 - - 45+15 4.1-4.5
Chloride content |\ oo 51500 ; - 0.3 or less 0.05
(kg/m’)
Compressive Standard curing 343
strength JISA 1108 28 days | [nsite underwater | 27 OF more
1| 27-1820-N (N/mm?) curing 337
Young's moczlulus TIS A 1149 28 days In-site un.derwater i 8.8
(KN/mm°) curing
Drying shrinkage
(10 JISA 1129 182days - 800 or less 676
Accelerated Recommendations
carbonation of AlJ test 182 days - - 16.7
depth (mm) method*1
15.5-19.5
Slump (cm) JIS A1101 - - 18+2.5 17.0-18.0*2
(19.0)*3
3.6-5.2
Air content (%) JISA 1128 - - 45+1.5 4.0-4.7%2
(4.5*3
0.02-0.07
Chlorid tent
O(rll( j’njg’)“ IS A53089.6 - - 0.250rless | 0.03%2
5 (0.04)*3
34.4-36.6
28 days 27 or more N
) Standard curing 30.4-33.6%2
27-18-20-N | Compressive JSA1108 | 364 days ; 40.1
streng(h In-si d 33.9-38.2
-site underwater .9-38.
(N/mm?) 28 st 2
days curing 7 or more (322)3
JISA 1107 28 days Core 27 or more 31.3-31.6
Young's modulus . 27.1-28.5%2
2 ISA 114 28 t -
(kN/mm?) JIS 9 days Standard curing (26.0)*3
Drying shrinkage 683
ISA 112 182 - 800 or L
(10 JIS 9 days or less (658)*3
Freezing and
300 84.8
thawing (Dura- JISA1148 A - -
- cycles (68.3)*3
bility factor)
Standard curing 32.6-35.8
27-15-20-N 28 days _qi 27 or more
In-site un.derwater 30.3-36.8
curing
Compressive Standard curing 36.4-38.1
27-15-20-L strength JISA 1108 91days | In site underwater | 27 OF more
2 . 34.6-39.6
(N/mm~) curing
Standard curing 49.9-50.0
36-15-20-L 91 days o 36 or more
In-site un.derwater 479-51.6
curing

*1 Based on “Recommendations for Design and Construction Practice of High Durable Concrete., Annex 1 (Recom-
mendations for method of accelerated carbonation test for concrete).”, AlJ, 1991.
*2 Test results (one lot: 30m’, total: 185m’) of quality variation confirmation in same ship date.

*3 Replacement ratio 50%. Only the sample for monitoring.
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The results revealed that performance was not deterio-
rating compared with natural aggregate concrete.

3.5 Recycled fine aggregate concrete

This section describes the results of examination (Dosho
2006b) as to the feasibility of applying recycled fine
aggregate concrete to precast concrete products.

3.5.1 Physical properties of recycled fine ag-
gregate

Recycled fine aggregate was manufactured using the
original concrete (Table 3) of Project No. 2, as shown in
Fig. 5. The physical properties of the manufactured re-
cycled fine aggregate are shown in Table 8. It is possible
to improve the main properties such as absorption rate by
applying the wet grinding method, which reduces the
original mortar content. The concept of the wet grinding
method is shown in Fig. 13. The aggregate is ground by

the rotation of a rotor positioned inside a cylindrical shell.

Recycled fine aggregate and fine powder of 5 mm or less
is manufactured by passing through a screen. Impurities
such as fine powder aggregate and wood chips are re-
moved by a wet-type high-speed centrifuge, or cyclone.
The analysis results of the minor constituents in ag-
gregate before and after wet grinding treatment are
shown in Table 9 (by JIS K 1029). Although “lead and its
compounds” (about 160 mg/kg) was detected before the
wet grinding treatment, it was halved by treatment. Mi-
nor constituents such as hexavalent-chromium, etc., were

Project No.1: June 2002 -

B

not detected and the content in the wash water showed
values below the drainage rated value.

3.5.2 Properties of recycled fine aggregate
concrete

The mix proportions of the natural aggregate concrete
(CS-0) and the concrete using recycled fine aggregate
(RS2) of the wet grinding method are shown in Table 10.
The cycle for steam curing is shown in Fig. 14.

3.5.3 Fresh concrete
The properties of fresh concrete are shown in Table 11.
In the range of “Slump 8 + 2.5 cm” and “Air Content 4.5

| Recycled ne aggregate -
Fig. 13 Outline of wet grinding method.

3 m
. Core omission of concrete )
(& 100)
S \ s
- 859 6L \%ﬂ%@ -
S z
=
=]
600
<>
1,800
1,800

Fig. 12 Outline of samples for monitoring.
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+ 1.5%”, it is possible to knead the concrete using the
same mix proportion as with natural aggregate concrete.

3.5.4 Strength and durability

The test results on strength (compressive strength,
Young's modulus) and durability (drying shrinkage, ac-
celerated carbonation depth) are shown in Fig. 15.

A tendency has been observed in which the quality of
recycled fine aggregate concrete deteriorates as the rela-
tive absorption rate becomes higher. A comparatively
clear correlation between them is admitted. The strength
and durability of recycled fine aggregate concrete with
standard curing decline according to the increase in re-
placement ratio which is the volume ratio to be replaced
by recycled fine aggregate. However, the deterioration in
quality is eased by the adoption of steam curing, a ten-
dency remarkably observed in compressive strength.

Although the results of the freezing and thawing ex-
amination are shown in Table 12, the durability factor
(DF) is not influenced by the replacement ratio and the

steam curing.

3.5.5 Material design

Material design is made using the value of relative qual-
ity method. In the case of steam curing as shown in Fig.
15, the relative absorption rate pertinent to the quality
requirement of 0.08% or less for length change in hard-
ening and 25 mm or less for accelerated carbonation
depth becomes 3.14%. This is the most important factor
for recycled fine aggregate concrete.

Figure 16 shows the relationship between the ce-
ment-water ratio (C/W) and compressive strength (F,g)
using the results shown in Fig. 15. The cement-water
ratio corresponding to the compressive strength within
the range of the standard value (JIS) for precast concrete
products can be determined by regression analysis. Fur-
thermore, the compressive strength of an actual plant
becomes conjecture on the safe side, decreasing by about
10% from the value of examination (steam curing). That
is, the compressive strength of an actual plant is calcu-

Table 8 Test results on main physical properties of recycled fine aggregate.

Recycled fine aggregate Natural aggregate
Examination item Measurement | Cryshed | Wet grinding | Crushed sand | Crushed stone
method only method JISA5005 | JISA 5005
RS1 RS2 CS CG
Original mortar mixture ; 0.89 0.60 ; _
rate*1
Fineness modulus NS A 1102 2.78 3.05 2.72 6.71
(F. M.) : : : :
Density in oven-dry
condition JISA 1110 1.98 2.21 2.61 2.66
(g/cn?’)
Absorption rate NSA 1110 1.2 7.45 117 0.66
(%)
Solid Come?(;l)“ AEEresle | IS A 1104 533 71.6 65.1 633
0
Content of materials finer -
tham 7511m sheve (%) NSATI03 | () o0 1.14 2.69 0.52

*1 Mixture rate of original mortar in recycled aggregate (volume ratio).
*2 Reference: Physical properties of recycled fine aggregate manufactured by same method from same
original concrete at another time.

Table 9 Analysis result of minor constituents.

Content in fine aggregate (mg/kg) Content in drainage (mg/L)
Kind of toxic substances
Rated value*1 Analytical value Rated value*2 | Analytical value
. Before treatment: 160
Lead and its compounds 150 or less After treatment: 86 0.1 or less Less than 0.001
. Before treatment: Less than 10
Hexavalent-chromium 250 or less After treatment: Less than 10 0.5 or less 0.087

*1 Ministry of the Environment, Soil Contamination Countermeasures Law.
*2 Ministry of the Environment, Water Pollution Control Law.
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Table 10 Mix proportions of the natural aggregate concrete and the recycled fine aggregate concrete.

. . Replacement Content per unit of concrete (kg/m®)
Notation Curing | Kind of ratio wiC | s A t Admixture*
method | concrete o (%) | (%) | Water | Cement seregate fmixture
(%) cs | Rs2 | G | spsN | maAlo1
SCS-0 Steam 45 43 148 329 797 0 1075 | 3.62 0.3
CS-0 0
NCS-0 Standard 55 46 151 275 853 0 1056 | 3.56 0
SRS2-50 Steam 45 43 148 329 399 | 358 | 1075 | 3.62 0.3
RS2-50 50
NRS2-50 | Standard 55 46 151 275 425 | 384 | 1056 | 3.85 0
SRS2-100 Steam 45 43 148 329 0 716 | 1075 | 3.62 0.3
RS2-100 100
NRS2-100 | Standard 55 46 151 275 0 766 | 1056 | 3.85 0

* SP8N: AE and high-range water-reducing admixture, MA101: AE admixture.

L 60

8

5, 40 /

[

o

8 20

2

<

g 0

o

E 0 2 4 6 8
&= Time (hour)

Fig. 14 Cycle of steam curing.

lated by presuming (/.1F3 = a X (C/W) + b) that the
examination value (compressive strength at 28 days by
steam curing) is multiplied by 1.1. This result reveals the
necessity to determine the cement-water ratio based on
the required compressive strength.

A water-cement ratio (W/C) of 35 N/mm? (JIS A 5371)
becomes 49.8%, and W/C of 24 N/mm’® (JIS A 5372)
becomes 59.3%. Incidentally, maximum replacement
ratio in steam curing becomes about 84% in the case of
35 N/mm” (JIS A 5372), and about 80% in the case of 24
N/mm? (JIS A 5371).

4. Conclusions

This paper presented a recycling system for concrete

waste generated by the demolition of large-scale build-

ings such as thermal power plants from the viewpoint of

LCA. The study results are summarized as follows:

(1) Recycled coarse aggregate concrete using the ag-
gregate replacing method can acquire sufficient
quality as structural concrete through material design
by using material conforming to all related quality
standards.

(2) Recycled fine aggregate concrete, as well as recycled
coarse aggregate concrete, can also be designed by
applying the value of relative quality method.
Therefore, it is considered applicable as aggregate for
use in precast concrete products.

(3) With the adoption of the developed recycling system,
it is possible to recycle concrete waste produced from
the demolition of TEPCO's buildings in a highly ef-

Table 11 Test results on fresh concrete properties of
recycled fine aggregate concrete.

nit weight
Kindof | W/C | Slump | Air content [(')J ¢ con:rfte
concrete % cm %
) | em (%) (kg
7.1 5.3 2310
45
6.3 4.2 2382
CS-0
7.6 5.2 2260
55
9.3 3.8 2348
7.1 4.1 2300
45
6.9 3.7 2366
RS2-50
7.1 4.6 2260
55
7.1 4.4 2279
6.5 4.1 2270
45
8.9 4.2 2324
RS2-100
7.6 4.4 2230
55
7.5 4.0 2222

Table 12 Result of freezing and thawing examination.

. Curing | Kindof | W/C Air
Notation content | DF
method | concrete | (%)
(%)
SCS-0 Steam 97
CS-0 45 53
NCS-0 Standard 95
SRS2-50 Steam 93
RS2-50 45 4.1
NRS2-50 | Standard 97
SRS2-100 Steam 95
RS2-100 | 45 4.1
NRS2-100 | Standard 95

fective manner reducing both recycling cost and en-
vironmental impact.

(4) The developed recycling system may be applicable to
scrap and build of general buildings etc. other than
TEPCO's, on condition that suitable quality control is
performed.
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Fig. 15 Relationship between relative absorption rate and
main properties of recycled fine aggregate concrete.

50 Fs=a X (C/W)+b
a=37.7,b=-372,r=0.98

35 N/mm’ (Reference*1)

40 _/24 N/mmz(Reference*2)

2

Compressive strength at 28 days (N/mm’) F2s

Range of compressive
strength of target precast
concrete product

20 i 1.92 Replacement ratio
(W/C = 52.2%) 0 0%
10 _(1\-7\67/2(:3—61 6%) i 2 S0
TR | ] 100%
0 h I L N L I L I L )
1.5 1.7 1.9 2.1 23 25

Cement-water ratio (C/W)
Reference*1: JIS A 5372 Annex 3, RC box culvert 35 N/mm” or more
Reference*2: JIS A 5371 Annex 2, Boundary block 24 N/mm’ or more

Fig. 16 Example of material design using the value of
relative quality method for recycled fine aggregate con-
crete (steam curing).

5. Future deployment

From this point on, the following developments will be

advanced:

(1) To expand the scope of approval by MLIT for recy-
cled aggregate concrete;

(2) To produce and secure a sales base for precast con-
crete products mainly using recycled fine aggregate
concrete;

(3) To establish a recycling system enabling sustainable
development by expanding the application areas and
extent of the system described in this paper.
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