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Analytical and Experimental Study on Estimating the Compressive
Strength of Early Age Concrete by the Maturity Method

Biswas Rajib Kumar* Takahiro Saito* Ryutaro Matsumoto*

OBJECTIVES

In order to expedite the construction process, it might be essential to estimate the early age (less than 1 day) strength of concrete subjected
to various temperatures and curing methods for the construction of mountain tunnels. However, the relationship between various curing
temperatures and the strength development of concrete at a very early stage is not completely understood, and the current approaches might
not be able to predict the compressive strength of concrete at an early age. The objective of this study is to establish a relationship between
early age compressive strength of concrete and concrete maturity considering varied temperature histories of concrete. Both numerical and
experimental study has been carried out in this study.

OVERVIEW

Estimation of strength of concrete (in situ) at an early age can
be critical for many reasons such as removal of the formwork,
post-tensioning, handling precast members, etc. In this study,
the maturity function of concrete at early age (less than 1 day)
was established using different water cement ratio (W/C ) and
various temparature historis for concrete curing. For,
W/C=0.5, the number of experimental cases were 10, where
initial concrete temperature ranged between 10 to 30°C and the
curing temperature ranged between 10 to 50°C. The concrete
maturity function obtained from the experimental study
(W/C=0.5) can be seen in Figure 1. To predict the structural
behaviour of concrete subjected to different W/C ratio and
curing condition, numerical analysis was carried out in the
software package LINK 3D. The software can incorporate the
modelling of microscopic behavior of concrete, such as the
progress of cement hydration reaction, the formation of void
structures in hardened bodies, internal moisture state, and the macroscopic view of reinforced concrete. It can be seen from Figure 2 and
3 that there is an excellent correlation between the experimental study and FEM analysis. FEM analysis could predict the strength gain of
the concrete specimens with high precision. The numerical study slightly underestimated the experimental data. However, the numerically

Figure 1: Concrete maturity function for W/C=0.5

obtained data can be considered safe in the case of field construction.

RESULTS

Figure 2: Comparison of experimental and numerical Figure 3: Comparison of experimental and numerical

results for W/C = 0.5 results for W/C = 0.4

From the experimental and numerical analysis, the relationship between compressive strength and concrete maturity at an early age (less
than 1 day) was established. It was understood that for W/C=0.5, concrete can gain compressive strength of 2 MPa within 16 hours, when
it is subjected to a curing temperature of 20°C or more and an initial temperature of 15°C or more. For W/C=0.4, concrete can gain
compressive strength of 2 MPa within 12 hours, when it is subjected to curing temperature of 20°C or more and initial temperature of 20°C
or more. Datum temperature may change depending on the concrete mix property. Appropriate datum temperature should be evaluated for
improvement of the maturity method.
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Estimation of Type and Volume of Disaster Waste Using Hyperspectral Camera
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Basic Research on Arsenic Leaching from Naturally Contaminated Rocks Attributable to Environmental Change
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Extending a Sound Environmental Presentation System
- Part 2 : System Improvement for Construction Noise Evaluation -
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1. Development of a Concrete Placement Management System
and Use at a Construction Site

Tetsuya Hironaka, Takahiro Saito, Katsuhiko Imaizumi, Atsushi Takao

We developed a concrete placement management system that ensures the quality of concrete structures
and streamlines the management of placement tasks. This system applies a construction information model
(CIM) that incorporates information on transportation, placement and layering of concrete, monitoring
technologies, and cloud services, allowing the sharing, real-time visualization, and central management, from
planning to implementation, of all construction information. Applying this system to a construction site
reduced standby times for concrete agitator trucks, eliminated cold joints and quality problems associated with
changes in concrete over time, and enabled compliance with layering time limits. It also made casting planning,
concrete transportation management, casting and layering, document preparation, and other casting
management tasks more efficient. By handling and storing construction information in digital format, this
management system also ensures the traceability of construction tasks.

Keywords: construction information modeling, monitoring technology, cloud service,
transportation management, placement management

2. Developing an Automated Drilling Hole Device for Anchors
- Part 2 : Application to Sewerage Facilities -

Yuma Kawasumi, Takashi Misawa, Osamu Yamaguchi, Tatsuo Kawaguchi

For post-installed shear reinforcements, additional wall installations, drilling holes for reinforcing bars is
typically done manually with a rock drill or electric hammer drill. However, this approach involves many
drilling operations, repetitive vibration, physical strain, and harmful dust scattering. In response, two types of
Automated Drilling Hole Devices have been developed to handle drilling processes in retrofitting work
involving existing concrete structures. These devices, which, respectively, address large and small diameter
holes, are capable of automatically drilling holes in accordance preset drilling plans (number of holes, drilling
position, drilling depth), and can also record construction performance data while preventing dust dispersion.
To prevent rebar damage, once the device detects contact with an existing rebar, it halts the process and moves
to the next hole position. These devices can be expected to improve efficiency and reduce labor requirements.

The developed devices were applied to seismic reinforcement work for the discharge culvert of a sewage
treatment facility, and performed drilling automatically, accurately, and in accordance with drilling plans, and
effectively prevented dust scattering.

Keywords: renewal projects, reinforcement work, drilling work, labor savings, automation
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3.  XR-based Visualization and Monitoring System for Soil Stabilization Work
- Real-time On-Site 3D Visualization of Construction Progress and Soil Displacement -

Fujiko Yoshimura, Iwao Miyata, Mitsuo Shiroi, Kazutoshi Imaizumi

Monitoring field conditions during soil stabilization work is crucial for averting issues such as ground
uplift and water leakage. We developed a system that improves monitoring by sensing the construction depth
and displacement of the surrounding ground and visualizing this data. The sensor data is uploaded to the cloud
and can be viewed in real-time on devices with XR technology. We expect this system to improve personnel
assignments, allowing staff lacking strong spatial reasoning skills and experience in supervising ground work
to function as inspectors. The system will allow inspectors to track work progress and look for abnormal
displacement. The capacity to share images will further communication and shared understanding.

We assessed this system at an actual construction site. The values of the vertical displacement meters
and the length of the piles being constructed underground at the time were successfully visualized via
HoloLens and iPad. The results indicate this system is capable of effectively visualizing sensor data in the
context of the surrounding landscape and preventing unintended and negative impacts on the surroundings.

Keywords: soil stabilization, field observation, [oT Sensor, XR, visualization

4.  Analytical and Experimental Study on Estimating the Compressive
Strength of Early Age Concrete by the Maturity Method

Biswas Rajib Kumar, Takahiro Saito, Ryutaro Matsumoto

In order to expedite the construction process, it might be essential to estimate the early age (less than 1
day) strength of concrete subjected to various temperatures and curing methods for the construction of
mountain tunnels. However, the relationship between various curing temperatures and the strength
development of concrete at a very early stage is not completely understood, and the current approaches might
not be able to predict the compressive strength of concrete at an early age. In order to establish a relationship
between early age compressive strength of concrete and concrete maturity while taking varied temperature
histories of concrete curing into account, numerical and experimental study has been carried out in this study.
The results obtained from the numerical analysis and experimental study were in good agreement. Finally, to
predict the very early-age compressive strength of lining concrete, different equations have been proposed in
this study for different water to cement ratio. This study will be helpful to predict the early age compressive
strength of lining concrete.

Keywords: Lining concrete, concrete maturity, FEM analysis, early age
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5. Development of the Okumura-Marugo pull-out Resistance Pile Method (OMR/B-2)
- Results of Full-scale Pull-out Loading Tests -

Yoshihisa Hayashi, Akifumi Takeda, Shunji Kodani, Hidetaka Funaki

The bucket type bell pile method (OMR/B) has a high pull-out resistance in the bell enlargement.
However, evaluations of pull-out resistance have been limited to the surface resistance of the pile shaft and the
weight of the pile itself, which generally leads to increased pile shaft diameters or pile lengths to ensure the
pull-out resistance required for a specific design.

In response, we performed pull-out loading test of full-size piles anchored by the bucket type bell pile
method (OMR/B) to confirm the following:

i. Regardless of the soil type, the maximum pull-out load, the second limit resistance force and the

degree of circumferential resistance in the bell enlargement region increase with increasing tilt angle.

ii. Bearing capacity factor of the ground calculated from the experimental results exceeds the solutions

of the evaluation formulae proposed in existing studies.

Assessments of the increased pull-out resistance generated by the sloping surface of the bell enlargement
led to its approval as the new bucket type bell pile method (OMR/B-2) by the Center for Better Living, a
general incorporated foundation in Japan.

Keywords: cast in place pile, bell enlargement, pull-out resistance, loading test, tilt angle

6. Experimental Study on Structural Performance of RC Flat Beam System
- Part 2 : Evaluating Torsional Strength -

Masaya Akitake, Takeshi Kishimoto, Hajime Yamagiwa, Keisei Hamaguchi

In apartment complexes, the use of RC flat beams, in which the beam width is larger than the column
width in compensation for making the beam depth smaller than the normal beam, has advantages such as
improvement of planning and enlargement of effective ceiling heights and window openings. Our previous
reports discussed a series of experiments (1 and 2) involving partial framing consisting of RC flat beams and
columns with beam widths two to three times wider than the column widths. These studies confirmed that a
design equation modified from the existing equation is capable of assessing the bending capacity of RC flat
beams and the shear capacity of RC flat beam-column connections with adequate safety margins, taking into
account main reinforcements of the beams arranged outside the column width.

This study involved a partial frame structure experiment (3rd series) intended to confirm the validity of
the design equation and to expand its scope of application. The design formula for torsion confirmed that the
torsional capacity of the orthogonal beam and the hang-out part can be evaluated while providing an adequate
margin for safety based on their cumulative capacity. We also confirmed that the shear capacity of the RC flat
beam-column connection can be evaluated with an adequate safety margin using the formula previously
proposed.

Keywords: RC flat beam, column joint, torsional strength, flexural strength, shear strength
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7. Development of an Evaluation Method of Wet Conditions on Concrete Slabs
- Building a System Incorporating Optical Sensors and Autonomous Mobile Robots -

Takayuki Masuda, Hiroto Akahoshi

Maintaining optimal moisture conditions on the surface of concrete slabs after pouring and finishing
helps prevent surface cracking and other problems; this is a critical factor in construction quality management.
However, surface conditions are often judged by visual inspections alone; accurate quantitative judgments are
often difficult to make. In the study reported here, we developed an evaluation method based on circular
polarized light in the near-infrared region to perform quantitative evaluations of surface conditions. We
confirmed the effectiveness of this method under conditions of multiple experimental parameters. We
confirmed that the values measured by this method correlate with changes on the slab surface. Setting
thresholds for these measured values allowed evaluations at three stages: wet, semi-dry, and dry.

We mounted a device equipped with these sensors on an autonomous mobile robot and deployed this as
part of a construction project involving a floor slab area of 860 m2. The system allowed discrete and
quantitative evaluations as the robot remained in motion. Including the optical device, autonomous robot, and
visualization unit, the system thus developed allowed the visual representation of the surface drying process on
a color map within just 20 minutes.

Keywords: Concrete Slab, Circular Polarization, Near-infrared Light, Absorption Spectrum of Water,
Autonomous Mobile Robot, Labor Saving

8.  Passive Variable Orifice Damper to Control Excessive Displacement
of Seismically Isolated Building
- Manufacturing Variations in S00kN Class Dampers -

Yoshiki Koyama, Satoshi Yamagami, Sei Sugama, Hidetaka Funaki

Variable Orifice Dampers (VODs) are designed to suppress excessive horizontal displacement during
long-period ground motions while otherwise maintaining seismic performance comparable to conventional
seismically isolated buildings during moderate to large earthquakes. VODs passively boost the damping
coefficient when displacement exceeds a predefined threshold, moderating displacement and maintaining
increased damping properties during an earthquake. They also feature regressive characteristics that restore the
original damping coefficient following the earthquake.

We confirmed the damping performance of four VODs with a maximum force of 500 kN via dynamic
loading tests and evaluated manufacturing variations. We also investigated the regression characteristics of the
damping coefficients returning to the original performance after the pre-defined threshold displacement is
exceeded, confirming that reproducibility remained within a practical range with no significant problems. We
verified that the delay in switching of damping force was less than 0.05 seconds and had minimal impact.

Based on the results of analyses of seismically isolated buildings incorporating the VODs, we concluded
that the VODs provide the targeted seismic performance.

Keywords: isolated building, passive variable orifice damper, displacement control design,
long-period ground motions
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9. Estimation of Type and Volume of Disaster Waste Using Hyperspectral Camera

Hiroomi Habuchi, Yuya Shimizu, Masaya Iwashita, Fujiko Yoshimura

This research explores the use of hyperspectral cameras (HSCs) for estimating the type and volume of
disaster waste. With the increasing frequency and severity of natural disasters due to climate change and other
factors, the generation of large volumes of disaster waste has become a pressing issue. Swift and efficient
handling of such waste is crucial for effective disaster management. However, accurate predicting of the types
and volumes of disaster waste remains challenging due to the variability in waste composition and volumes
based on the specific disaster type and location.

To address this challenge, we investigate the applicability of hyperspectral camera, which can capture
imagery in the wavelength range of 900 through 1700 nm beyond the visible spectrum. By leveraging the
unique spectral information provided by HSC, we aim to develop a methodology for estimating the types and
volumes of disaster waste more accurately and efficiently. In this study, we have carried out the several trials to
shoot the simulated disaster wastes by HSC and verified that it has possibilities to separate determine the types
of components based on the spectral intensities. This research holds significant potential for improving waste
management planning and resource allocation in the aftermath of natural disasters.

Keywords: hyperspectral camera, disaster waste, disaster waste estimates, waste management,
natural disasters

10. Basic Research on Arsenic Leaching from Naturally Contaminated Rocks
Attributable to Environmental Change

Shoji Suzuki, Yuya Shimizu, Hiroaki Shiraishi, Haruka Kurashina

Arsenic-bearing rocks excavated during tunnel construction and related work are deposited at landfill
disposal sites, where arsenic leaching countermeasures are implemented. Arsenic elution characteristics
identified immediately after excavation are used to design these countermeasures. However, no consideration
is given to environmental changes, such as exposure to reducing environments, to which excavated rocks may
be exposed after placement at the landfill. Our study sought to grasp the arsenic elution characteristics for
excavated rocks attributable to environmental changes after landfill. As part of this study, we performed
environmental monitoring at the disposal site, including monitoring of oxygen concentrations, temperatures,
and the oxidation reduction potential of the leachate. We performed various tests with the following three
factors in mind: changes in the oxidizing environment attributable to the atmospheric exposure of excavated
rocks and the effects of the shift to a reducing environment; the effects of differences in ambient oxygen
concentrations; and the effects of temperature changes. Our results showed that reducing environments
accelerate arsenic elution. This suggests that the design of corresponding countermeasures must account for
the arsenic elution characteristics attributable to such environmental changes.

Keywords: excavated rock, arsenic elution, redox potential, ambient oxygen concentration,
temperature change
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11. Extending a Sound Environmental Presentation System
- Part 2 : System Improvement for Construction Noise Evaluation -

Katsuo Yaginuma, Kazuki Sakamoto

Architectural sound performance and sound levels are typically indicated as numerical values (e.g.,
Dr-50, 50 dB) not readily understood by the lay public. In response, we developed a Sound Environment
Presentation System to improve communication about the sound performances. Our system predicts and
calculates building sound environments based on building design specifications and play the predict sounds the
system anticipates users will experience. The system relies on mobile devices and cloud computing to achieve
portability and rapid computational processing.

Several modifications of the original system have been made, including the adoption of a new
microphone and headphone suitable for low frequency regions, improved user interface, addition of a detector
for saturation of recorded noise, and improved data entry process.

As a result, the improved system presents construction noise and the results of countermeasures aurally,
improving usability over existing systems for evaluating architectural sound environments.

Keywords: noise environment, construction noise, cloud-based system, mobile devices,
presentation system
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Developing an Automated Drilling Hole Device for Anchors

- Part 2 : Application to Sewerage Facilities -
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XR-based Visualization and Monitoring System

for Soil Stabilization Work
- Real-time On-Site 3D Visualization of Construction Progress and Soil Displacement -
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Analytical and Experimental Study on Estimating the Compressive

Strength of Early Age Concrete by the Maturity Method

Biswas Rajib Kumar,*

Abstract

Takahiro Saito,” Ryutaro Matsumoto ™

In this study an approach is proposed to expedite the construction of mountain tunnels by estimating the early

age (less than one day) strength of concrete, subject to various temperatures and curing methods. The

relationship between various curing temperatures and the development of concrete strength at a very early age

is not fully understood; current approaches may be incapable of predicting the compressive strength of early

age concrete.

Numerical and experimental investigations were carried out to establish a relationship between

the early age compressive strength of concrete and concrete maturity while taking varied temperature histories

of concrete curing into account. The results obtained from numerical analyses and experimental investigations

were in good agreement. Finally, to predict the very early age compressive strength of lining concrete, we

propose different equations for different water to cement ratios.

Keywords; Lining concrete, concrete maturity, FEM analysis, early age

1. Introduction

Estimating concrete strength in situ at an early age can be
important for several reasons, including for determining
whether formwork can be removed, post-tensioning, handling
precast members, and other actions. Overestimates of early age
concrete strength can affect construction safety; underestimates
of early age concrete strength can generate delay and additional
cost.

To accelerate the construction process and reduce construction
costs, it is often important to remove the formwork at the
earliest possible time. The compressive strength required for
lining concrete at demolding to avoid surface peeling is
typically considered to be more than 2 MPa.!

First proposed in the 1940s, the maturity method calculates
concrete strength by accounting for the effects of both time and
temperature. R.W. Nurse examined the steam-curing of
concrete and plotted the product of time and temperature
against concrete strength after three days of storage at room
temperature.? A.G.A. Saul examined the principles underlying
the steam-curing of concrete at atmospheric temperature and
defined maturity as the product of the concrete age and average
temperature above freezing.”

Many studies address maturity-based estimates of concrete

strength. Tekle et al. ¥ investigated the application of the
maturity method to estimate the early age compressive strength
of concrete slabs in cold weather, considering in particular the
relationship between in situ strength and strength calculated by
the maturity method at an early age (one to three days) and in
cold weather (below 10°C). Sun et al. ¥ investigated the effects
of temperature and relative humidity on the development of the
compressive strength of surface layer cement mortar. However,
most of these studies considered concrete of more than one day
in age.

This study aims to establish the maturity function for
concrete at an early age (less than one day) with varying water
cement ratios and temperature histories. This study carried out
both experimental studies and numerical analysis to establish a
concrete maturity function for estimating the compressive

strength of concrete at an early age.

2. Experimental study

2.1 Water to cement ratio of 0.5
Medium-flow concrete was used with ordinary portlard
cement and crashed rock sand. Table 1 gives the mix

proportions used in the experimental study.

Table 1: Concrete mix properties (W/C = 0.5)

i Materials (kg/m3 Material: 3
Sflll(l)l\r;,p Vol?ullrne W/C sa G aterials (kg/m°) aterials (g/m°)
o (%) (%) (mm) water cement sand gravel | Water
(cm) (%) W) ©) (S) (G) | reducer | AFagent
35-50 4.5+1.5 50.0 522 25 175 350 904 838 3,500 7

*Technical research institute civil engineering research group
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The experimental program entailed the compressive strength
testing of concrete cylinders. The cylinder specimens prepared
measured ¢100 x 200 mm.

Table 2 gives the experimental cases considered in the
experimental program for W/C = 0.5. Ten experimental cases
were considered, encompassing initial concrete temperatures
from 10°C to 30°C and curing temperatures from 10°C to 50°C.
Kneading temperatures were kept within £3°C of the target
temperature. The initial curing temperatures for Cases 1 to 8
were maintained at the target temperature. For Cases 9 and 10,
curing temperatures began at 25°C. In Case 9, the curing
temperature gradually reached 30°C after 5 hours. In Case 10,
the curing temperature gradually reached 40°C after 12 hours.
The curing method was hot air curing at a relative humidity of
70%.

To measure the hydration heat of the concrete, we placed
temperature sensors at the center of the cylinder specimens. We
performed compressive strength tests in accordance with JIS A
1108 and tested the early age compressive strength of concrete
from five hours until 32 hours to confirm that the desired
strength (2 MPa) was achieved. Three specimens were tested
for each data point. Initial concrete temperatures and curing
temperatures  significantly affected compressive strength
(Figure 1). In cases other than Cases 1 and 2, concrete
specimens achieved the requisite strength of 2 MPa in 16 hours.
More interestingly, in Cases 6 and 7, the desired strength was
achieved in eight hours.

The maturity method was developed in the 1940s to account
for the combined effects of temperature and time on the
compressive strength of RC structures subjected to different
curing temperatures. Concrete maturity can be understood as
the sum of the products of temperature and time. This method
is known as the Nurse-Saul function. A figure for concrete
maturity can be calculated as follows:

M)=3(T-T)Ar M

where M(t) is concrete maturity at time t, T is the average
concrete temperature over time interval (At), and To is the
datum temperature. Datum temperature is generally defined as
the lowest temperature at which concrete is able to gain strength.
According to the Canadian Standards Association, it is critical
to have temperatures above 5°C to avoid major damage to

concrete, especially in the first 24 hours.® Figure 2 shows the
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0
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Compressive strength gain over time (hr)

maturity curve obtained from the experimental study. In this
study, the datum temperature was set to 3°C. The best fit of the
data obtained is at 3°C. From Figure 2, we can estalish the
following relationship between concrete maturity and
compressive strength, where y represents the compressive

strength of the concrete and x denotes concrete maturity:

y=0.0177x-2.4677 2

2.2 Water to cement ratio of 0.4

Many RC structures are constructed at a water to cement ratio
of 0.4. For this reason, we undertook another study with W/C =
0.4. The concrete used was similar to the concrete used for W/C
= 0.5. We considered a total of four cases based on actual
contruction practice. The maximum size of the coarse aggregate
was 25 mm. Table 3 gives the specifics of the concrete mix. The
initial temperature was kept at 20°C for all cases—Cases 1, 2,
3, and 4. Curing temparatures were 20°C, 30°C, 40°C, and

10

9 Y=0.0177X - 2.4677 .
NE TO: 3oC .
E S8 R>=0.953
7
k= o
%D 6 oo_..'"
£s
© 0.
Z .
5 :
§ 2

1

0

0 200 400 600 800 1,000
Concrete maturity (°C=hr)

eNo.1 eNo.2 No.3 e No.4 No.5 eNo.6 eNo.7 eNo.8 eNo9 eNo.10

Table 2: Cases considered for the experimental study (W/C = 0.5)

Case No 1 2 3 4 5 6 7 8 9 10
Initial concrete temperature (°C) 10 15 15 20 20 20 20 30 15 15
Curing temparature (°C) 10 15 30 20 30 40 50 30 25-30 | 25-40
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Table 3: Concrete mix properties (W/C = 0.4)

i Materials (kg/m? Materials (g/m?
Sfl]l(l)n‘:’p VO/I\I:Irne \(X/g (iz) ?nn]?;;) water | cement ( sgand) gravel Water e
(em) 6) W | © S) (G) | reducer | AF 38N
35-50 45+1.5 40.0 522 25 175 350 904 838 3,500 7

Table 4: Cases considered for W/C = 0.4

,;;ﬁ;ﬂé?;??:z) Curing temperature (°C)
Case 1 20 20
Case 2 20 30
Case 3 20 40
Case 4 20 50

50°C, respectively, for the Cases 1, 2, 3, and 4. The temperature
of the concrete was measured as for W/C = 0.5. The curing
method was likewise similar.

Figure 3 presents the results obtained from the experimental
study. Figure 3 shows that curing temperature significantly
affects early age compressive strength. In Case 1, the 2 MPa
strength target was reached in all cases in roughly 12 hours. The
time required to obtain the desired concrete strength was
reduced by 33%, 42%, 58%, respectively, when curing
temperatures were increased from 20°C to 30°C, 40°C, and
50°C; high curing temperatures tend to boost the rate of cement

hydration. Nevertheless, it should be noted that high curing

R

@

(b)
Figure 3: Experimental results for (a) compressive

strength gain over time nnd (b) hydration heat

Figure 4: Effect of curing temperature on

compressive strength at 28 days

temperature has negative impact on 28 days compressive
strength of concrete as shown in Figure 4. High temperature
concrete curing results in high concentrations of hydrates near
the cement grains, leading to the formation of large pores.”
These larger pores may ultimately reduce compressive strength
(Figure 4).

The hydration process begins at the moment cement and
water mix. During the hydration process, the cement paste is
heated by an exothermic hydration reaction. To obtain a
temperature history, we measured the temperature of the
concrete wih time-temperature sensors placed in the middle of
the concrete cylinders. Figure 3(b) shows that higher curing
temperatures boost heat release from the specimens. Case 1 has

the slowest heat release, with a peak temperature recorded

To=7°C

Figure 5: Concrete maturity function for W/C = 0.4
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roughly 15 hours after casting. The heat release increases
significantly as curing temperatures increase. Maximum
temperatures were increased by 48%, 104%, and 148%,
respectively, when curing temparatures increased from 20°C to
30°C, 40°C, and 50°C. The time required to reach the peak
temparature fell dramatically with higher curing temparatures.
Figure 5 shows the concrete maturity function obtained from
the experimental study. The datum temperature in this study
was set to 7°C. Here, also, the linear function fits the data quite
well. As shown in Figure 5, we can establish the following
relationship between concrete maturity and compressive
strength, where y represents the compressive strength of

concrete and x denotes concrete maturity:

y=0.0329x-4.7779 (3)
3. FEM modeling

Numerical analysis was performed in the LINK3D software
package, which is capable of predicting the structural behavior
of concrete under different weather conditions. This software
has two modules: DuCOM and COM3. DuCOM is ideal for
modeling the microscopic behavior of concrete, including the
progress of cement hydration reactions, the formation of void
structures in hardened bodies, and internal moisture states, as
well as macroscopic views of reinforced concrete. COM3 is
ideal for nonlinear structural analyses of RC structures. This
system was developed to simulate the behavior of concrete
structures, starting from cement hydration through maintenance

and management. Figure 6 is a schematic diagram of LINK3D.

3.1 Modeling hydration heat
We can calculate the hydration heat of each component of
cement from the following equations presented by Maekawa et

al.”:

H, =y, BAmH,, Qexpi-Zt(-1y (4

Q. = [H,dt )

In Equation 4, Ei represents the activation energy of component
i, R denotes the gas constant, Hito is the reference heat
generation rate of component i at constant temperature To, Y
represents the effects of chemical admixture in the hydration
process, Bi is the coefficient for reduced heat generation due to
the reduced availability of free water, Ai represents the heat
generation rate from the powder admixture, and pi is the

coefficient related to the heat generation rate. In Equation 4,
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Figure 6: Overview of LINK 3D®

Ei/R represents thermal activity considered within the
framework of the model developed by Suzuki et al.?) (Figure 7).

3.2 Modeling Compressive Strength
We can calculate the compressive strength of concrete from

the following equation:

o= [ l-exp(=a Dy ")} (6)

where I represents ultimate strength and & and B are

material constants. Here, Dnyd.out is the ratio of space occupied
by the outer bulk hydrates to the initial capillary space. We can

present this as follows:

_ Vhyd.out _ Vhyd,total B Vhyd.in 7
hyd.out — v - v ( )
cap.ini cap.ini

Here, Vhydout is the volume of the hydration products that form
outside the original cement particles, Vhyd.total is the total volume
of the hydration products, Vhydin is the volume of hydration
products that form inside the original cement particles
(equivalent to the reacted volume fraction of the mineral
compounds), and Veapini is the volume of the initial capillary
space. The initial capillary space can be expressed with the

water to cement ratio of the concrete mix given as follows:

Figure 7: Thermal activity for the reaction of each

compound”
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4. Numerical analysis to validate experimental
results

Numerical analysis was pweformed using the LINK3D
software package. Figure 8 shows the analysis model.

Figure 9 shows a clear and strong correlation between the
results of the experimental study and FEM analysis. FEM
analysis is capable of precisely predicting the strength gained
by the concrete specimens. For W/C = 0.5, in Case 8, the
compressive strength observed in 16 hours in the experimental
study was about 6 MPa; in the FEM analysis, the compressive
strength obtained was about 5 MPa. Other cases demonstrated
equally solid agreement between experimental study and
numerical analysis. The numerical studies tended to slightly
underestimate the experimental data, but the data obtained
numerically is well within safety margins for the purposes of
actual construction.

For W/C = 0.4, in Case 1, in which the initial and curing
temparatures are 20°C, the 21-hour compressive strength
obtained in the experiemental study is 8.15 MPa; in the
numerical study, the 21-hour compressive strength obtained is
about 7 MPa. In the experimental study, we obtained the desired
compressive strength (2 MPa) at 12 hours. With FEM analysis,
we obtained the required strength at 13 hours. In Case 2, the

Figure 8: Analysis model in LINK 3D

difference between the values for 21-hour compressive strength
is less than 18%. In Cases 3 and 4, the difference between the
experimental and numerical analysis results is less than 6%. The
results for required strength exhibit a strong correlation.

We also see strong agreement between the experimental and
analysis results in the case of heat release (Figure 10).
Numerical analysis is capable of accurately predicting the heat

released by concrete specimens subjected to different curing

=51 -

| Case 1 | Case?2
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@

(b)

Figure 9: Comparison of experimental and numerical
results for (a) W/C = 0.5 and (b) W/C =04

| Case3 | Case 4

Figure 10: Comparison of heat release between

experimental study and numerical analysis



Figure 11: Comparison of relationship between

compressive strength and concrete maturity with W/C =
0.4

temperatures. The largest difference in heat release is less than

6%. In the experimental study, the duration of peak heat release

shrinks as curing temparatures increase. As Figure 10 shows,

the trends for numerical analysis are similar.

Figure 11 compares the relationship between the
compressive strength given by Equation 3 and numerical
analysis. As in the experimental study, the datum temperature
for calculating concrete maturity is set to 7°C. The analysis
shows a linear relationship between compressive strength and
concrete maturity. Overall, the equation derived via numerical
modeling agrees with the equation derived from the

experimental studies.

5. Conclusions

The key conclusions obtained from the experimental and
numerical analysis can be summarized as follows:

©) Experimental and numerical analysis established a
relationship between compressive strength and concrete
maturity at an early age (less than one day).

The results of both experimental studies and numerical
analysis are in good agreement.

For W/C = 0.5, concrete gains a compressive strength of
2 MPa within 16 hours when subjected to a curing
temperature of 20°C or greater and an initial temperature
of 15°C or greater.

For W/C = 0.4, concrete can gain a compressive strength
of 2 MPa within 12 hours when subjected to a curing
temperature of 20°C or more and an initial temperature
0f 20°C or more.

Datum temperatures may change depending on the

properties of the concrete mix. The maturity method can

-52.-

AT AT JE4E ) No.49 2023 459 A

be improved by evaluating datum temperatures.
In the future, we plan to undertake experimental and
numerical studies for W/C = 0.6 and for blast furnace

slag cement.
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Experimental Study on Structural Performance of RC Flat Beam System

-Part 2 : Evaluating Torsional Strength -
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x5, HzIE, AFFECHVZ HSC (RESONON fil
PIKANIR-320) Ti, B— 2127”89 & 5 (2 900~1700nm
DRI ANFE AW R /REE 49nm T 164 N R
WICHRT DN TED, Flo. T ¥ U RVOWEE
WEZFESZ LT, AT MLERBTDHZ L TED,
INHDARY MUVREE ST 2 2 & T, — 7 h
A T TIXREE 2 G OFR N FIRE & 72 5,

lﬂ_l
HSC (PIKANIR-320) OiH48# 900~1700nm
K—2 HSC mikEmEsE

3. EEBRHE

3.1 EERR
KEFHEMRRED O b, & D REDMROBEFY I,
DR XA (RRIEIE) X AT HE] TR
b,
BAEROREIZOWTIE, RERICER SN KE

EHOIOIEERELY GPS WFEHET, B3 & L—H—if

Bt/ MERI B X 0 e L TR 2716, h—
BVAT—v a i POREREE R LT, £ESh

7o SEEBETEM O WL DTS Z R D DA RSN B D, B

DNTHEENE, FEFEMIR L OZER G & AR CERE R
LTROBNDMETH Y | REORIEFIEREREOIR

e OKSY &, EBE. i) ICk-> TEMELL, NEY
LS TRELEHT LD TH LN, WEOKEICH
VB HERE DO R, BREEE SR LR E R ERE )

izl o THEES A,

—J7, KEFEFEMOMA (KOBEA) IREI LI
By | REEBORES TORMEECL > THET S
ZLhb, BSC HEAT D Z &I X V(b &R
AN D FTREMES B B &l LT,

= Z TR TIE, HSC AW THRERED DMK
(KAREIE) 8Lz, LU 3 OFERE 2 Dhk
ESELNIZMAIC YN THET 5,

1. IRGBEEDORY TR

i. FERWE IO O 5k

iii. SRS NI KEFFEFD O 1L DR 5
3.2 HSC TH§ L-EMEDHEERE

KEFERY O (RKBIEIE) OREICE L, HSC
TS L 7 g 130 B4 fg 8T >~ 7 b Spectronon
(RESONON #t) % H v T, Spectral Angle Mapper
(SAM : A7 R~ w/3—) THFELTZ, SAM T
X, FT AR bR 0N KOS, KT DA
7 MVERETOHET— 4 (BT —4) & LT
FERIED, RIT, FEIEEEFBMOAT FLE n



RTEZERNAZ PAFRLTRE, SENROHIS
B =0y b AR MET Y B LTARY ML
DT/ NS OFMT EBED O & HE LT S,
R—3IZ, 3 KITDOHD SAM OBEGR 27137,

oH

BE LHBIEIEL
%ﬁ;% . °

Cnm

COEYEILIE
‘BETHD

» A nm

K—3 SAMOHE=

SRS OHEEG (EfEE®) 1X. RGB HEi{§ T
F L, BEHEY 7 b Gimp [IZHRVIABSER LTz, D
B2 b &I, Gimp 2V TREE TR EREY
DFEM T L OFEBEXS L, RO A KR
Uy hTAHZ LT, KOBIEIGEREI L, fFTRESD
PEREFEMIC DWW TR, B2 A& HWT, HSC Tik
BlES e & . EFROIE LWGEIRD 2 SO &EZR Y FA
WAF9 ToU (Intersection over Union, 2 -DDFEIK DG
& ER TR o 1) TiTo7,

HSC THUS L7-Hi{%7 — & X, Spectronon CritdriAx,
T T L OfE A Eg LS BIRTEE L, ST 5
Z LT, ZOHEBO AN MVIEREBEBTE S5,
ZOFENEEETAT T VERE VD, SEIROMST I,
K — 4 DFEO~OITRT L D12, MEan@irtg (2
TTIEV ) FEDBEITRIR LS ORI & ol &
INCHB L FEETITO . FEOTIHE, MTRIZRLs o
AT (k) 12470 G M & 1B RO
R ELIEE LTV AHDIC L, FEQTIL, 4%
SIBFEM AT L, FEQTIE, DEIRHEM OfEE %
EAHEELTWD, ERICYZY ., ZhbFEO~Q
ICEDIENWETORGE LT, TOREMREPR—-4DF
BED 3 SOEBTHY . & FIED loU Z LR L= ON
k—2Thb, FEOI U MEL, FEOQ LI,
IoU IZ KX RFENIRnoToTed, AMOFEBHRTIX, 1F¥#
MEEBE L, FEQETA 77 VIEROTFEE Lz,
OIS — IR OFEM IR A EET 5 HEbH D
B, EM—oTOOEBMERE L., &7 FRE
34 #0H 24 1T ToU OFEBMENRRVME L I oTcizh, K
FEERA L, 2ot x FAEMOERY 7 221
ETDHIEIZRDN, 2o El GEE I EICHE
) Ehb, L. ZOEEFEEDHIEICL ST
IR BEM B RiIAD DT, S%OHETH D,
728, Spectronon TlE, 7B ¥ =y MNEMATOT —Z{%
FERTET, BREZRESHLTOrb Tz e
POWEAMCE D 2 AV Len T, 3.4 FiOFEHRH
SRIOEARNT Y 7 |k perClass Mira (ZZE# LT\ 5,
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| |
RGB & FixO Fix@ FiEQ
HERER )
L/

K—4 S4TSVERDE (L2AH)
£—2 FATSVERFEIZKS loU LLER (sifiron)
FiE| 5 || eR ke il P P T

B IANT TA
D [26.1 9.1 6.8 | 44 [167]273 17.6
® |71.6[37.3]19.5|25.7(49.5]14.7| 134|108 | 634 36.4
® |71.2 203 226|635 384

32.9 40.5(47.7]154]12.5
3.3 EEEEVOREERSE
HSC TIRABEFEM OO AIREM: & RFET 2 7212,
FEBOWEIHCEBSNIRABEED 2 HE L, RY
FREAT o7z, 2T, &S E RV AR O
SEEFEFM % 3m3 Xy BRI - IBRA L, HERE
TERLUT-t%, 21T o7z, R’— SITHH Lo
BEIEY AT, BREIE. HSC D YEEIER BAR D28
e, MEBLIIEEHZE L, Ny B/ANICEE LIZEETo
Too Fio. WEPEOFEBRTIZHSC % UAV (i1 5 7f
ER Doz, R— 4T TRESIEOL LE Eos
S 20m DO FEROBE E1T o7, #EMAE HSC 12X
LRl — 51083, B—612, —flE L <ia
DIEBED 1 BN EOARY MVIREER LTS, B
LTz AT BUE, WIILOHRMICB W T H IR EK
900~1700nm @ 5 ., 940nm ITEFRC 1100nm T,
1400nm I RGH DKFEKEFIZ L DBNARE <,
fENT~OEAIZHE Z 720, £ 2T, 1160~1310nm & %
VN 1500~1700nm D A7 b AERA RS L, 1160~
1310nm OHEIE 30 D32 REE 1500~1700nm D4
1% 40 O/ RHFIZ# LT Spectronon % FVN T3]
HEEFEH Lz, ®R— BT — A&7,

avy) et (v =

133

77

94 18.8 32.3
56.8

59.4

292
372
36.8

*—3 fEAMHE
Eoo 4504k, T 0.03mm R ) xFLy o R T s
7 G3Fy) K )RV BN )% Sem ARREEICERIN LT b 0%
” IS T
R i LD 2 ) U TIRGE STV AR
A EZ 50~100mrp FEOME WK TERAIZ)HM)
VDI S e b 0%
®—4 mESH
HSC RESONON ft PIKA NIR-320
22T ¥ R 320
Ipixel D& HHiiE 30 mm
PV Y Viitl: 25 mm
[T ANE 20m
g% % (GSD) 7.5 co/pixel




—5 HERLE HSC IZ& HREKR

X—6
=—5

1160~1310nm | 1500~17002{n

ARG b JUEROERISES;
BEEEVOREERS—R

B RS

K FERR Y — A OHE

1500~1700
1160~1310
1500~1700
1500~1700

B W N -

P EHY 1500~1700nm %1

PHRHY 1160~1310nm %1t ]

No.l DB 2 FER

IREGHIOWEERE b LT A4 77 VIEK

3.4

THEME L VB OBREZRRAE

HSC TR K O OIREBEFM O O e

PEEIRRES D72
B LOES 2m bR

(2. R— 6 IR THREEARIE CHEGARD
1To70. BB FIERY) D F2HR

IZBWT, #HiiT — 2 ICE TN DA OGS A7
<. A OBHENEEINT IoU DIE T &2 ELH L
EREZ BN, £, HRTBEBOERX S, 71477
UAVERIRE D & 74T EE A TR E L. AR 73Rtk %
HHlT D720, HEKRIT, SMEORBERRTEEZ —E

BEICHR TS LI,
DOFNT, KK (L190mm X W200mm X

S nn

H187mm DR zas

N ~F L950mm X W600mm X

H187mm) DOAMETRS L, EAEFHICER— 7 IR TH
Ba ANT-, FEBr7r— AL o TUIEMEI RS L.,

Bk Lz, ®'—

8. E— 7 1Z&F T — A DY ERD

WRigZ 9, ERMEIL, 900~1700nm 9 B, 1160~
1310nm 3 LT 1500~1700nm DX DALY b VE
WAETE L, PUREHRAEYT Y 7 | perClass Mira % FVNC
DIERAT 24T 572, 7835, perClass Mira TO 3
Spectronon & [Flff, AT hUAE# A HAE L U7 EIE
ICHASWTIT S 7208, SO ERC —ERSL Loy
TV OFREPEE &S DS Spectronon & B72 %,

K—6 ISk

HSC RESONON #t: PIKA NIR-320
ZEETF v RV 320
Ipixel D& i 30 mm
L o R R 25 mm
e HEpE 2m
M B (GSD) 0.75 cm/pixel

-80 -

AT AT JE4E ) No.49 2023 459 A

*=—7 EAMHE
X5y FiE fif#
Wi | RifE 30~40mm O~ =Y vk
SR < T | BIPHEEH SD345 %
A | 2v)-h | SREERER A LA 9100x200mm AR L 72 b 0%
WA |EHT450ml 7 i, FrB ) s
2% #9150 X 50 X 50 DY/
- Eib b | FIREOERD 1
£—8 FHMELULHOREERY—2
case BRI
21 | T ALSD SHEHCOWT, Ko L CRLE, AR 0

3-1 | HFRELELEEDIZOHEHIOWT, IRELIZBD, K7L
32 | case3-1 X LIzb D, KikdH Y
3-3 | case3-2 DAMAR L

-7 £EBRI7—XADOERKEREYOIRE

3.5 ERINE-KEREVOLOREZERAE
FAETHRN LIETE (B—8) (BLF. fEkh)
& HSC (X 25038 (LLF. HSC ¥5) O5yEEREE % Lok
Lo, WHEEERIMIT. KARKEBROERE 921 &
2, FEBIOERERIA (R—9) TIERL., IBRAKICHE
S, ARG REZR DM 6 Hmhb HSC TR
(B—9) L7, EEHEEX, 1160~1310nm I LW
1500~1700nm & L. MEgf#EHTIT perClass Mira % IV Mz,

=1m

0.1mx10

L 0.1mx10=Im _|
H—8 HBElZL574$

=—9 FERAMHE
SEBEIOTR B ke) | BEOREIL (%)
1 E=—/ 9
2 FIAF I 26
3 # 50 24
4 1 13
5 AR 57
6 LA 24
7 Wt 330 »
8 a7 Y—Fh 50
9 SBELT 71
N
1-1
1-4 (PR I;i ®
(BHERE) ﬁ (FSE)
13 1-6
(%) 51 o Q:@ua
12
(AAOJIEH)
K—9 {7 6 AR S ORFIKR



4. EERER
4.1 REERENOEZER

FBR—A No.l & No.2 13 AEHAE2Y | No.l
1% 1500~1700nm, No.2 1% 1160~1310nm ZAHH LT\
%, No.3 & No4 & No.l & [Fl L RH 1500~1700nm T
HDHH, No3ENo.l & No2 &FIkE, R LzEB T
A7) EBEK L, Nod I3 ERERAT HRTNICHRY
LE=FMO'iBE S 271477 VIER LIZ b O % ik
FEMTIZEH LT\ 5, EBRS—R No I & ORI D
IoU #&—10 (2, FERIOXSHIEES EmEHe) &
B—10 27”7, IoU OFERTIL, No.l @ IoU FHIEA
No2 £V % 3HRA 2 hE<, BKABIEETH No.l DJ5F
2 No2 X bAixbrE, HHiT —XITEWEIEGTH-
72 No.l & No.3 TiE, #MAaFHMAHEETETW\D
DD, No3 & Nod TiE, WTNOFEME No3 D IoU 23
ml . EOBEIETYH Nod I3HT —# L~ B
= /LOHRT 30 R v MELSTEBEL, RILEM TH-
THIA 7T VERDZ A 2 v 7GR, ARG
N2 D L U IZEDNE LD Z ERB S L,

#=—10 B —ZNo CEDFELERD ol (fires)
e loU
No | BRW o755 [ m | & | A6 | 78
1 1500~1700| 35.7 67.3 327 23.0 2.0 32.1
2 1160~1310| 28.7 54.2 313 28.7 24 29.1
3 1500~1700| 35.6 67.1 38.7 229 2.0 333
4 1500~1700| 13.2 44.1 5.7 223 0.3 17.1
%% No Er=—/ m77 mif =fi =AM
gy —» s s -
I 114%134% 43.4% 7T 14.7%
> [EEHNEEA 210 BTSN 163%
3 113%134% 43.6% G 14.9%

4 (AT R0 TS %
B—10 XEE7—Z No Z & DEHRORSBIEE

4.2 FHME L UVLHO/NMNIIBSER

FEROFEE, NRWE L OHRME, # LT loU 2MEW
Hmcd o7, HRLTIE, FEMOREEHGE H DR
E—TIRST- M T D case2-1 (R—11) Oo+ab, 4
BRIz 7 U— MI, EMFRFEL S OFER 10 Ao
Y RUTFTHEH IoU AMEL , itk RMSE (T3
PP HARERZE) b Case3-1~3-3 (R—12) LH~ATEKD
B < MG TTRVEIR b GH) L R L T D o0
5303%, Case3-1~3-3 b [FERICAARINC ToU AMKL . Al
TR DT EERD ToU FIHE & LE~TH ToU 13K M)
WZhotz, [EBOFEMTHD E, L ABRNT O —
Z b IoU 3@ < . BEeH 7 ABMRVMEBICH > 72, =
7. BT — 2 OmEEHE /NS & ToU K N ICR
ERIFTIENREZ NN, EmEALS /NI
case2-1 X case3-2, case3-3 DL A D IoU HMhdFEM &
DE<golzZeMnbd 5L, IoU IKTORRKIZRD &
IEEWEEWEE R CTh o7,
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F=—11
HH
2-1 1Efi# px
IEfRERTE
HSC px
HSC ififft
ToU
x&—12
HH
3-1 Efig px
EfRHiRTEE
HSC px
HSC ikt
ToU
3-2 TEfif px
TEff iR
HSC px
HSC ifififtt
loU
3-3 1Efif px
IEAFIHAREL
HSC px
HSC Hififtt
loU

TEME L VLR ORFEFRER (case2-1)
v e +wb &JF V7R B2
11,846 13310 13,161 11282 10,012 -
199%  223%  22.1%  189%  16.8%
6,682 37744 31563 20,576 16,004
59%  335%  280%  183%  14.2%
51.1%  160%  368%  62%  13.6% 2

TEME L VLB ONEERERE
it fem W &R a)-b 1AL T GA2
12,521 2,757 12,495 11,083 5298 19,464 3,633
186% 4.1% 18.6% 16.5% 79% 289% 54% Mfkkt
13,168 11,792 15,905 29,939 36,088 38,148 14,377 RMSE
83% 74% 100% 188% 22.6% 239% 9.0% 8.1%
48.0% 10.6% 18.6% 93% 9.1% 309% 18.2%

6,236 11215 10,406 7,580 9,182 7,589 638
11.8% 212% 197% 143% 174% 144% 12%
1,824 24,757 20,907 9265 14,579 10,283 8,074
20% 27.6% 233% 103% 163% 115% 9.0% 5.8%
26.0% 22.5% 23.7% 144% 255% 163% 4.7%

6,905 16,151 9,966 11351 9,090 8,629 634
11.0% 257% 159% 18.1% 145% 13.8% 1.0%
6,126 28,188 19,579 10914 19814 7,778 6348
62% 285% 19.8% 11.1% 20.1% 79% 6.4%
394% 23.5% 232% 10.1% 22.9% 15.6% 6.6%

ST IA L IIFABEN TR, B T2 1TFEN TR

4.3 HEBIN-KEEEYOLOEFER

1EkRIE & HSC I EOREREHIE & il L= fER, i
A% Th otz (R—13), HERIBIIEER B ABIZ
HRIF B2, Bl 2T, Casel-2 DOREREICIE, &8
1.6%% 0.0%, =227 U—h 0.0%% 20%D X 51z, [H
51 HODN 70, TRy bOR Thd) Loz A
B AT A o T-DIZxt L, HSC {EIFXRE L L/
VSR CThoTe, &7 —ADOBEBREITEREZR—14 12
79, AT Casel-3 D& RMSE 23 4.5% & & b
RVMETH D53, ToU FEEETH D & Casel-2 D 46.0%
DOIFBRETENTZD, Casel-3 1354 & 135720 2 58K
FHEL TS B2 OND, Tz, 2RISR
N D EHIEEIMET T DA TH -7, Casel-3 D

%
(case3-1~3-3)

F=—13 HEREL HSCEDKREESIEDLLE (i)
. Casel-1 (°0) | Casel-2 (ROVMESE) | Casel-3 (IEE)

i Hhil [fERYA HSC | il [fEskil] HSC | #dili [fiEskiz] HSC

e = 11.6] 140| 93| 48| 80| 38| 73| 60| 5.1
277728y | 254 13.0| 112] 300| 190| 207| 32.7| 43.0| 259
3 [ 452| 300| 220 46.8| 540 369 39.3| 300| 35.1
4 (i 88| 21.0| 58| 87| 40| 51| 11.8] 100 75
5 RH 38| 40| 189| 34| 70| 11.6] 35| 50| 94
6l 04| 00| 40| o1]| o0o| 39| 07| 00| 13
7R 1.7] 30| 87| 45| 60| 106 35| 60| 93
8 |2v))-h 27| 60| 109 00| 20| 00| 00| 00| 00
91&IE 04| 00| 93| 16| 00| 74| 13| 00| 65
10/~ —| 90| 00] —| 00| 00] —| 00| 00
it 100.0| 100 | 100 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0

o Casel-4 (] L 1) Casel-5 (56) Casel-6 (] & 1)

i Hil [fERYA HSC | il [fEskil] HSC | il [fiEskiz] HSC

e = 96| 100| 68| 127| 120 97| 66| 70| 43
277728y || 27.7| 220| 170 13.5| 100| 94| 21.1| 17.0| 144
3 [ 464| 41.0| 300| 58.1| 450| 30.7| 564| 50.0| 389
4 [ 90| 100| 88| 58| 40| 83| 61| 40| 104
5 RH 31| 60| 69| 42| 00| 129] 36| 30| 105
6lvn 04| 10| 54| 00| 00| oo0| 00| 00| 00
7R 21| 40| 83| 32| 00| 183] 38| 20| 148
8 |2v))-h 15| 10| 135 18] 00| 56| 00| 00| 00
9 1&JE 03| 00| 33| 09| 00| s1| 25| 00| 68
10/~ —| 50| ool —| 290 oof —| 170] 00
it 100.0| 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0
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RGB E#ZR—11, 7T AF v 7EHDTA 77 VIEK
B AR —12, TEEO S 6, oU 25 91.3% & kb
W T AF v 7 HEER—13, 67.8%DHIEE K —14,
63% L Kk bIEWEEZR—15 (TRT, FXE bR
FRHTRIER, SEADIRITH RS OfEE TH 5,

x—14 EMBOEZREFER

Casel-l b=V 777 # i AWM v

Wl av)-b & S

IEfigpx  11,25524,710 43,947 8,576 3,669 423
IR 11.6% 25.4% 452% 8.8% 3.8% 0.4%
HSC gt 9.3% 11.2% 21.9% 5.8% 18.9% 4.0%

loU 42.3% 88.4% 63.9% 51.5% 6.6% 3.3%

1,602 2,619
1.6% 2.7%
8.7% 10.9%
4.4% 8.1%

342

Casel2 b=V 777 #& A AM wi FA )b &

iEfigpx 4,616 28,723 44,748 8324 3,233 137 4277

IEfpmifitt 4.8% 30.0% 46.8% 8.7% 3.4% 0.1%
HSC mifgkt  3.8% 20.7% 36.9% 5.0% 11.6% 3.9%
loU 62.7% 93.0% 78.0% 84.6% 16.5% 2.5%

4.5%
10.6%
20.6%

7.4%

1.6% RMSE;

6.3%

10.2% 46.0%

Casel-3 b'==Vv 777 # i AM wi #A

&E T

Efpx  7,05531,62637,999 11,360 3346 660
ERERLE 7.3% 32.7% 39.3% 11.8% 3.5% 0.7%
HSC iR 5.1% 25.9% 35.1% 7.5% 94% 13%

U 50.5% 91.3% 67.8% 61.7% 20.2% 33.3%

3,416
3.5%
9.3%
20.1%

1210

6.5%

1.3% RMSE;

4.5%

Casel-4 t'==v 777 H#& A AM v R 2)-)

B

Effpx  9,0172591043415 8394 2,893 384
EMERIL 9.6% 27.7% 464% 9.0% 3.1% 0.4%
HSC it 6.8% 17.0% 30.0% 8.8% 6.9% 54%

U 403% 80.2% 68.0% 39.9% 114% 3.6% 8.7%

1,952
2.1%
8.3%

1,397
1.5%
13.5%
5.4%

2.7% 28.9%

Casel-s t'==v 777 #& A AWM v R a)-)

BE CF

1,664
1.8%
5.6%
9.3%

Efgpx 12,045 12,808 55,196 5,497 3,960 — 3,033
IEfREfEE 12.7% 13.5% 58.1% 5.8% 4.2% — 32%
HSC HfgtE 9.7% 9.4% 30.7% 8.3% 12.9% — 183%

ToU 39.2% 67.4% 55.5% 33.0% 10.4% — 1.6%

Casel6 b'==V 775 # A AM v A )b

Efgpx 635420417 54,645 5941 3471 — 3,672
IEfREfEE 6.6% 21.1% 56.4% 6.1% 3.6% — 38%
HSC mifgtt 4.3% 14.4% 38.9% 10.4% 10.5% — 14.8%

IoU 54.1% 78.1% 73.7% 29.0% 15.2% — 12.3%

10.2% 38.9%

E—11 Casel-3 RGB &% ®—12 S4T3Y

(Casel-3 7S RFv¥)

XK —13 Casel-3 TS RF w4 (X %kh. % :HSC)

K —14 Casel-3 #f (£ ZEh. % :HSC)

X —15 Casel-3 €& (& #En. A :HSC)

5. ZX

IoU X 9em DIEFTERHEEET NS 1/9 (lem) X
L7272 T, 64598=0.65 12725 %, I AF v 71X
A 60%LL LD ToU MEbiiz, £/, KEREDE
1Z. ToU 2MEL & bIEFEEAH AFRES > TV,
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FELEHNTHEZRELDL ZETHETE 5720, @O
MG L > UINFATE DR H D, L
LA G, HSC IZ X2 08%, o5 B

RIEDOFERIRIEFIZ LD | AT hVRRER R E < 73
L7, BCEREENERLRD L RO T 4 7T VR
DL FANCHET 5, mROSERTFES, Bl

SAM IX7 MNVOAEEHZTEY, BEEIIZEINT
WIRWe D SORTREENS BRI R 2> T ThH, AN
7 MV (5SAM D) HMELTOIUE, BRI
DEWEHTEIND, EROFM THTEH, A%k
M=o, BT EOFEMITTHBINE LD LER L
0, EEEOREREFEMIIS OIS THDL LB
BB & TR R 2 M Z L ICRET D,
R IR — BTS2 D TR, O
MBI D EEZ D, TNHORIT, SH%OMETH D,

6. F&H

HSC 12 L 5 K FEEYOREFEOSFICEL T, 556
NIZFREZ L TICE LD D,
i. HSC ZH\W\WC, FENHETE D AREEAH D
i . HSCIZ &L 2008, WAL ERET 5
iii. HSC{EIX, fERIEORELRVED
FHIZANT Tix, B2 DR B &l T — & %
RBROBERNPMETH 5,

[(&E ]

) 25 B, FIMEA, SHEE, & 1HE, KEK
W, TRERIS~ RV AV NOBLED OIS ERRE
WFABHEE FIEOBUIR E BE . FEFEWEIREER
SFMOCEE Vol.29, pp.104-118, 2018

2) BREVEBREETRAE - EIRIESR R S EREERT IR =, T
EFEFEY R ES (QUERD 1. 2018

3) BREEARELAAE - GIRFEER M KSR R, TR
EFEFE R IRE SUERD 1. 1R 142 KERFEDE
DFAEREOHEE L, 2018

4) REEAKEBEREFESRY - VA 7 VRS, RAAR

RESKEDORBRICEED < SKEEFEFEW AT D HAT

BT DM E . pp.5-14. 2017

EH RE WEHAM— KA B, TR L FESEMMEIR
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Basic Research on Arsenic Leaching from Naturally Contaminated Rocks

Attributable to Environmental Change
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T Bkt BEHET B - S

RNV THETEET S, #ELEA T D MEE TIPS L R DM & dv 72355 (2 o 51
THN D, FEHPTIERORFNC I, HWHEROMBEHEN BB SN D, LrLaenb, BILR
BIZBRSN 7L, BHEE P RRICZT 2BRELZMITZEEIN TV RVORIRTH S, AR

T,

WS THROBREZCICHE S IEIE LS OMBIHHELIEEST DS Z 2 BMIZ, 9B D

BEET=ZY7OfMRED LICL T, RABERLE L OETAH &M LcieiEoEar, &
e SR L IC & D HRALSE DR BT Jo X ONR L D8 2 B 8 L 7o 45 TR BR BT AL A B 2 520 L 72
ZORE, MREHREIREE CEMN, BRERIRELS I CREOZELM T, REFC
3 REZIC K DALRE 2 B R D L EMEN R S T,

F—TU—F o EHCE, MEEH, BRETEL,

1. EANE

W bRV THETRAET 5 REOIAPA L, AFIZ
BERESBELEANICEA L QN DIHEERDH D,
SREO—D2THLUFE (LLTF. As) IXEP ORI
WCEENTHEET DT —ANH 0 . %< ORAEER W
BERTHWD V) BHEE S TR HERAEE 2 EiE L
THEBSMAENT D EMESNDHAITIE. A0S
(CHEAE A AT X700 X D K T CiAD, R bt
B, R TR & OJEHB IERTR e S D 2,

TRHIELLL 2> B IEEE 13 3R OELOSETRICIB N T, 1R
B Za st o b cBir (BLF, Eh) R, B5A
DOMEFRIRE 22 E ORI SIS, HREI%RORSR
WREE Cld, HRHA R OISR OB/ L 0 | Bk
TMZEA LT As DA SN REMR H 5, £
fo. BIUERE T T, BOAMIZL Y As MEL IS
AR D, LU s, BEZELICHEY As IR
ZAIZBIF DA AE A e <L AT, RS IR O
HEEDZ T DBRES (b AT =2 ) 7 LT b7
Wb Y kPR O FREM R BREE A bR KON Z 0BRER
PAUITHE O AR EAH ) & OREZLT 5 DA T
bb, BEZ(EERE L LESBSEHEOTRIT. &
PRI 2R PERBS IEXER DR EHI T 59 5 L B2 bivd,

JE D e 3R e

21k

T ZCABFFETIE, EHBA kxRt 0 A R s
R 2720, TORER L5, Eh RE. B
FEREICHOWT, HHIESHEDILT BN TE
=Z VT ERER LT, £, ASENS As BEHET
DIHEAY TV L, FRRE=F Y U TRERICE
SEREEA (Bh, RE., MRRE) 2BE Ly
FREEL LOFRRERID 7 LB ATV, ZOEHRED
A E R L,

2. WRHERADE=2Y T

2.1 RAFRNREOAE

T=Z T LIS ON R L OR—Y N
O —REMEEZR— 1R T, A5 18
7 md OWEIERR M A MEALTHE CiAD LT
Wh, BSMEND 1 rETCR—) v 72 FE L, R—1
VTHLOBEE 2.0, 6.0, 100 BLY 140 m I[ZIREE Y
H— (ATMOS-12, A —% —#th), BBEREE T —
(OXYMAN, #EEx =7V 7)) 2FhFni#
B L7, WEEMZHET 720, £ —ETF 15
em REICEARD 3 75 A #FRIH L, BEEO® Y —RIZ
%, FLN T « BAKRERS LT 5728, Kifk 0.09 mm
LUF D& A B 80%Lh OB % i L=,

AR AL BRI TE AT BR B IE S L — T
R A 8 AT R W e 9 U A P
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K — 2 (2R HARPKE R L O o —OfE AR T,
AL EN DR HZKIER 80 m DRFHIKHEKE Z@Y . K
WA%méhé %®@’\Emm%f)§%f%f

U B EPIZKIRS Eh ZIET 2~ T KB o —

(HI9829\ INSFA LAY LR M) BERE LT,
2B, BRHZKIZPRAEREZITV, As JREEDSEAEELIT
THHIEEMER LR L TV, BRI O
122021 4F 11 A, KBRS LOEh 12202243 AHE=
H2 VTR LT, ARETIE 2023 4 2 A £ TORER

WY D,

—1 AHBEHRER—) VTARNE Y —REME

/

BEBURRRL

—2 FHKEEKEEEVY—DOE
2.2 MHBZRIREDEE)
— BTSN ORERNN I T HIRER K OWERR

JE DRI 2R, BRI BN OKH, WRF, [E
TR SN D HIP OIREZFR L, FESRIREE I35
DRMFORFRRIE AT, WHENOREL L,
ERPNSWIZEEBRARE 20 HIRITRbIIW
GL-2.0m TiX, I 5~18°COMPHATEF L, BEFLAFH
TR 13°COERDH T, £, GL-6.0 m TITHK 10~
15°COMTHR L. GL-100 m BL T GL-140 m TI
12°CHit: ZHERB L7-, GL-2.0 m 38 X1 GL-6.0 m DiRE
IAKIROE—7 0262 » A, 894 7 AENnENEN
TE—ZIZE#E L, el JiUIiFRm & th ol £z
THELIABHNZEL T D EE XS, GL-10.0 m
K O RMIE TIIANKOWRE L DRE I D 7o T,
FesRiR L, BRIRSAFICEWVERN CTh o7z, %
JEIZ X0 BesRie OB X R e 0 | I KO RIE I
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—3 WHBEADERES S UVBRRREEOREREIL

M—4 WHBZADKES KT Eh OFREL

GL-10.0 m Of) 10% T~ 7=, ZHKPKE DNULIFHIE
FERIC AR S, AL A > TV D720, BERITAY
LD EHE O T~ DOHHE RTINS, AFTIE

WGYIGES ORI EFIC K0 i KERAE ) OTEED MR
A, FSRIHEENERT D, Lo T, A555EH
o o iR a4, IEH LSRR DB
HE L7=0C, HIPOBRSICE S TERRIRE K 10% &
B ol EHEEE LTz, — AT TR, AS%EHORE
T ITEOBAEDTE MR L . R EE RT3 2
LTPEND, TORD, EMTCIEHBEREN S, &
B COMBIREITRT LV IR -7 BEFEL D IEE <
ol LR LT,

B — 4 125585 H 6 DR HKIZET KRB L O
Eh OREREFE L 27~ 3, 1ZHKOKIRITK S~15°CEHER
L. ¥l 10.8°CTHh -7, —J7, Eh [IZ=HiICBIR
72 < KIH200~+300 mV ZHERS L. FEEHEITKI+260 mV
Thole, Bk T 20, SHMEREEOK (BT, koK)

@ Eh 256+460 mV T o722 &b, i@ HKITR DK
K VBT IINIRNZ EDVRENTZ, B —I3R HAKBE

KEOHDICHBEEINTWAED (B—2)., 585N
fm\mﬁnmmmfiw%&<ﬁofﬁw\ibﬁw
BIUERREICHLETL H D LRI,

3. WS ISRIREIEE AR

3.1 HEEME &K UEHHRR



AW CHER L7 IEIE L, B LS TRIOAS G D
ANy 7R T EZ LERIRLU-, SIRETE, B—2
DOKED/ Ny F 2 7 TR Lz, AT ES &b T
Eh, BEGREIOIFE A LI, ABORIEE 2T E
HONREE AT\, £z, B~ rn7F74
#— (EPMA) #FAWT, EAHOHREIL (FeS)
FOWEREREEFIZ As DEFENTND Z L R LI,

WIZ, EHIEZDREAE T 5720, Ao RImN
lem 2810 HED . BRIESHEATW W &b R
Wkt E S, ZONEREEY a—7 7 v v — T
L., k% 2 mm LA B LU 2~10 mm (20T LTz,
3.2 EEAE
a. HHERVIRITRIFC L 5y FalBR

EATE, PRI OMEE X RHCRRIRE S, B LEREE
LR B, FDKk, WSO T HND EiRcERE
WCEDD, ZOWREREET 27O, A CHR L1
HIPEFBHI R L T RGIREE A Z1T o 1212, BEIAllC
L AR AZIT o772, 2 mm LA FICEiS T L2k 4
Ry M, KEMESZERZE 0. 14, 31, 60, 120 AH
TREHE#) 30.0 g A VIHRIC AN, BEITHIATRZ 300 mL
WINL7z, AWFFECIE, BoeHlé LTFME Na, 7 A=
JVEVEE Na L7, F&— 1 ICHIHAEFERS L OYR
E% R T, WEORMKPEKE AL Eh 1350
+200~+300mV Tholz, LLARENL, SxoBEs
ZAFIZ WIS N OIRREE L, £ 0 IECERBEICH 5 W]
REMER B B 720, HHHIE D Eh H349-50~+300 mV (2725
ORI AFRE LTz, SV BEA RN, 200 pm T
3EEFHRE 5 L. F 0% 2200 G (5000 rppm) T 10 45fH
LA Uiz, EEAEE 045 um AT LT 4L
Z— (LLF, 045 umMF) TAia L, fmikz=,
HIE O pH 35 L OVORP (LLHEMR (3.3 mol/L-KCl-AgCl)
W& U CHIE SN ibB B 2~ L FKER (5
# D-74, HORIBA th), As BEZHEMELT T A~E
oM (LUF, ICP-MS)., #k (LUF. Fe) IREEFR X UMR
et A4y (LLF. SO&) REAZA A/~ 7T
74— (LLF, IC) TERENHE L1z, (1) &LY,
PEAE KRB COM(LIRCEN (Eh) ICHBETX 5,
ORP HIERE ORI DOIRFEIL 20°CTH > 7=7-8, HHIEfE
D+210mV %2 L, Eh IR L7z,

£—1 NyFREROHEAE

AT B AT JE 4R No.49 2023 459 A

Eh=ORP+206-0.7 (t-25) :t=0~60°C D
b. R DEERRERETONy FHER

WLy N OB SRR VTR L W 720 | GL-2.0 m
TIEFI 10~15%, GL-10.0 m TIEH 10~20%Th -7

(B—3), RIAPORIRE (K 20%) &g LTk
VWEESRIE EE 1X EUA T ORGERESE OB L 2B D, iz,
REFOEACIRIBIZ XV BERRERIE O LS (X R 72 5 5
Zle. 2T, kRS L OWEEREHC R W T, BB
RERICE A Z28]AE L, FIED B CIEHRBREIT 72,

TR LT, 2 mm LA RICHEiD T L7csBHI Bk
T 10% & 72225 £ O ITHERUK RN Uiz, BRI
PR MR A 0 T TN, BERERIREG T A &L
AU TEBNOBERTIRE A 18 Uiz, BEEOSTCIL,
BLETHNOBREIREIT 0~20%THo7=2 LY | F/-,
FERBGIE X R OBUECHR, B THBHT LD . xR
BOMHIE D2 T DIERIEILRR D 2 &b, AR
TIIMEHEIRIE A 0, 5. 10, 15, 20% T3 L7z, #4 0,
34, 54 A H THREEK 200 g RUFRIC AN, Bk
200 mL SO L. 200 rpm T 6 IR E 5 L7z, IRE 514,
2200 G (5000 rpm) T 10 ZpflimLoRE L7, LEBAR
Z 045 pmMF TA L, Mtz 157, fhtE$H o As
JRIE% ICP-MS, Fe JREER LUV SOHRE R IC TENE
FVHIE LTz,
c. REEFD T LiRER

N DIRBEZEGIZAE S As VEINEB 2R T 5 72
O, EiR%E 10~35°CICE L SRl 7 Ll %
FEhii L7z, T— 2R 8FIH T LRBROER S 28T,
W 106 mm D7 27 U VET F MR 2 mm LT E &
O 2~10 mm DFEEFE 1.0, 2:1, 1:22, 0:1 TRAL., &
E70cm &5 L HICTEH LTz, K7 —AORBIEET,
Case-1~4 TZNTN 8.6, 94, 9.1, 7.7kg Th-7=, £
2o BT LTENS20em D& ZAITKS Y — (I
& IL-6, A—F—TUy N4t HFEEL. BT LD
AR KEZRE Lz, =R 20°CIcBW T, KiE
IKZEAKERTHIR LMK Z 7 F A B0 5 85 mL/hr D
VEECHUK L7e, 7 S8BT 2022 4 8 H 3 HICBHAA
L. T LTI G ORI Z EIRCEIN LT As R
JE% ICP-MS CHIE L7z, F|IRIZOWTIE, AsiFH—
TEDOHERLIILE - 727, 2023 4£ 1 A 11 HIZ 35°CIT ki,
1 H 16 AIT20°CITR L7z, £Df%., 1 H 20 AT 10°CIZ

N PR i Eh - T, 1A 26 HIZHON20°CITR LTz,

FhHVATERE (mollL) (@mv) e

Lk - 460.0 Lk F—2 AN LFABROEREN
0.05 3163 XF5-0.05 RAH PR E WK

X7 Na 0.1 265.8 XPE-0.1 (<2 mm : 2~10 mm) (kg) (mL/hr)
0.2 2222 Xhz-0.2 Case-1 1:0 8.6 85

. 0.05 86.7 7 F#-0.05 Case-2 2:1 9.4 85

ig;; e 0.1 59.7 T 0.1 Case-3 12 9.1 85

0.2 29.7 T HE-0.2 Case-4 0:1 7.7 85




(a) As BHEEDHD
-5

(a) Eh & As D%
-6

(a) As BHIREDH

(b) SOFRHIREDHRS
Ny FHRERICE T HIRTREICH S HRBHREDHR

(b) Eh & SO DBEE%
Ny FHRERICE T H MR O Eh & BEFHIRE & OBER

(b) SO/ AHIRE DI
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(c) Fe AHEEDHD

(c) Eh & Fe ME%

(c) Fe AHEREDHD

M—7 BMRRENBELEBRIHSBEAHREOHER EIESH D, BHEEM W - BRRE ()

x—3 EA M BHOSERLREOEILE D : FESH. W BN

TSR 0% FRRIREE 5% FRRIRE 10% TSR 15% TSR 20%
D W D W D W D W D W
As (mg/L) 0.001 0.002 0.003 0.002 0.002 0.012 0.006 0.017 0.006 0.018
S04 (mg/L) 1.00 3.10 0.10 3.40 1.60 470 1.10 3.90 1.40 4.60
Fe (mg/L) 0.04 -0.01 0.001 0.088 | -0.015 | 0.089 0.039 0.021 0.029 0.054
4. #R NORKIEDRE A BICB W T HIREEEIC L D SO2AEH
TREIZZERIT <, 120 HREIORKEEICE Y, 0.5
4.1 REBEBLEICKIRIERTLEEDHTS mg/L 2> 2.0 mg/L ([ZHEMM LTz, B, TAarey

B — 5 I RRMRET ) SFEEHIRE OB &,
As IRHIREEIL, BTN ER DT TORMAREEICE
W, KREE B Honctkunsmesz (j—-5
(@), BB EROIHEEZ Ao r—213 8, K
KIRBLES As IRHIREE IR E <Y 2@ TH -
7o 120 AMOKRTRE T, BRUKICK D As IEHIRE
13K L9 RN L 7= Dizsf Ly 0.2 mol/L 7 A 3L b ik
Na (349 3.6 f5HEN L7,

SO VAR I, KRR B A OBV
HEMTH -7 (B—5 (b)), SOLVEHEEIX, W

- 86 -

Fi% Na filiHi 2DV Ci SO B — 7 DMl L R D E&
T&ERDollod, MPICEH L RnoTz,

Fe MR, WHREIC X & T RKIREITLEOIK
WMEETH-o72 (B—5 (6)), 0.05mol/L 7 A=/
% Na Tid, 120 HRIOKRKIRFZIT LY, £ 230 mg/L »»
5% 0.67mg/L £ T L, 0.2mol/L 7 A2 /L g Na
TIE, 9 3.67 mg/l 22559 1.50 mg/L £ T L7z, 72
B, FBRUKE L O Na fitHic oW TiE, Fe IHITRE
IXER TIREE FEl>72720, E8 FIRED 0.1 mg/L &
L7z,



WZHIHIRH O Eh & B FRAHIREOBRE R T,
B—6 (@) LY. WTFhOKRKEEHBEIZHBWTSE,
Eh 2MEWVIE E As IRHHIRES LS < AR H o T2, F
7. [FFRED Eh TIIRERE H BB L WOFEIO 53 As
RHBEETE ST,

B—6 (b) kv, [FXZEEHBIZHWNT, EhiZX

57 SOPRHIREIIRE S EDL LR oT, LinLi
N, KRR A OEIMIEN, Eh & SOA33kIcHY
IMERNZH Y, 2 THOT 1y hTIHEh & SO& & DIz
EOMBEN AL,

B—6 (c) LY. Fe IEHURETL Eh 23%J+100 mV LA
TTE< 20, FFEED Eh TIIREIRE A% 0R
BHE E Fe IR HHIREE TR o T2,

4.2 ELGHBABFEREICSSIBRERILEE

— 7\ ZEERIREE B BRI AE O S RRVA IR O e
¥, &—3I12&4E 54 HREICHT 2 EHEHIREDOZEL
BiEaoad, B—7 (a) LV, stk L ONEEEE
ICE BT TRTOREMRREICBNT, BERKD
B As VEHREDISEIN U7z, £, FBARRSE
TREECI, WU 0 IBEREL D 508 As VAR I
El ., WAMBEENEWVIZEZDOEIREL RoTz,
F—3 L0, BEBRIRE 0%OWEFECITEA WM
W28 D As IRHBEOEINXIE & A 872 < A BEL 54
H T 0.001 mg/L #h0L ., MRMEEHCIE 0.002 mg/L #E0
Uiz, —J5, BABBIRE 20%0 8 CIE 0.006
mg/L #EA L, W@0ENCIE 0.018 mg/L #EAN L 7=,

K—7 (b) £V, SO&iT As L REDHAZ /R L,
FAE OB SOXEHREITMLT-, &—
3LV, FA 54 BHEICRWTC, [FEEREARE T
TEBEH IR O 3 5L 1 SOX TR EE A3 N

72. BAMFBIRIE %O Cix, &84 54 AT,

1.00 mg/L #8A0 L, 1RIMEEHCIE 3.10 mg/L $80 L 7=,

0. BAERREIREE 20%DFEECIE 1.40 mg/L BN L,

TR CIE 4.60 mg/L BN L 7=,

K—7 (c) &0, HBEBUTHED Fe IRHIRE OIS
X, ARSI 20%LI TR DM Z R L, #4
H#34 HHIL, 0H B &k U THAMERIZ &5 - 7228,
HEA% 54 AHCTEAD Lz, B—38 XV, FHEEMSE
PR TICIT 5384 54 AT Fe ISHEEDZEL
Bid, skl BiERE L v b EWES L HuT, 1B
HREIATERE L VB WEAE L H D . BAMBREC
PR DRI RE & OBIRMED R S e o Tz,

4.3 BEZEIZKD As BHEE

Case-1~4 DHEAATEE K EIZ, £MEH0.36, 028,
021, 0.06 m¥/m’® THol= (F—HAME), AR
A7 LFRBRITRIT D As IWHBEOHR 2R, =ik
ZALRTO 2022 4E 12 H 26 A/NH O As IRHIBEEZ /R L

770 XIFOKIBITHOKRTOMKIRE 25t L7-, F£7-.
KF R HRE R I 2 T Lz, Wihosr—
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M—8 FEAMASLHERICEITS As BHEEEDHT

AWTBWTHERE 35°CIC EIF7-E%., As EHRET
DENTRAD L, 0% As IRHEBENEIN L., £,
Case-3, 4 IZBWT, As IEHIREEX, EEZ B 550
HHERHEILHEETH D 0.01 mgL & Fal> T\ 7ed,
FIR%E 35°CICT 5 2 & ¢, AU % b[a] 5 AR MM
RSN, Dk, HEIA 35°CH5 20°C, 20°CH 5

10°CIAR T 5 &, &7 —AD As IWHIBEE TR LTz,
INHDOZEMND, WERIENARKE W —2, DFVH
NARFEEKEIDMENT — 2T E As TS0
BT oEmNH D ENbrotz, o, FiR%E
20°CICR L2, ThEND 7 —A0D As IWHIEBEIX
IREEZEERITOD 2022 45 12 F 26 HERSOD As HHIREE &[]
BT,

5. &%,
5.1 AsBHICEIT S ETEMDFE

PREAE H omeRERILIX, QD & 5 I RKIRFEIC X
D AL RSO EI T 2 Z E LTS, KRR
FEIZFED SOL DML (B—5 (b)), BWigkiLOm(L
DR R D SOFDFAENFR EHELE LIz, £, KR
WEERIZLE D Fe IRHIREORAIT (B—5 (6)). Eksy
FRIZE VW RAE LT Fe A A DKERbERE L LTI L,
FEEEPED BN 572 2 EDVRIA & HEER LT,

FeS + 302 + H20 — Fe(OH)3 + SO4* + H* ?)

REIRIRC L DHERTE DD D As TEHITEET 2 BEAEAT
Fe T, 14 BLLEORGERTE T As VAR DB §

L2 LR EN, WAL T H DB (FeSy) DL
IR ST KERLERIC As AIAE L CIR L7z
T & BRUHEBILOB AT LD pH OIK FAVKER
{EgE~D As IUEZRES B2 ENFRRERESNT
W5, ABFFEIZEWT, 120 HEOKAIRZE T As A H
BENBIMERIZH > 701 (B—5 (a)). #EHIE P
DREHRERIL OB R L VAT D H 2 ERT 5K
FEYESEA C b 2 HfEA N E Eh, HEEEO pH 23FEh-o
T2 EMFIREHEEL LT (pH:8.8~9.3) (F—X &K,

i Eh 1ok fbgkoig clRfE a5l &z L, XB)DK
I Z B,



Fe(OH)s + 3H' + & — Fe?* + 3H;0 3)
[FFEEE D Eh (ZHVVT, KR HEN LT &
AS%E%EWW<@O£ X (B—6 (a)). Wmigksn
DEACIHRIT L0 . AKEEERIZILE LT As 23 KIE kg%
DIRTCHR J#b VR LTz 7o SR LT,
5.2 As BHICBIT5BEERRREOZE
4 54 BT, BAMBRRENEWIZE SOLEE IR
Eixm 2otz (BA—7 (b)), Fio. BAEBRREIC
X% SOXAEHRE DFEIZOWTIE, %@%ﬂ®ﬁﬁﬁ
TR il LT/ E o e (FR—3), BERiERHLOEE
(BRI ST Z b (NQ) D, RIEARSE
TR DS CITREEEERE L 0 IR D 7 A SOLER

WENEVMEA & 72 o7, FAHEK 54 B T Fe I8 HIRE
DD Lok (B—7 (0)). Bbyfifth OF R Dk

{BIZ & 0 KB LBRDRERNED B3 o 7o Tob EHER LT,

FERBICHEO AsTEHIREZIZEM L. (B—-7 (@),

Fiz, 20% 8 D IR ERSRIRESCREEUE T, As W
WX > T, BERRERIL DR fRIZ K - TRERTERIE
HFIZEENTWD As B sns, ED7w, Mtk
HROBALAMRHMELT LT < U MEY RS B o s ©
I3, As IEHIBE DM o7 L HEE LT,
5.3 As RHREICETHEEEILOFE

HEE DD O As IRHIRE L, =R % 20°CH>5 35°CI
IFTEEZITEL Ao 2, ZOBBIMEMIZ®H 572,

£, BRE T2 LEL R2HAICH -T2 (B—8),

DX D72 35°CDEIREEL D As IEHRE O
HEIIRHTHY | SHROBMFHEETH D, miREIC K
% As RHOEIIMOFE THHRES TN A Y |, K
WFZETlE, As IR \ﬁﬂﬁﬁﬁﬁ%w&~x%
HN RS K MR T SIRBEZAIC X B BB R >
to%®tb\%7—XLkT6mE£m@%@@%ﬂ
13 BT ADOERROE N LD BYRE D FASL AR

FHEKENC R D BMRIEDO BN RIR L LT,
6. F&H
ABFFETIL, WA o —2RRiE L, BREZE

M%%:&Uyﬁbto%ﬁ&)/7ﬁ%%%_wﬁﬁ
P A FLEAND O AsTEIICISIT D Eh s JUMRAERSR
D Ny FRBRIZ K OBRF L, £, Rafn 7
DTED As IRHICBT DIREORBERR L-, 55

NI TROEBY TH D,
<<9LV\f£'70>:E ZYT>
i BN OBREREIIERICL D B K 10
~m%f%%bt
i . ALYEEDS B DIEHIZK D Eh 13#3+200~+300 mV T
HoT-
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IG5 INBR AT >

i KRRUBH AEDRWVEEHT & As IEHHIREE LM <
ot

i . RO Eh AMEVIEE As IEHIRE XS < 7
V. FIFEEED Eh TIEIRKIRE B0 BV EkHE
EREW AsTEIRE AR LT

COIRELREE TEAE L IRHIEN L, TERE R Y bR

MERHL DRV EAMERE S, As IRHIRED &

noT=

FAEMFRIREDMEIE Y, A BB D BERIR

HIBE OBIINIEL Ao 72

v. BEZEIC L 0 IEEE DO As IRHIEBEEIIZE L
L. #EORRIZ L 5P ERIE 20°CH 5 35°COIR
FEEHC. AsTRHIRE XML 7=

. REPRIEN KR EWIE S, F72. HALEKEMEWN
3L, As EHIRIREL O EL R 2T

.

7. HENE

AFFRIZL D O TE TOWRE X HIRFL 5N
DOBERCIT, EHENDD As IRHREEZ (LT
TV ENTL, SRR, SR LR ORREHTIE
TEDED As IFHIREL(ICEET 2 E5ER ORFEEE
R L. As IWHIREZLAHERITE 2 Lot atEsD
720,

(8E3HK]
S, MBI, MM FEFE, 5+
WEOMIERFAICET 2 Mmatme, THARBERE
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