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Development of Ultra-high Durable Precast Bridge Barrier Reinforced with GFRP Rods
TAKESHI KARINO  HIROYUKI UCHIBORI  TAISUKE FUJIOKA

TAKASHI SANGA NAOKI NAGAMOTO

Key Words : Precast bridge barrier, GFRP, Ultra-high durable, Collision test
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OBJECTIVE

Considering the recent increase in highway
bridge deck replacement projects in Japan, an
“Dura-Slab”, had

developed. A joint system between Dura-Slab

ultra-high  durable slab,
and girders was proposed to avoid deck
penetrating openings and additional rein-
forcement in the deck around the joint. Joints
were proposed with steel shear studs, holed
steel angles and steel bolts and structural and

construction quality were studied experi-

mentally. Factor of safety of joints against the
SUMMARY

design load was
studied as well.
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prestressing N\
(AFRP rods

Transverse
prestressing
AFRP rods

Slab to girder joint
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Top mortar outlet .

~
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= 4
Bottom outlet
No-shrinkage mortar .

Fig. 1. Dura-Slab structure and the joint
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Fig. 2. Conventional (case-0) and proposed joint test specimens

Performance of proposed joints was
investigated by conducting standard pushout
tests. Seven test cases including a conventional
joint and variations
RESULTS

The proposed joints except the bolted joint in

six new joint were

Case-6 showed superior structural behavior
than the conventional joint as shown in Fig. 3.
The failure mode of the new joints was not
governed by the concrete failure, hence the
provision of additional reinforcement deemed
unnecessary while the effect of tfransverse pre-
stressing may not affect the joint load capacity.
Construction quality was considered to be

satisfactory according to the cufting results.

experimented as shown in Fig. 2 Construction
quality was investigated by cutting several
specimens of Case-1, 4, 5 and observing the
mortar injection quality.

Experimental load capacity of stud joints
showed an ample factor of safety against

calculated design loads.
1200

® Maximum Load (kN)
1000 ® Yield Load (kN)
800 = Disp. Coeff (kN/mm)
600 - Case-0 (conventional joint)
400
200
0

Case-0 1 2 3 4 5 6

Fig. 3. Experimental results

Structural and Construction Verification of an Ultra-High Durable Deck Slab to
Girder Joint

CHAMILA KUMARA RANKOTH TAKESHI KARINO HIROYUKI UCHIBORI

NAOKI NAGAMOTO

Key Words : Durability, No shrinkage mortar, Dura-slab, Joint, Stud
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Application of Automatic Control Device in Pipe Cooling
AKIYOSHI DAl MASANORI HIGUCHI ATUSHI ITO ISAMU TAKENOI

Key Words : Pipe cooling, Automatic control, Massive concrete, Thermal crack, Thermal analysis
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Fundamental Properties of Ultra-low Shrinkage and High-strength Fiber Reinforced
Concrete

WATARU SASAKI

YOUSUKE ONDA TAKU MATSUDA

Key Words : Short fiber, High-strength, Autogenous shrinkage, Supplementary cementitious materials,

Ferronickel Slag sand
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Properties of Low Environmental Impact and Ultra-low Shrinkage High-strength
Concrete Using Artificial Lightweight Fine Aggregate
RYUICHIRO MINE RYO SAKAMOTO TAKU MATSUDA YASUYUKI SUGAYA
SHINTARO WAKABAYASHI TORU YOKOYAMA

Key Words : High-strength concrete, Artificial lightweight fine aggregate, Low environmental impact,

Unit water content, Compressive strength, Shrinkage
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OBJECTIVE

The behavior of mechanical properties in the
improved soil using biodegradable plastic and
the factors that are affecting them at
construction stage were studied. Further its
applicability as a construction material was

discussed.

SUMMARY

A series of unconfined compression tests was
conducted on the specimens ($=50 mm, h=100
mm) which were prepared by improved silica
sand using biodegradable plastic (Fig.1.) under
two cases as case A and B. In case A, specimens
were prepared by changing plastic content as
5,7, 10 and 30 % while keeping the heating
duration as 130 minutes. In case B, the

Unconfined compressive strength (qu) was
depended on the plastic content and the
heating duration while secant modulus (Eso) was
depended only with the plastic content as

shown in Fig.2. and Fig.3. It was understood from

100 T

80 +
60 |

40

Finer percentage (%)

20 +

0 [ M- . L
0.01 0.1 1 10
Particle size (mm)

Fig. 1. Particle size distribution

specimens were prepared by changing the
heating duration 60, 90, 120, 140, 170 and 260
minutes while keeping the plastic content as
30 %. In both cases similar heating rate was
used. The obtained results of case A were
compared with the results of cement treated
sand for

discussing its applicability as a

construction material.

Fig.4. that the biodegradable plastic performs
well, as well as the cement treated sand and it
is promising as an applicable construction

material.
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Fig. 3. Results-case B Fig. 4. Comparison with

20
Plastic percentage (%)
Fig. 2. Results-case A

cemented sand

Fundamental Study on the Improved Soil Using Biodegradable Plastic and its
Applicability as a Construction Material
DAYANI SANJEEWANI  YASUYUKI HODOTSUKA NAOKI TAKAHASHI

Key Words : Biodegradable plastic, Unconfined compressive strength, Secant modulus, Cement treated sand
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Research for Deformation Performance of Damage-controlled Truss Beam
YURIKO OZU HIROSHI EGASHIRA TETSUYA YAMADA MANABU KAWASHIMA
HIDEYUKI KOSAKA HIROSHI SATO YUKA FURUYAMA MASARU MIYAGUCHI

Key Words : Buckling restrained member, Damage control, Plastic deformation capacity, Required lateral stiffness
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OBJECTIVE

The development of an automated structure
monitoring system is currently highly promoted in
Japan fo enable early evaluation of bridge
safety after earthquakes. This paper presents an

SUMMARY

The system consists of several frioxle
accelerometers at critical locations and one or
several tfrigger nodes for seismic event real-time
detection as in Fig. 1. Sensor nodes are
communicated in a wireless network and driven
by dry batteries. Email notification function
is also included to notify the inspector about
the seismic event detection. Measured
acceleration is sent to the cloud server in order
fo give easy access o inspectors and fo allow
abnormal detection creating a real-fime
monitoring system. Natural frequencies, modal
shapes, and geometry inclination are indicators

By tracking abnormal ground vibration using
the frigger nodes, the seismic event can be
detected in real-time. The intensity level of the
seismic event is estimated real-time as well. Fig.2
shows the results of detected earthquakes at
the monitored highway bridge.

Dynamic characteristic  estimated by a
scheduled measured data is used as a
reference to detect anomalies. Whenever a
seismic event would be detected, structural
anomaly detection also would be implemented
by comparing the statistic model of dynamic
characteristics before and after the event. Fig. 3
shows a result of anomaly detection in
frequency due to structural weight change in

road construction work. The detection of such

automated real-fime monitoring system that is
able to identify seismic events and to detect
anomalies in the structures after these events

using wireless accelerometer networks.

for evaluating structures. A reduction in natural

frequency, change in mode shape, or

geometry may indicate an anomaly change in

structure due to cracks, damage in structures.

Fig. 1. Monitoring system structure

small changes confirmed the ability to detect

slight damage or deterioration in structures.
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Development of Ultra-high Durable Precast Bridge Barrier Reinforced with GFRP Rods
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Bridge barriers of expressways are required to be highly durable because those are prone to accelerated

deterioration by sprinkling antifreeze chloride agents and airborne salt near the coastlines. Therefore, we

have developed ultra-high durable precast bridge barrier reinforced with GFRP rods instead of reinforcing

bar. A collision test was conducted using an actual size specimen to verify the load capacity. The test

confirmed a collision load capacity equivalent to or higher than that of a typical reinforced concrete bridge

barrier.

Key Words: Precast bridge barrier, GFRP, Ultra-high durable, Collision test
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Structural and Construction Verification of an Ultra-High Durable Deck Slab to Girder Joint

Deck Slab to Girder Joint
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Considering the increased road bridge deck replacement projects in Japan recently, an ultra-high durable
slab “Dura-Slab” which does not utilize any steel components had developed. A joint system between Dura-
Slab and steel plate girders was proposed targeting to avoid deck penetrating openings and additional
reinforcement in the deck around the joint. The usability of steel shear studs, holed steel angles and steel
bolts in the joint including the effect of deck prestressing was experimentally studied. Structural behavior

was evaluated against a conventional joint and the proposed joints showed a satisfactory behavior and

Structural and Construction Verification of an Ultra-High Durable

CHAMILA KUMARA RANKOTH

considered to be applicable to real structures.

Key Words: Durability, No-shrinkage mortar, Dura-Slab, Joint, Stud

1. INTRODUCTION

Recently, deterioration of RC deck slabs in highway
bridges has become a major problem in Japan. In numbers of
cases, deck slab replacement is essential to secure the
expected serviceability. A major cause of the deterioration
can be identified as the corrosion of steel reinforcement
which especially in snowy areas is caused by deicing agents
and in coastal areas due to airborne chloride. It is well known
that the reinforced concrete structures including deck slabs
require a particular level of maintenance during the service
life. However, the reduction of man power with aging
population and increasing maintenance and renewal costs
urge the promotion of ultra-durable infrastructure which will

reduce the lifecycle cost as well as the overall environmental

impact.

Ultra-High Durable Slab (referred as “Dura-Slab”
afterwards), a new form of pre-stressed concrete bridge deck
slab was introduced by the authors! as a viable solution to
deck slab replacement projects in plate girder bridges. It is
made of fiber reinforced concrete, Aramid Fiber Reinforced
Polymer (AFRP) rods as pre-stressing tendons, and does not
contain any form of steel reinforcement. The conventional
girder-slab connection relies on the steel reinforcement in the
deck slab to counteract the concentrated stresses. Since Dura-
Slab does not contain reinforcing bars, further investigation
was required regarding the deck-girder joint. A new type of
joint was proposed and an experimental verification was
carried out to understand the constructability and the

structural joint performance.
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Longitudinal
pre-stressing

* Transverse pre-
stressing AFRP
rods

Fig. 1. Dura-Slab structure

1.1 INTRODUCTION TO “Dura-Slab”

As shown in Fig. 1, Dura-Slab is a ribbed slab made of
high strength fiber reinforced (vinyl fiber) concrete with
80N/mm? design compressive strength (fe). Prestressing
tendons made of AFRP rods are utilized instead of steel
tendons which reduces the risk of corrosion damage. To gain
faster construction speeds and higher quality, it is common
practice to utilize precast deck slabs in bridge deck
replacement projects. Hence, Dura-Slab is made as pre-

tensioned precast panels.

2. THE SLAB-GIRDER CONNECTION METHOD
OF NON-COMPOSITE PLATE GIRDER
BRIDGES

The most common form of the conventional connection
between the steel girders and precast concrete deck slabs is
constructed with shear-studs. An example of a conventional
joint is shown in Fig. 2. Openings are provided in advance in
the precast concrete deck panel in joint locations. After the
deck panel is placed on the steel girder, studs are welded to
the girder from the opening and the openings are sealed with
no-shrinkage mortar and concrete. The slab panel is
additionally reinforced as shown in Fig. 2, around the
opening.

The water seepage through construction joints might
aggravate slab deterioration by steel corrosion?. Since the
conventional deck-girder connection includes penetrating
holes which are filled by concrete, the joints formed after
concrete fillings might lead to water leakage with time.
Regarding the current development, it was decided to
eliminate the penetrating construction joints at the slab-girder
connection. The stud version of the proposed joint is shown
in Fig .3. Two alternatives with holed steel angles and high

strength bolts were experimented as well.
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Fig. 2. A Conventional slab-girder joint
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Fig. 3. Typical cross section of proposed joints

Non-deck penetrating openings and mortar outlet hoses for
new joints are provided in advance in the precast panels.
Mortar inlet hoses are installed at site. The openings will be
sealed only by injecting high strength mortar instead of using

concrete.

3. PERFORMANCE VERIFICATION OF NEW
JOINTS
Applicability of the newly proposed joints was
investigated by comparing the behavior with a conventional
joint. The standard double shear pushout test was carried out
according to the “Pushout Test Method for Headed Studs and
the Latest Status of Research Related to Shear Studs” (In

Japanese)® by Japanese Society of Steel Construction.

3.1 TEST CASES AND SPECIMENS

Test cases and specimen compositions are shown in Fig. 4(a)
and 4(b). Case-0 represents the control specimen with a
conventional joint. Case-1 to Case-6 represents the proposed
joints with high strength no-shrinkage mortar and fiber
reinforced concrete. Cases shown in Fig. 4(a) are made with
shear studs where Case-1 represents the standard new
studded joint. In Case-2, transverse deck prestressing is
applied and in Case-3, GFRP rod reinforcement was
introduced. Shown in Fig. 4(b), Case-5 consists of joints
made of holed angle sections while Case-6 consists of joints
made by high-strength bolts connected to ceramic inserts

embedded in the slab. Specimens was constructed as closely
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Case-0 (standard-4 studs) Case-1(4 studs)

Case-2 (4 studs)

Case-3 (4 studs) Case-4 (8 studs)

Side view
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Fig. 4. (a) Specimens with shear studs
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]
150mmx150mm3100 Grade 11T
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i
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Fig. 4. (b) Specimens with angle and bolts

as possible to a real structure. Pre-cast concrete block of a
Case-4 specimen and placing it on the loading girder are
shown in Fig. 5.

Each test case consisted of 3 specimens (named as 1, 2, 3
e.g. first specimen of Case-0 is named as “0-17). Two
specimens (1, 2) were loaded monotonically while one
specimen (3) was loaded with incremental cyclic loading
(load controlled with 40kN steps until a relative displacement
of Imm and then displacement controlled in 0.5mm steps

until 4mm).

3.2 EXPERIMENTAL SETUP AND MEASUREMENTS

Typical specimen dimensions and loading method are
shown in Fig. 6. Steel plate supports were installed to
simulate the continuity of mortar layer in real structures.
Supports were not installed in Case-1-1, Case-2 and Case-3.
The major measurement was the load-relative displacement
curve between the concrete block and the loading girder at

the level of the studs.

3.3 CONSTRUCTION QUALITY INVESTIGATION
All of the proposed joint variations require mortar injection
below the deck. The mortar injection quality is not possible

to be visually inspected in real construction. Hence, the

(b) block placing

(a) precast concrete block

Fig. 5. Specimen making (Case-4)

injection quality of specimens was investigated to verify the
suitability of the proposed construction method. A single side
of several selected specimens, 1-1, 1-3, 4-3, 5-3, were cut
along the lines shown in Fig.4 for inspection. The objective
of the Cut-1 was to inspect the deformed shape of the studs

while Cut-2 was made to observe the mortar injection quality.

4. EXPERIMENTAL RESULTS

Load-displacement curves were normalized based on the
number of studs in a specimen as recommended in the
standard testing procedure®. Similarly, in Case-5 and 6 the
load was normalized to the number of angles or bolts in a
specimen. The normalized curves under monotonic loading
for stud joints are shown in Fig. 7 (Cases with lower load
capacity) and important experimental results, maximum load,
yield load and displacement coefficient, which represents the
joint stiffness, per stud of each specimen are shown in Table
1. The latter two parameters were calculated based on the
guidelines?.

According to Fig. 7, in the cases without the steel plate
supports, there was a sudden load drop after reaching a
maximum value. Accordingly, there was a reduction in

maximum and yield loads as shown in Table 1. However, in
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Fig. 6. Experimental setup
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Fig. 7. Load-Displacement behavior (Load per stud)

Case 1-1 without the support, load-displacement behavior up
to the sudden load drop was not significantly different from
Casel-2 with the support. Additionally, considering the fact
that in a real structure the mortar layer is continuous, the
cases with the support may have grasped the real structural
behavior. Hence, the specimens without supports may
underestimate the real load capacity leading to a conservative
design. Therefore, the difference of provision and non-
provision of the steel plate supports was considered to be
negligible for the purpose of the current study.

Third specimen of each case was loaded with incremental

repetitive loading. According to the Table 1, it was observed
that the behavior did not drastically change based on the
loading method. In several cases such as 1-3, 3-1, 4-1 and 5-
1 the displacement coefficient was relatively low compared
to the other specimens in each case. This was due to the slight
difference in time of crack appearance and displacement due
to cracking.
The average (of three specimens per case) experimental
results are shown in Fig. 8. Average maximum loads and the
yield loads of Case-1 to Case-6 were more than in Case-0.
Case-5 with the angle showed a significantly higher
maximum and yield load due to larger dowel size and in Case-
6 with bolts higher maximum load was due to higher bolt
failure strength (1,040N/mm? against 440N/mm? in studs).

The displacement coefficient value in Case-4 was lower
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Table 1. Experimental results

) Provison of |Maximum Yield load Displar:e'ment
Specimen| steel plate load Q. (kN) coefficient
support | Quax (kN) | Ky (kN/mm)

0-1 Yes 161.0 66.8 327.3
0-2 Yes 172.9 58.1 3125
0-3 Yes 161.5 65.4 327.3
1-1 No 187.3 1235 495.6
1-2 Yes 212.3 131.3 467.7
1-3 Yes 219.1 139.5 255.3
2-1 No 180.2 126.3 460.9
2-2 No 163.3 133.8 492.5
2-3 No 158.3 129.7 459.5
3-1 No 184.1 125.3 387.0
3-2 No 184.6 1183 527.8
3-3 No 151.0 129.0 530.5
4-1 Yes 191.9 125.0 299.8
4-2 Yes 183.0 125.5 308.0
4-3 Yes 189.6 130.1 248.2
5-1 Yes 813.8 435.0 831.2
5-2 Yes 844.9 483.5 1166.3
5-3 Yes 788.7 444.2 1012.4
6-1 Yes 274.7 120.8 61.8

6-2 Yes 282.7 114.6 91.1

6-3 Yes 298.5 117.1 67.0

1200 1
® Maximum Load (kN)
1000 T & Vield Load (kN)

1 Disp. Coeff (kN/mm)

800 T .
— Capacity of case-0

600 T

400 T I

200 T

Case-0 1 2 3 4 5 6

Fig. 8. Experimental results — Average value of each case

than the Case-1. The reduction may be due to the behavior
interaction of closely placed studs. Due to the smaller
displacement coefficient in Case-6, bolted joint was
considered as not suitable for real applications without
further improvements. The reduction may have occurred due
to the extra space in bolt holes in flanges and between the
ceramic insert wall and stud.

The behavior of the specimens in Cases-1, 2, 3 was similar
irrespective of the provision of pre-stressing in Case-2 and
reinforcement in Case-3. The reason is explained by the
failure mode. The failure mode of specimen 1-3 is shown in
Fig. 9. In all the specimens in Cases-1, 2 and 3, severe
cracking was observed in the injected mortar without
cracking in the concrete blocks. As the failure is governed by
mortar failure, the applied pre-stressing and reinforcement
may not have significantly contributed to the load-
deformation behavior. Whereas, concrete cracks were
observed in several specimens of Cases-4, 5 and 6.

The Cut-1 is shown as section B-B in Fig. 9 and the



Structural and Construction Verification of an Ultra-High Durable Deck Slab to Girder Joint

Mortar 4
lcracks 3

I;Left block

-
(a) Crack pattern

failure (section A-A)

Fig. 9. Failure mode of specimen 1-3

observed stud deformation is shown in Fig. 10. Based on the
stud deformation pattern, it was observed that the proposed
stud joints behaved shear dominantly while the conventional
joint showed a tensile dominant behavior. This phenomena
may have caused the lower displacement of Case-1 at
maximum load as shown in Fig. 7 .

Based on the experimental results, the stud joints was
considered to be the most desirable because the angled joint
might require more construction effort due to significantly
increased weld lengths. Bolted joint was considered to

require further improvements to be applied in a real structure.

4.1 INVESTIGATION OF THE CONSTRUCTION
QUALITY

Specimens, 1-1, 1-3, 4-3, 5-3, were cut to inspect the
mortar injection quality. A single side of the observed
surfaces after executing the Cut-2 in specimen 1-1 and 5-3
are shown in Fig. 11. It was observed that small air pockets
were remained near the top mortar outlet hose in specimen 1-
1 and 4-3. In the other two specimens this condition was not
observed. However, in specimen 5-3 it was observed that air
has stuck on a portion of the mortar outlet hose.

Since not all specimens had air pockets near the top outlet
hose, it was considered that formation of this air pocket can
be prevented by careful construction and properly
pressurizing mortar before sealing the outlet hose. The air
trapping in the outlet hose might be able to control by slightly
angling the outlet hose inside concrete instead of using the

elbow as shown in Fig. 3.

5. JOINT SAFETY FACTOR AGAINST DESIGN
GUIDELINES

Design load capacity of the studded joints was calculated

according to Specification for Highway Bridges # by Japan

(b) Stud failure and mortar

b
i

e
i ||I

i AISEUETREN & JB
= j -~ S|
Py %

!
|

-

iy
specimen 1-3

(a) specimen 0-2 (b)
Fig. 10. Deformation of studs

Air pocket near outlet hose

Mortar concrete 8%
boundary

Fig.11. Cutting face of specimen 1-1, 5-3

Road Association(JARA) guidelines and  Standard
Specification for Composite Structures® by Japanese Society
of Civil Engineers(JSCE). The factor of safety of the joint
specimens was evaluated as the ratio between the
experimental load capacity and the calculated design load

capacity.

5.1 DESIGN LOAD CALCULATION

Allowable design load on a stud (Q,) can be calculated
according to equation (1) when height to diameter ratio
exceeds 5.5 (6.8 in current experiment) based on JARA
guidelines. Stud diameter is denoted by d and o, is the

design compressive strength of concrete (80N/mm?).

Q. =9.4d? /o, (1)
Visua = 314, /(hss/dss)fm + 10000 (2)
Vssua = Assfssud (3)

Ultimate load capacity of a stud (Vyg,q) is given by the
least value defined by equations (2) and (3) according to
JSCE standards. The design load capacity is obtained as
0.5Vssuq. The quantities defined by Ass, hss, dss, f cd, fssud, are
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Table 2. Factor of safety
Experimental JARA JSCE
Qy Qu Qd  |FOSgy |FOSqy| Qd |FOSqy
Cc-0 63.4 165.1 32.2 2.0 5.1 76.0 2.2
C-1 131.4 206.2 40.7 3.2 5.1 76.0 2.7
C-2 129.9 167.3 40.7 3.2 4.1 76.0 2.2
C-3 124.2 173.2 40.7 3.1 4.3 76.0 2.3
C-4 126.9 188.2 40.7 3.1 4.6 76.0 2.5
Qy, Qu, Qd are in kN, all values are given per stud

Case

stud cross sectional area, stud height, stud diameter,
compressive strength of concrete and stud strength
(400N/mm?). Compressive strength of concrete was used as
50N/mm? based on the scope of equation (2). The design joint
load capacity was governed by equation (3) for all the

specimens irrespective of used compressive strength value.

5.2 CALCULATION RESULTS

Factor of safety calculation results are shown in Table 2
where Qy, Qu, and Qd denote experimental average yield
load, experimental average ultimate load and calculated
design load. FOS(qy) and FOS(qu) respectively denote the
factor of safety against experimental yield load and factor of
safety against experimental ultimate load.

The design load capacity calculated from JSCE equations
results in ultimate load capacity. Therefore, the factor of
safety against yield load was not evaluated.

The FOS(qy) of proposed joints according to JARA
standards was above 3.0 and was greater than the standard
specimen. However, FOS(qu) was smaller than the standard
test case in Cases-2,3 due to the lack of continuity due to
absence of steel plate supports which might increase to same
level as Case-1 with continuous mortar layers in real
structures. In Case-4, reduction might be due to the group
action of studs. According to JSCE calculation method, all
the proposed joints showed a higher safety factor than the
standard specimen. JARA standards may be used to estimate
the design strength of proposed stud joints when the joints

consists of only two studs based on results of Case-1.

6. CONCLUSIONS

A new type of joint was proposed between ultra-high
durable slab, Dura-Slab, and steel girders targeting to remove
the deck penetrating holes in slab. An experimental study was
carried out to investigate the structural performance of the
new joint system and suitability of using shear studs, holed

angle steel sections and bolts as well as the requirement of
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additional deck reinforcement near the joint and effect of
deck transverse pre-stressing on the joints were investigated
based on joint load capacity, yield load and displacement
coefficient.

The performance of newly proposed joints except of the
bolted joint showed a superior behavior with respect to a
conventional joint. The failure mode of the new joint was not
governed by the concrete failure, hence the provision of
additional reinforcement deemed unnecessary while the
effect of transverse prestressing may not affect the joint load
capacity. The construction quality of the joint was
investigated by cutting several selected specimens and the
quality was considered to be at an acceptable level with some
room for improvement in later stages.

Factor of safety of the joints was evaluated based on JARA
and JSCE design specifications and showed an ample factor
of safety against design load. Considering the margin of
safety, JARA standards may be used to calculate the design

capacity of newly proposed stud joints with only two studs.
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Application of Automatic Control Device in Pipe Cooling
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For the purpose of reliable thermal crack control in concrete structures, 145 automatic control devices
in the pipe cooling were applied to a prestressed concrete bridge superstructure. As a result of that, field
applicability and labor saving were confirmed. In addition, it was found that it is important that, in pre-
analysis, proper materials are selected by thermal insulation test, and appropriate condition is set.

Key Words: Pipe cooling, Automatic control, Massive concrete, Thermal crack, Thermal analysis

1. [FL®HIZ LA RIZOWVWTHRET 5,

AL R OKRBEIC LY AT BREOOE A wEwI1>7)-h
MEIND a7 Y — MEEDICRH L TiE, OOEINSE
EOF SO VEINBPEEY OMEREIC G 2 5 2 % 38| Sk
ICHEA L, WORAIREHECDILERSH D, PC LELT f
OIEMTEICBWTIE~A a7 J— MR B7r—2AR%

. . =17

<, EFIFERHMEMRFHELOLNTWD, — KA KIGER @

. L ®-1 5O KBRS 77—V v 7D
KTy — Y oy T, E-1 (R L S Ak % B-1 % OKBRX AT 7 — 1 v 7 OMEK

O HIRAR AR E R SE D HRTH D2, v wsAI>7U-h
20— %@ LKL IR & 2> TR TL 2708 ? FAEE XS (BifRor FIR)
ELEDRE/BONRVEAN DS, THREMRRT <L,

---~-;Z-----------}
€°88888.
s ‘BBEAA
—

[T ITITT

EFHLITHIABBO AL 7 Y — MEEE S LIS T HimKAE
— U OKREEBEET AT Y P b T
J—Y LT VAT A VERBL, KMI—FL T —L
THIGET L CZOREMEEZRRELCTE7Z D, KV AT
SEE-2 SR T RS, WA SRR A A L,

ERKAE

0000

AEH
7075 LBE

Wik= 7 U — s OIRENEEIZAT LI GliRE % = F5— 1wk
5 & TREKEZRS L THEAITLHIVATLATH S, .

AR TIL PC B TAT I 2 0 3 s i & v S ik B-2 A>T VT bAT =V TV AT A
Hid L F#E T 145 EENCEH L7z v 27 L OB DIEE

23



SIMEACREBAANAT AP S W 55 18

2. AVTFYS IV RATH—Y VTR T LA

R T =) T DEA, BERIORER S
FEMTIZ K 0 D BT R THEBENI TN DD, fTEE
WRBE SNz 27 U — b OFTIABIREE R B O BT R
ENERFEITRFOBE SN LD EITR 22 L B3HD,
HE SNTHIEAED 2/ ONBRNGEERDH L, &
7o, MTREOHMT — 2 % b & CHIRE B FE ClRES
MEREEZRET LI L LH DD, KOMENLE LR
DIRE EHEHIEMIC/RD 2 ENEL, VT AHXA LT
OFEHE - IR L EZ 2 oD, 77— AL 5
BER EDOFTELEZONDIN, XA LT ITHRRELA
BMRMREZ IR CERWATREER B D, S BIL,
TWIRAPHAKEZEER I 5L, 27V — 2@
BLIEADNEIR LR TR-TL 57120, AKEROKIE
BRI KRB T 7 — R EA ML 2D, &E
BATea A b Eik e e REDS N TL D,

—H, AT Iz NRAT T =V T AT A
i, iR ) — MBI AREMAREEEZFRIL,
ZOREPRFFICEE SN ZEBEEZ ER S 20 XL 5 1L,
NRAT 7=V v TOXKBEZEHFIETLILOTHD, 18
BRI DKL, WIEAKICEBEAKLD S 10°CREKVIEE
DIRIEAKREZREGT DIREFNETHT LT, BHORE
STABBRAREGHATZ2HALY L RELSBRAZHHATE
by VAT LAORHE LTI, LUTFTHD,

O 54 EEHE O 72 0 HE O e 52 22 145 23 7T AE

T, HMEbEN S,

@ FIRKICARIEAK ZRA T 2 KIRSE 5 XA 5 A
THILILE ST, KBHEIOL AR A% &
iz,

@ Wik=r 7 U— s ORENREIRE S HIEE
FELLTFICAR T Lz tkid, ®ICHIBKDEER L,
WEAMOKBOHRAIZER T2 Eobilam
HEPIETE 5,

@  IEE KA LTV B 72 Ok E ST i L
BETcAEbETT LY TR B,

RKUATL2EHEHAT DL LICED, MATH- THR
DO R FE AR IR O OVEALHI B 23 AT RBIC 72 B

3. WRBEY

ATV ML T =Y TV RT AEEA
L7z, HBEHR 850m~950m @ 3 Bl d PC L LT
HTHDH, BRENUTVWTRbERE ¥ ¥ 2 NUE=
VARETHY, BRBENTRIELZT L v R M & E
UCHERR A — & —I2 LY, Bli&hE L L 7= AFEEEIc — #6248

24

L X ‘
I |‘O|_ 2" |O| 1g"‘ |
I =2 =i
T L—_ - -
! 2000 ‘_ 3600 _.=L._200_-J
< 2100 | 5600 -l 2830

B-3 i SR O 1 (X (R YENT i)

10530

FLFr Rk
2T AN

i

2. 500

3600
2100 5600

B-4 o) SCRREHT ORI ) (BF Y W )

BTDH UMY 77 4 VR TIENRICERA I TY
b, vAL 7 U—bREKE LTV AT A %A LIz
FEREHT & T SOSRET IE E TR S T 145 fEETIC AR
%o THZEBHIIWT b EEREE THD Z &0 D,
MR B L OWEEESRZ 7 Ly A b T A2 MK &
THEN—T T ¥y A MEESEHASN TN D, 53R
BLOH M AT OISR EZR-3, B-4 (27T, W
FTBHIEIEK 2.8m, XK 10m, BT AT
THI 2.4m, HREREHT TR 3.6m TH D, v AT
V=& R2EHZIED L BREEEMT 3.6m 12 EDIE
ThbH, FELIX 20184 6 AND 20194 12 AETH 1
FRLE RO, ERRRNLEIC R 24N GE
HFxt RN NI/ 5 ] L BRESM D 2RI bz 5T,

4. FEHIFRMNT & IR EDRE

ATV WA T I =Y TV RAT A, F
AR CA DL NIZIREZ b L ICHIEEAT 5 72O Ok
ENEEICEEL LD, TORD, UTFTOFIEICLYE
BR & FRIREAT AT 7R o T2

O EBUCH#T D a7 U — &AW 5 W
R,

RAT 7=V v TIERT 2MEORE,
FEMNTE T L DAERL,

FIRR BRI A b &tk E,

FEHT o

SRR R X 0 SR - HI R o E,

®@ 06 0



AT 7= > KR B Bl E 0O

£-1 227U — FORA &M
HLAT 5 (kg/m’) " .
T | WC | s/a : %{Af L — K p HE# e BRER L | #LsE p2
ol w @ AKOLEAvh | MEREE | HEEE | IR FnA (ke/m) | (k]/kgC) W/mC) ,
W C S G SP (m*/s)
A [43.0 [47.7 [ 160 | 372 843 949 2.604 | 2324 1.30 2.10 7.04%107
B |42.9 [48.6 | 152 | 368 880 951 2.478 | 2351 1.29 2. 40 7.83%10”7
c [43.0]48.2]159 ] 370 860 929 2.960 | 2318 1.31 1. 60 5.25X107
AU E@EAL T KA, BFA  mPERE AE KA
_ | 5 | o
50°C;E 7K T DR 20°CKHlith T DA % ez 050 30m
A [ \ ZOOHTISSTRZOO Y
200
T
3\25
I
200
wEHE  RENE |
mope S

a7 U— b OFEBRHETME NI 2 ME-PEAIC & -
THHERDZ NG, BT —a M L7 5) ek
AR DINVEFERT 52 LI R, BRER LR K
DRFAFE B B 2 R D TIRHTRE EE D) B2 X~ 72, &
7o, OU0EINZ TE LT HIRT 72012, FHifEr <
O OEINFEE 1.4 DL LT 2 542Kk T-,

(1) a9 )—+rOEEE L UVHEYMEE

Ui X3S L OV SRR IC B W TEA Lc = v
7V — FOREBLOBMMEEER-1 TR, 207
U— kN OFFOBREEL 36, AT 271X 124£2.5cm, ZEXE
X 4.5¢1.5% CTh D, BEIRAME L, HEc iz
70— MERRFENTREN T DD E AW TEE
FOEHLE, BMRERALIA a7 U — hOEE |
FICHHET D2 e0n, ERHRT 220270 —%&
FAWTZR BRI LV kv, BEBRTEE, HOEICEVEXS
Z M IA TS ¢ 150x300mm D AR A % 50°CDIRAK
HT—FRICIRD 7212 20°COKE IR L, WERkE &
EHIER T T R OEEZFHAI L, Rk E
BE-1 1IRT, BYnERcHoOWTIE, HiEdtEE T
T AL L7z 3 IRot FEM IREMHTICB W T S E S E72E
EREL, MEOMITRERENEIMEICR bIEL 25 EE
e Uiz, BIEECR h2 3o 7)) —MERR T ZEIREN
TWBHQ)EAWCTEHLE,

¢, =3.03%x103/p 1
h2=1/pc, 2)

(2) avy)—bOKMEREE
gy ) — hORBHEITIBEOHRELZ TS, 4l
DOFEHD L H I, MDD ORDEE L Z T 728

B-5 1 5 AR &

BRAT =D TERTIEME (ThbbEMIED
ICHBGRE N B2 D 5:40F) CTOREMITOBEEZRD
DI, BERGFEEZEZEEL-RBEEOET LV E
WHIEREHTHD, TIT, WAL NZL-Tar
70— F~OBANPHERE SN TS, RB)TREND
REERGFHOKFMBAHELNEA NS L, &
BRI R B g B Q & RS K T 8 B JEE 0D e Hc Lo g Hoo D
BRERD, FALE, KRR AEEREARQLIMER
IR T OKFR B HE KT,

r T
TZIT, QR FEENEL, Ho, : BRIV IS B
T :HaHRE, —E/R:BAMOIRETL M

logH = logHx(Q) — 52| 3

EARDIC IR, FTIARIRE % 2 KUELL FICB b &+
oW EMEE ERRBRIC LV RO ZMEEE LR R X,
FROBREREET D HEMERSNTVWER, 22T
IEEBROM T Tl 227 U — b DOREBGEHE %KD
2721z, Bl A o TG 4 FEHE FTEE 70 6 5 W shak
BAEERL, TOMBIVEETDHZ L L L, RBRIC
EH L7 RIE AT v — LV B ORI 1ITRT &
BY, #ME565mm, &S 725mm O MFERR CHLERIZ T
@150x300mm @O 7V ¥ B2 ELE L7z, BP T mE s
200mm DWrEH CEBONDBIRTH 5, WEHEB T4
K, 27 U — MNRE, 7V XRmCOBmRE L
7oo REBRIZHW-2> 27 U — NI, IARBEOELE
BT 570, #ilbRormarzU—RE, #Y ERY
BEF10°CREIMNEB L O-10CREREICHhEI Lz

25



SIMEACREBAANAT AP S W 55 18

BE-2 IR mERG BEE-3 HBRn
g -
T EDD OATH
~ 0 L ABTH
o On
o A Ag ocCI%H

15
E o %@:ﬁom
b AN %Aﬁ%o
a 10
1
Bﬁi’ O
2 0 AEEEOOOO
% 5
g 0 20 40 60 80 100

FEEREE (kcal/kg)
R-6 AR AEQ & FRAKFNIE B I D %t $ilog Ho,

0 NI DO
O
A
1000
o
-2000 Us

-3000 AFO
o

A MOIRETEME(-E/R)

Al
-4000 O
A% o

5000 Oé éD OATH |

oA 9 ABTE
-6000 s |

AD 0CTiS
7000 |

0 20 40 60 80 100

BEREE (kcal/kg)

H-7 FEERAEQLE AL FOIREEIE—-E/R

UV — hD 3 AKRHEZONWTHBR AT o 72, B0,
HHR R ABE-2, {ABRNEZEE-3 27”7, F£72,
S EARBRORE R AWV CHEL-ERE R AR QLRR
IRFFE B L D5 $logHe D BILRZB-6 (TFEF HEERLQ
LA P OREFEE-E/ROBBER-T (277, [FL
MEOEED=aY 7 U —hThoTh, HHLTWDHE
DE D ERBGEEITIIEN S DERSND, BT
DOFERZ KFNEHAETT L E LTEE LT,

(3) A1 FH—=) VT LEDEFEHDOYEE

NRAT 7 =V U TIIEERICLETHERT 25082
21.5mm, NEL15.6mm DAY =F L U EOBRER &l
HL, ZOIENPONAL T 7=V TORMEITER-2 &L
Joo ABBOBURERIZOWTIE, ZhETOERID
S5Wm?2 & L, RS omtEEIz oW iy s U — b

26

-8 i s UM E T L

B ILX YR bETAV RS
O BT 58
QKA THv—=1)y

B-9 ] S A AEMTARAT £ 7 v

R-2 BEMITICH N A T 7 — ) T D%

KIERE(m?) 3.0
o me BABREIO ARG L @8
BARE(C) ZOBIZEBIZE 5B LR
7K E (L/min) 10
IBIK IR (cm/sec) 87.2
BmER 50.2
(kcal/m?h°C) (LB
Bk R (ReR) 72

BRHRGTHEOM MM LT,

(4) BEWETILENSA TORE

S DOER ORI A D TUER L 7= X SR B
KO IS AT O fifTE T L 2 K-8, BI-9IZRT,
M AR O LB, Wb RERMEETH D Z
LD, FHESBLIORES L T LXY XA M A
MM ETEN—T T L F v R ML o TN D, X
A ZIIGHEHIE A J7 181240~ 50em D [E [ T S TR 134
BRlE L7, 207 ) — M ORELERIIMIRET L
T62.9m, FHXNET /L T68.8mTH D,

(5) KB LITAABFOIVY ) —MNERE

FRIEATIZ AWz THEGFTAE O A BPEERIR & A s
KIR DA (FEFHHIR - 1981~20104F) % &R-3I1Z
T, VERIOKRO LI A v h—T7 TilflL, A
BIKIEOEEEEIRIEE LTHY, 22227 U — h0FT
ABIREEIIARIEASCEER Uiz, o, EhxRn
VELRD12A 038 OFMIIES 2B E L — N THE



AT 7= > KR B Bl E 0O

*-3 ARIROFAEHE BT °C
HH 1H | 2H | 3H |48 | 5H | 6H | 7H | 8H | 9H |10H|11H | 12H
HRPESSIE | 25 | 31 | 62 | 113 | 155 | 189 | 224 | 237 | 205 | 151 | 99 | 5.0
H i U 77 | 81 | 112 | 165 | 204 | 23.1 | 26,6 | 284 | 251 | 200 | 15.1 | 104
80 T - T —
HIHBRE LOFRRARE N EEMERKIENE
/-/—-:-_-mg:__‘ __________________
——
HIHNRE LOARE N FA0ERKNEN
BE-4 Ehki BE-b EEEEIRD .
e ?&i."’és::&..:.‘g.(»‘.‘.“ SoEepan it
W, TEREENG 4 ARIL SCOBRBEZRFEFT 55 L L 0 SRR |
oo 227V — NOTARREZ, &7 72 MIBITH 8/2 8/3 W% 8/5 8/6
Afs
ZHIVE CTOFERIREE W, —EKEE - T —EHMEE BEKEAE o ERkiEkE
BACRE | BAMNICEKT 2 AOKE
(6) FIEREDEE SR EHRATREICH LT, ZORAMEA 5 CE
UV F Y Dar LTI v Ty 2T M CBINEERLDZEICL>TEDRE
FERE |ERICHEINAIL Y — MEE

PAHINEE 2 8 2 72 BB CllAKIEEZ T E L /2o
TRV, EBEOEEZHEEELY LD LAEL D129,
FAENT CHIRFME LY VIR BRET ILERH D,
ZTD7=, BERAKDREEZ 3 s —13 2570 Ok
IR IR E O FRIEAT I LT, & ORKMER-5CK
KRBUEREFELDZLICISTEDT,

5. T

(1) AVTFUPTrNAT =) VGO RTAIC
BT 5K EBBHIHORIE

ATV WA T T =) T RAT AOERE
KxBEE-4, BE-5 IIRT, —HEOY AT AT
KL 720 ZBEEHBHIRENTLE IR, KVRAT A
TR SR NS LT D72, it TEFTICAhE T
Bl CXx Doy /7 Mtk R o TN D,

RFN 722 FREFE & mKEE, ¥R AR & KR
RS AKIR D RS A B-10 1 2Rd, EHNEE O,
ERTRANT TILE SR RIS o 7oL E TIT R o 1, IRER
MFEREAD L, 27— MNREXSHENRE L K
WA I LR IRE O & W EIR O KN i, 2227 Y
— MEEXNHERE LY bEWHEEICIETENALLD B
20°CRE AR WEEE O KB FEAL TV T, AREEDORHK T
HAHKBREE DL AR ADEENSND, ZDIZ LD
5, AT VY ", T 7=V TV AT MIIEF
WEHEL TR0, @Y B BHIEIIT DTV D FHD
WTE e, £, KENSBEHTY Y B 5HAT, @K

B-10  AUHEAY 2R IR L R HARE SR

CHET =2 2HET D NERE T, EMLICbEIRT
HYATLTHDZEDBGND,

(2) FHRIFESR &35

EMch 2V AT 20@A IV T, FaifETiE
L EHMENRTRERES 5 7 — AR ST 7=, FRFSE
DD, i LEERERESEZHRET 2L L BICH
HUENT 24T > 72, i LRFEA 0 S 70 2 SZRNIRE & KR E
DFHRFERIS, FRRATRE R, HHENRE & s 3 L
T EBMRHT ORE R 2N A 202 R-11 2R d, AT
W TR BiAEnza v 7 U — MEESREIRE,
BARE & BmAKEEE S EIZFEmE LT,

B-11 (2R3 & 91T, A8 Lo Rmizsn
TREDOIRENFERIENT 2 LR 2 @A MiR I, 2
DFERE LTUTFOZ EBEZLN, HHRMITICE > T
TR LT,

O LB LY OFEFEITICH W IZAKIRIL, K
ST BRMET D 1981~2010 F D A FH KR O F
FEZ AW TWE, EERIZITE TR O RIR
BE, ZRICHEWVITIAZRE L L 2Y, |
EEALRL, fIABBOa 7 ) — MOKE
BENER-T-2 8,

@ FERRFEE U CEME LB EDRENE X
S, FHRIENT TILSCTHRE L TV IHEgEA

27



SIMEACREBAANAT AP S W 55 18

80 80

80

e SREAR
—_—
6 60 60 e
T ———— e

w 540 //; ---------------- —— " 7%
B " e i H

20 20 < ""/‘ 20 / ﬁ/ (\\

) ,/ __'/‘ | E b
IR — IR BR Rk 1ERAKHAR
0 ; 0 i 0 + A
1/25 1/26 1/27 1/28 1/29  2/12 2/13 2/ 2/15 2/16 6/6 6/7 6/8 6/9 6/10
B aft Bt
80 80 80
——
60 B — 60 = 60
S %

—~ ~ 0 |
g /, 2 — | e

40 4 40
= "M 785% )

20 -/! i 20 VN /)r_\ 20 / /\l/l 4l A A a

ok Al N \\ﬂUAj M%W%w
AR Rk o = BN
o |l : & o | R | EAGEE ERATAR 0 IR
8/2 8/3 8/4 8/5 8/6 9/17 9/18 9/19 9/20 9/21 11/26 11/27 11/28 11/29 11/30
Bt B¢ B
—BEE - HAEE —BARCEE — BERAITEE —BKEE

X - 11

WKL, FEBICIZS~ISCREThH- -2 &,

DOIZ2W T 2018 4F 11 A ETOFHMT —HIcHES=
MEtE1TVY, 2018 4 12 A LA DA RIRIC DWW TIX H i
EREEFEHL, 2227 U — hOFRARREIINKIE
HCLEHF L, LrL, @IzonTix, EiiTics
WTHREEAZFEET 2596, RIEREZBEUIIHREL,
BEBLOERTOIMNERNDH D Z EN o2, AT
FETEHMUTETEBOMBEE o7z, 72720, EBED
RE N FEFIENT 2 ERl S 2 Ericisnw T, BBz
Ehi L, OUOZNIEEN 14 LETHDZ L L, DUE
NRFEELTHWRNZ EEZHERL TS,

FHNRFE & HEMATIRE 2 ki 4 2 &, REEED
FETRR SCRE /&L, IREOFHIER L ORISR
HIFIEELL, WUNCHBTETWVWD Z LR TE L,
ATV AT T =) TR T LTS
BIXHI R OFSEE, 370 b b RaifET O RS S EEIC
RBHDT, FEBIIbiAtea 7 U — b OBYRE RS
FEARTFRL D3 BGE A i S WG BRIC L > TR D =
CWHERABRTETHDLZENSND,

6. F&H

PC EESTAHTIRD 145 EiTIcA > TV P = hoig
T =Y TV AT KA LICRER, sea B EfilENIC
X BKEREIHERTE, VAT LOMEL B TOW
MR K OE MDD R BRI iz, £, R TE
BT _XTOM LHEFHICB W TOOEINIEE 1.4 DL EICHI
HTE, OUEN LRV REREHR AL T D 2 L
T&7, AR, 1 F L EMCb- a0 L4 @ L THAl
fiR T D B FLME 2 Srod TRk L7, FRICRUREIZ O

28

JKEL B BRI, A & ARAT R R

THKDFICHEBET HUERD D,

O FEE, ARIBIZEFELTWBEBICH D DT, T
FEIZHWAHARIBOREIZIFEETILERD D,

@ FE TITB W TRHREGEA 2 EORRN R E FET 5

Laid, BEREZEDICHESL, RE, T8TD
VENH D,

25 X

1) HA7sg, Al 0iEd, R, ARERI a4 Ty —

U o 7B DKIE B B ERE OB, 1A b
VA Rar 7 )— R LEREET URT T LG
£, pp.243-248, 2017.10

TORTEN, B, FEEE, A0 EMN KRB B
R AT DA LTIV P2 b A T = T
M LI~ Az xR Ei iy, ARz 7Y — ML
¥xarv s J— T, pp.585-590, 2018.7
P, BN ER, RBE -, BARE  Bukt Y
—EMAnizcar s U — b MR, tAFES
2 73 FHAERFEINGER S, V-399, pp.797-798, 2018.8
YT, N EM, RE—, BARRMY . 5N
BRIC K DR E R E BB L B EHEE I B
BWRGE, FLARLRA Rar s ) — b LEAE27H
TURT Y LIS, pp.543-548, 2018.11
TAR%S 2017 FEHlE s U — MEHIREE
[RXF1#w], 2017

RARRRRE, AN, miZE—, MH#H: =227 ) —
FHUCHELET D& A v b OKFIRBGETE O E =1L,
TR CE, F 414 5, V-12, pp.155-164,
1990.2

4)



RTINS 0 SR M TR = o 7 U — b D SRR MR

BRI fEE R E SR 7 ) — FOERMYE

Fundamental Properties of Ultra-low Shrinkage and High-strength Fiber Reinforced Concrete

H WATARU SASAKI
54 YOUSUKE ONDA
¥ TAKU MATSUDA

REBAR DA xR
RIS B
SRR LANTES An

EEmiR = 2 U — ML, EEE < ) 7 AR BESE DD —ED N — A M REMHIRT D4R
HBH, Tk, EhE L MR BHETUE O MR O - DICHEAKENR KR RAHMICH L2 L 2B L, I x
FZU D LT DHBAMIT L TUIR L THERIRSEMETIER Y, Z2TARTIE, BemEar s U — F TEHK
Do DEHOBRFIMMN SR DFEGME 7 2 a2y VAT THIEMIC L DIUEIREZNRICE B U, EikiEgom
Ay 7 Y — MIBT 2ROMEREIT -T2, TORE, TEROEBEMMEMR= 2 ) — MTHAT, RENE
RN FRER AR F 7213 LS E RN 5, KIFICHAKEE ALK TE 2 2 L 2 MR L,
F—O—F o FEMEHE, &ORE, BN, R, Txr=y V2T THiEH

Fiber reinforced concrete needs to have a certain amount of paste to disperse the short fibers in the matrix.
This means that the unit water content tends to be larger than that of plain concrete to ensure fluidity and
segregation resistance, which is never a favorable condition for volume changes such as shrinkage. In this
paper, the shrinkage reduction effect by using ferronickel slag sand and binder which is a combination of
several supplementary cementitious materials that have been used in ultra-high strength concrete, was verified.
As a result, it was confirmed that the unit water content and autogenous shrinkage could be significantly
reduced while the flowability and mechanical properties were similar or improved compared to the
conventional high-strength fiber reinforced concrete.

Key Words: Sort fiber, High strength, Autogenous shrinkage, Supplementary cementitious materials,

Ferronickel slag sand
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Properties of Low Environmental Impact and Ultra-low Shrinkage High-strength Concrete Using

Artificial Lightweight Fine Aggregate
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Low environmental impact and ultra-low shrinkage high-strength concrete was developed. Regarding
mix proportion of developed concrete, unit water content was reduced extremely compared to
conventional concrete by replacing around 60 % of cement with by-products and using artificial
lightweight fine aggregate (LWS). As a result, it was clarified that 1) the figure of slump flow exceeded
more than 70cm and 2) the difference of curing conditions, such as the presence or absence of water
supply and water dissipation, have little effect on compressive strength. Furthermore, it was also clarified
that 3) both autogenous shrinkage and drying shrinkage of developed concrete were extremely low due
to LWS.

Key Words: High-strength concrete, Artificial lightweight fine aggregate, Low environmental impact,

Unit water content, Compressive strength, Shrinkage
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INTRODUCTION

Fundamental Study on the Improved Soil Using Biodegradable Plastic and its Applicability as a Construction Material

Fundamental Study on the Improved Soil Using Biodegradable
Plastic and its Applicability as a Construction Material
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AR EME #v= # T —TU= DAYANI SANJEEWANI
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Mechanical properties of improved sand using biodegradable plastic were examined by conducting a
series of unconfined compression tests by changing the plastic content and the heating duration. It was
found that the unconfined compressive strength (qu) and the secant modulus (Eso) of sand can be improved
using biodegradable plastics. qu was dependent on both plastic content and the heating duration while Eso
was only dependent on the plastic content. From the comparison with the results of cement treated sand, it
was clarified that both qu and Eso increased at a higher rate while increasing the plastic content. In terms
of the mechanical properties, it concluded that the improved sand using biodegradable plastic performs
well, as well as the cement treated sand and it is promising as an applicable construction material.

Key Words: Biodegradable plastic, Unconfined compressive strength, Secant modulus, Cement treated sand

temporary earth structures such as facing of the embankments,

Recently, ecofriendly biodegradable plastics have been
getting more attention as an emerging innovative material.
Those are widely used in a variety of commercial applications
such as packaging, disposable housewares, medical devices,
agriculture and horticulture, and so on. However, in the
construction industry, limited applications such as
biodegradable resin concrete!- 2 and grout injection pipes
made of biodegradable plastics 3 have been reported. On the
other hand, no examples in the application to the soil
improvement have been reported up to date.

One of the possible applications of the improved soil using

biodegradable plastic is to use for the constructions of

foundation of cranes, and so on. Generally, cement treated
soil is widely used for these kinds of constructions and it is
caused by additional cost at the removing process. Since
biodegradable plastics are decomposed by microorganisms
that cost can be reduced. In addition to that, when cement is
used for soil improvement, there is a problem in hexavalent
chromium elution depending on the soil type. Even though
the use of biodegradable plastic in soil improvement reduces
the environmental burden compared to the case where cement
is used, there were no studies reported so far.

Therefore, in this study, fundamental experiments using
unconfined compression tests on the improved soil with

biodegradable plastic were conducted to understand the
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Fig.1. Biodegradable plastics

Table 1. Material properties

Heat Distortion Temperature (°C) 55
Melt Temperature (°C) 210
Particle density (g/cm3) 1.24
Tensile Yield Strength (MPa) 60
Tensile Modulus (MPa) 3500

100 T
o L
g 60 +
= [
5 -
5 40 + K
i [ L = =4==- Plastic
g 20 f A .
i [ —@— Silica sand
0 F——n E— 2
0.01 0.1 1 10

Particle size (mm)

Fig.2. Particle size distribution

mechanical properties and the factors that are affecting them
at the construction stage. Further, the obtained results were
compared with the results of cement treated soil for

discussing its applicability.

2. METHODOLOGY

2.1 MATERIAL

Polylactic acid (PLA) which is used in food packaging and
foodservice ware application was used as the biodegradable
plastic in this study. An image of plastic particles and their
temperature and strength properties are shown in Fig.1 and
Table 1 respectively. In this study, silica sand no.6(ps = 2.65
g/em’, pamax = 1.54 g/em?, pamin = 1.26 g/cm®) which was
taken from Toki city, Gifu prefecture was used. Before
mixing the plastics with sand, plastic was crushed into the
finer particles. The obtained particle size distribution curves

for both sand and the plastics are shown in Fig.2.

2.2 SPECIMEN PREPARATION METHOD AND
EXPERIMENTAL PROCEDURE

40

Table 2. Experimental plan

Plastic content Heating duration

Case (%) (min)
5
7
A 10 130
30

REEN SpecimeIs

Fig.3. Specimen preparation method

Several sets of specimens were prepared under two cases as
shown in Table 2. Case A was prepared to understand the
behavior of mechanical properties when increasing the
plastic content while Case B was to understand the effect of
heating duration. It is important to study the behavior of
mechanical properties against heating as it is possible to
degrade at the construction stage before starting actual
degradation due to decomposition.

In Case A, plastic contents were set as 5, 7, 10, and 30 %
by dried weight of the sand while in Case B only 30 % was
used. The determined plastics were mixed with sand in dry
conditions. After making a uniform mixture, specimens with
50 mm in diameter and 100 mm in height were prepared
inside steel molds by applying static compaction into three
layers by setting the dry density around 1.4 g/cm?. Four
specimens were prepared under each plastic content.

Then those specimens were heated up to the melting point
(210 °C) of the biodegradable plastic using a cooking oven.
The temperature inside of a specimen and inside of the oven
was measured by temperature gauges which were installed
inside a dummy specimen and the oven as shown in Fig.3. In
Case A, heating was stopped after 30 minutes from the time
both temperature gauges reach 210 °C, which was after 130
minutes. In Case B heating durations were different for each
set of specimens as 60, 90, 120, 140, 170, and 260 minutes.
Fig.4 shows the heating history for Case B. The temperature
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inside the oven and the temperature inside the specimen
gradually increased from room temperature. After heating to
a relevant duration, the specimens were kept under room
temperature for 24 hours. Then the steel molds were removed
and measured the weight and the dimensions. Then the top of
the specimen was leveled with gypsum before testing.
Unconfined compression tests (JIS A 1216) were conducted
on three specimens under each condition. Loading was
applied with a rate of Imm/min. The load and the

displacement were measured periodically.

3. RESULTS AND DISCUSSION

3.1 EFFECT OF PLASTIC CONTENT

Fig.5 shows the obtained stress-strain relationships of the
specimens which were tested under Case A. In here, the
lowest unconfined compressive strength qu was observed in
plastic 5 % while the highest qu as of 20 MPa was observed
in the plastic content of 30 %. The relationships between the
unconfined compressive strength qu, secant modulus Eso and

the plastic content are shown in Fig.6. It was observed that

25 T 8000
o ®qu  AES0 ° ¥ 7000 =
Z 20 ¢ ) 3 a
G ¥ 6000 =
- K 1] %
£2 15 § R2=0.9911 ,: 3 5000 of
c g e 1 4000 £
S P 7 E =
2% 10 § - i g
el <7 RE=09746 3000 £
g oo 1 2000 E
5 5% ! s E ]

L . i A

L o T 1000

..
0 10 20 30 40

Plastic percentage (%)
Fig.6. Relationship between unconfined compressive

strength/secant modulus with plastic content-Case A

o =

Plastic
e m _

1opm

Fig.7. SEM image on sand + plastic 30%

both qu and Eso of improved sand increase when increasing
the plastic content. In this improvement technique, plastic is
the material that maintains the bonding between sand
particles as observed in the SEM image of Fig.7. While
increasing the plastic content it is possible to expect a
maximum strength up to the yield strength of the plastic as of
60 MPa. However, in this study, the obtained qu at 30% of
plastic was one third of that value. Hence the relationship
between qu and the plastic content was considered as a linear
relationship.

From the measurements, it was observed a reduction in the
height of the specimens with plastic 30 % after heating by
resulting in a higher density of 1.45 g/cm®.This may also have

a positive effect on the strength of those specimens.

3.2 EFFECT OF HEATING DURATION

The obtained stress-strain relationships for the specimens
with 30 % of plastics under case B are shown in Fig.8
following the heating duration. The qu and the strain at failure
were depended on the heating duration and the highest qu was
observed at 90 minutes as of 26.5 MPa. The obtained
relationships between qu, Eso, and the heating duration were
plotted as in Fig.9. When the heating time was increased, qu
increased and then gradually decreased showing an optimum
heating duration of 90 minutes. After heating 260 minutes qu

was dropped 40 % from the optimum qu. In this case, the
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specimen was heated up to the melting temperature for a
longer time. This might be caused to a thermal degradation
which involved in changes of chemical composition. Some
studies have been reported that this phenomenon leads to the
appearance of different compounds such as lighter molecules
and linear and cyclic oligomers®. To understand this effect
further, the weight of the specimens before and after heating
was measured. The obtained weight losses due to heating
were 0.30, 0.37, 0.43, 0.63, 0.90, 1.27 g in accordance with
ascending order of the heating duration. In addition to that
clear change in the color of the specimen which was heated
up to 260 minutes was observed as shown in Fig. 10. These
results explained that there were some changes in the
physical properties which were resulted by the thermal
degradation of biodegradable plastic when heating longer
duration. Similar observations were reported in previous
studies®.

However, in the case of Eso, clear changes against heating
duration were not observed. The averaged Eso of all the cases
was 4725 MPa as shown in Fig. 9 which was higher than the
modulus of plastic stated in Table 1 as of 3500 MPa. This
behavior was different from the expectation of the authors.
However, no literature was found to support /against this
result. Several studies were reported about the effect of
heating rate on the mechanical properties and observed their
reductions® ©. In this study, similar rate of heating was
maintained in all the specimens. Hence it was considered that
Eso might be depended only on the plastic content while
independent from the heating duration. Further verifications

are needed to be applied.

4. APPLICABILITY AS A CONSTRUCTION
MATERIAL

In this section, the applicability of the biodegradable
plastic as a construction material was discussed by comparing
the obtained results with cement treated silica sand. Here
three sets of specimens were prepared by setting cement
contents as 2, 4, and 8 % of the dry weight of the sand. These
contents were different from the exact content of the plastic
as they were originally prepared for another project. However,
the minimum content of 2 % was decided as equal to the
minimum cement content of 50 kg/m? which is recommended
in the manual published by Japan cement association (JCA)?.

Water content was set to 10.5 % of the dry weight of the

sand. Specimens with a 50 mm in diameter and 100 mm in
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Fig.10. Photos of specimens after UCS test-Case B

height were prepared using steel molds with a density of
around 1.4-1.45 g/cm3. The specimens were cured under
constant temperature and humidity. Unconfined compressive
strength tests were conducted in each set of specimens after
7 and 28 days of curing.

The obtained stress-strain relationships were plotted with the
test results of improved sand using biodegradable plastics of
5,7, and 10 % which were discussed in section 3.1 as shown

in Fig.11. To compare the behavior of plastic treated soil,
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5.0

obtained qu, and Eso, results were plotted against the binder —_— ll;iastic ;u?
astic 7%
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cement treated sand and it is suitable to use as a construction 1200
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were conducted on the improved sand with biodegradable

plastic to understand the behavior of mechanical properties. 0 -
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The obtained results were compared with the results of
. . Cement/ Plastic content (%)
cement treated sand for verifying its applicability as a ) )
) ) Fig. 13. Relationship between secant modulus and
construction material. )
cement/plastic content

The findings can be summarized as follows.

1) Mechanical properties of sand can be improved using Optimum strength can be achieved at the time in

biodegradable plastic. which temperature reaches the melting point of

2) In improved sands with plastics; plastic. Heating for longer time cause in dropping
- Unconfined compressive strength (qu) depends on of strength.

the plastic content and the heating duration. - Secant modulus (Eso) depends only on the plastic
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content when the specimens prepared under same
heating rate.

3) In plastic treated soil both qu and Eso increased at a
higher rate compared to cement treated sand while
increasing the plastic content.

4) The same strength achieved by cement treated sand after
28 days of curing can be achieved by the improved sand
with biodegradable plastic using less plastic content and
less time.

As a summary, it can be concluded that the improved sand
using biodegradable plastic performs well, as well as the
cement treated sand and it is promising as an applicable
construction material.
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BEEHEE FSRXEOERMEREICEAT SR
Research for Deformation Performance of Damage-controlled Truss Beam

B EEEE KIE &K%FLF YURIKO OZU
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MEEREHT r BV a2y &Il HfE YUKAFURUYAMA
BERHT Y2 HO K MASARU MIYAGUCHI
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Damage-controlled truss beams using a buckling restrained member were tested. The tests confirmed the
lateral stiffness and the ductility of members for sufficient plastic deformation capacity. The lateral forces
of the beams were smaller than the assumed value, and this means that the required lateral stiffness was
sufficient. The necessary stiffness could be estimated by buckling analysis comparing the buckling loads
of chords to the existing axial forces. The results showed that sufficient plastic deformation capacity can
be obtained by setting the stress of members within the allowable stress for short-term loading for
maximum strength of a buckling restrained member.

Key Words: Buckling restrained member, Damage control, Plastic deformation capacity, Required lateral

stiffness
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This paper presents an automated real-time monitoring system that is able to identify seismic events like
earthquakes and to detect anomalies in the structures after these events using wireless accelerometer net-
works. Natural frequencies, modal shapes, and geometry inclination are indicators for evaluating structures.
An original algorithm was developed to identify modal parameters effectively and detect anomaly in real-
time. The application in two highway bridges confirmed the value of the wireless monitoring system. The
detection of such small changes in bridge weight due to road surface construction work confirmed the
ability to detect slight damage or deterioration in structure. In addition, the result confirmed that real-time

detection of earthquakes and real-time evaluation of the structural performance is possible to implement.

Key Words: Monitoring, Damage detection, Inclination, Natural frequency, Ambient vibration

1. INTRODUCTION

An automated monitoring system of bridges is currently
highly interested in Japan to enable early evaluation of
structures safety due to earthquakes and deterioration.
Various monitoring approaches including vibration-based
method 123, vision-based method ¥, or optical fiber strain
method, have been investigating for recent decades to
monitor structures. Getting cheaper in data acquisition and
hardware cost, vibration-based monitoring, especially
integrated with wireless sensing networks, becomes more
common for evaluating the performance of structures in real-

time. There are several remarkable examples of monitoring

systems on existing structures such as the system of the Jindo
Bridge in Korea - 9, the Humber Bridge in England 7, the
Akashi-Kaikyou Bridge in Japan ®- 9, the Tamar Bridge in
England ' showing the value of vibration-based monitoring
system using wireless sensor networks.

Damage or anomaly detection is one of the key functions
in any monitoring system. The vibration-based monitoring
approach is based on the principle that an abnormal vibration
characteristic will be generated due to structural changes as
cracks, deterioration, or damages. The natural frequencies
and modal shapes are functions of structural weight and
stiffness; hence, a reduction in natural frequency may

indicate a stiffness reduction due to damage, cracks, or mass
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Fig. 1. Concept of wireless sensor network monitoring

change in structures. However, due to environmental factors
like the temperature, the modal properties change as well,
making the detection of small variations more difficult.

In this paper, an automatic monitoring system for bridges
and buildings to detect earthquakes as well as to detect
structural anomaly using a wireless accelerometer network is
presented. The daily periodic ambient data is considered as a
reference to evaluate the performance of the structures
through changes of dynamic characteristics such as natural
frequencies, modal shapes, and inclination of the structures
along the time. An original algorithm was developed to
accurately estimate natural frequencies and modal shapes
with a high efficiency event with less than 1 gal level of
acceleration in ambient vibration. A step-by-step approach
was developed to evaluate the structure in real-time after the

seismic event.

2. MONITORING SYSTEM FEATURES

2.1 SEISMIC DETECTION AND
MEASUREMENT

SCHEDULED

Civil structures such as bridges and buildings are
generally of considerable size, making the installation of
wired systems costly and not desirable. Especially, in bridges,
it is difficult to layout the cable of wired sensors. For these
reasons, a wireless monitoring system as shown in Fig. 1 was
developed to enable to monitor bridge and building structures.
The system consists of several triaxle accelerometers at
critical locations and one or several trigger nodes for seismic

event real-time detection. Sensor nodes are communicated in
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a wireless network and driven by dry batteries. Measured
acceleration is sent to the cloud server in order to give easy
access to inspectors and to allow abnormal detection creating
a real-time monitoring system. Email notification function is
also included to notify the inspector about the seismic event
detection. In operation, accelerometers at sensor nodes
measure vibration at a predefined schedule to make
referenced data for structure evaluation. The trigger node, on
the other hand, measures continuously with solar power
support to monitor vibration in seismic events. Besides 3
axial acceleration, inclination angles and temperature are also
recorded. With wireless sensors and compacted size of
sensors, this system proves to have large freedom to set up in

bridges, buildings, and other infrastructures.

2.2 STRUCTURAL IDENTIFICATION

Structural identification for monitoring context is the
process of estimating dynamic characteristics of structures
using measured data. The process can be done in a forward
problem with analytical structural models that can be
calibrated for a targeted structural condition, to calculate
structural properties. However, it is difficult to calibrate the
structure, the inverse problem is more common in structural
health monitoring. The inverse problem can identify the
structures without the FEM model. In this paper, the
structural properties can be identified using the structural
response measured data only, without considering input for
those responses which is hard to measure for bridges or
buildings under in-service conditions. Particularly, the

dynamic modal properties such as natural frequencies, modal
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Fig. 2. Anomaly detection concept

shapes, and rotation angles are estimated from acceleration
data by fundamental spectrum analysis. Fast Fourier
transform was firstly applied to acceleration, then an
algorithm was developed to estimate frequencies and modal
shapes of the structure from the acceleration spectrum. This
algorithm can identify the dynamic properties even with low

amplitude vibrations.

2.3 ANOMALY DETECTION

Anomaly in this context refers to sudden changes in
structural properties, such as reduction of natural frequencies,
change in modal shapes, etc., due to cracks, deterioration.
The natural frequencies and modal shapes are functions of
structural weight and stiffness; hence, a reduction in natural
frequency may indicate a stiffness reduction due to damage
or mass change in structures. However, for a long term period,
environmental factors, such as temperature, are varying in
time causing the dynamic properties could fluctuate within a
range. These fluctuations may overlap with the small changes
of frequencies due to light cracks or damages. Therefore, it is
necessary to remove this effect in order to detect small
damages. In this monitoring system, scheduled measured data
is used as a reference to detect anomaly after hazard events
or long-term variations. Whenever a seismic event detected,
the system will form a referenced state by a normal
distribution model using scheduled data measured before the
event. Similarly, a normal distribution model for the test state
will be also created by data after the detected event. If the

statistical distribution model changes, damage or anomaly is

potentially identified. For example, in the undamaged
condition, each frequency can be represented by the normal
distribution. The distribution would move to the left when
damage occurs as shown in Fig. 2(¢). To enable real-time
anomaly detection, three-step processes for detection, later
steps target for smaller changes, was developed to detect
anomaly as in Fig. 2(a). By optimizing the threshold in the
outlier test, the system can detect such small changes in the
range of 1.5 times the standard deviation in the natural
frequency distribution. Changes in modal shapes were
evaluated by Modal Assurance Criterion (MAC), calculated
as per equation (1), where @; and @, are modal shapes at
evaluated time and reference mode shape vector. MAC
indicates the modal shape change when it becomes below 1.0.

(@)
MAC(H)= 57550757 :

3. APPLICATION IN CIVIL STRUCTURES

The system was applied in two highway bridges in Japan.
The first bridge is the Mukogawa Bridge which is a highway
bridge in the Shin-Meisin Expressway, Japan, as in Fig. 3.
This is the first extradosed butterfly web bridge in the world
with 5 continuous rigid-frame span prestressed concrete box
girder. The total bridge length is 442m with a typical span of
100m. The bridge was awarded in the finalist of outstanding
structures by IABSE 2019. A vibration monitoring system
was installed in 2016 right after the construction of the

superstructure to measure bridge ambient vibration

57



SIMEACREBAANAT AP S W 55 18

L = 442200
100000

ff
)

85100

150

DB000,
@ High precision accelerometer @  Trigger sensor

Fig. 3. Monitoring system in the Mukogawa Bridge

Total Length 712500
7873500-514500

Fig. 4. Monitoring system in the Terasako Bridge
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Fig. 5. Structural identification result

acceleration during road surface construction period as well excitation. Those trigger nodes, powered by solar battery, are

as after the bridge opens to traffic. Vibration in ambient daily continuously measuring to detect any large vibration.

traffic, as well as vibration in such seismic events like

of

accelerometer nodes, driven by dry battery, were set up in

Accelerometers are scheduled to measure vibration two times

earthquakes, is monitored. A total 17  wireless

every day for making referenced data. Measured acceleration

will be sent to cloud server in order to give easy access to

girder to measure vibrations of the bridge. Three trigger inspectors and to allow abnormal detection that can be

nodes were set at bottom of pier to monitor unusual large

vibration due to earthquake, strong wind, or another large
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automatically implemented in the server creating a real-time

monitoring system. Email notification function is also
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included to notify the inspector whenever trigger nodes detect
a seismic event.

A similar system was set up to the second bridge, the
Terasako Choucho Bridge (previously called the Takubogawa
Bridge) as shown in Fig. 4. This is the first rigid-frame
butterfly web girder bridge in the world, located in the
Highashi Kyushuu Expressway in Hyuga city, Miyazaki
prefecture, Japan. In 2016, it was recognized as an
outstanding structural award by FIB. The bridge has a 10-
span continuous prestressed concrete box girder with a
typical span of 73.5m and a total length of 712.5m. A total of
28 accelerometers was setup to monitor the bridge. One
trigger node was also installed in pier P7 for earthquake
detection. The sensor network and its operation are the same

as with the Mukogawa Bridge.

4. RESULT AND DISSCUSION

4.1 STRUCTURAL IDENTIFICATION

Whenever acceleration data is uploaded to the cloud, the
structural identification process is implemented to estimate
natural frequencies and modal shapes. Fig. 5 shows an
example of structural identification results for the Mukogawa
Bridge on a slightly windy day before the bridge opening to
traffic. The identified mode shapes are well consistent with
designed values. It confirmed that event under micro-
vibration with acceleration less than 1 gal, the natural
frequencies, and mode shapes can be estimated accurately.
Furthermore, it showed that when there is not car moving on
the bridge, it is hard to identify natural frequencies because
of the high white noise ratio. An algorithm to find the most
reliable peaks was developed to estimate natural frequencies
by statistical processes. It showed that dominant frequency

peaks vary when no traffic running in the bridge, but the

natural frequencies can be estimated efficiently from the

dominant peaks as shown in Figs 8, 12.

4.2 EARTHQUAKE DETECTION

Detecting earthquake and intensity estimation was
designed as a key function of the monitoring presented in this
paper. The trigger nodes setting at the pier lower part track
the occurrence of earthquakes with solar power supply. The
monitoring system presented in this paper detects seismic
events by tracking RMS acceleration in the trigger nodes.
During the monitoring term from December 2017 up to
March 2020, in the Terasako Choucho Bridge, there were
several medium to major earthquakes as recorded in Table 1
I All of these seismic events were detected by this
monitoring system. Fig. 6 shows the maximum acceleration
in daily measurement as well as in detected earthquakes in
the monitoring system in the bridge. It confirmed that the

system can detect all listed earthquakes.

4.3 GEOMETRY INCLINATION

The acceleration vector has a trigonometric relationship

Table 1. Recorded earthquakes by Japan Meteorological

Agency

No Epicenter Time Maximym Intensity
name intensity  at Hyuga

1 Hyuga 2019/5/11 8:59 4 2
2 Hyuga 2019/5/10 9:07 3 2
3 Hyuga 2019/5/10 8:48 5- 3
4 Hyuga 2019/5/10 7:43 3 2
5 Hyuga 2019/3/27 15:38 4 3
6 Hyuga 2019/3/27 9:11 3 3
7 Kumamoto 2019/1/3 18:10 6- 1
8 Hyuga 2018/7/3 20:38 3 2
9 Hyuga 2018/2/9 3:31 4 2

Ambient vibration
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Fig. 6. Earthquake detection and filtered frequency in the Terasako Choucho Bridge
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with the gravity vector, that allows defining tilt angle of
accelerometers. Once structure deforms due to concrete creep,
foundation settlement, etc., the structural inclination would
be changed, making it possible to detect the long-term
deformation in structures. Fig. 7 presents the inclination of
the Mukogawa Bridge girder since the superstructure
construction completed. It found a minor change in
inclination in both bending direction (in-plane rotation) as
well as transverse direction (out of plane rotation). In-plane

rotation progressed from the beginning of measurement and

became stable from 2017/01. This deviation may have caused
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by creep effect. In out of plane rotation, the movement is
consistent with the variation of temperature. However, the
both movements are very small, approximately 1 milliradian.
It also confirmed that there was not abnormal deformation

due to the foundation settlements of the bridges.

4.4 ANOMALY DETECTION

It has been almost 2 years since the system started
measuring at the Terasako Choucho Bridge. Fig. 8 shows the
variation of 2nd vertical mode frequency variation from

December 2017 together with the temperature variation until
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Fig. 12. 15 vertical mode frequency variation and anomaly detection in the Mukogawa Bridge

July 2019. It shows that due to the changing environment
condition during the year, the frequency also varies following
a yearly cycle, but with a time lag compared to temperature.
The temperature has a major effect on the variation of
frequency. Furthermore, the change of frequency due to
temperature change is relatively large, close to 2-3 times of
standard deviation of frequency in measurement. These long-
term variations may overlap with the small changes of
frequency due to light cracks or damages. Therefore, it is
necessary to remove this effect in order to detect small

damages. The temperature effect can be suppressed assuming

a linear relationship between temperature and frequency as
shown in Fig. 9. However, this approach has low accuracy
because frequencies have a short time lag to temperature
change and it requires a year-long measurement to gather
enough representative data. Instead, in this paper, a high-pass
filter was used to remove the effect of temperature. The high
pass filter was designed in order to remove low- frequency
movement as year cycle due to seasonal change. The mean
value of few latest measurement frequencies was used in
combination with filtered frequency to form a reference

statistical model to track anomaly. The Terasako Choucho
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Table 2. Construction recorded work for road surface

finishing

No Time Content
@D 2016/12/21
© 2017/5/12
@ 2017/9/28
@ 2017/11/10
® 18/01/18-26  Asphalt surface layer

Temporary asphalt
Outbound line leveling layer
Remove temporary asphalt

Inbound line leveling layer

Bridge experienced three level-3 intensity earthquakes during
the last two years, however, as shown in Fig.8 the frequency
has not changed after those hazard events. It means that there
may be not cracks or damage by the hazard event.
Furthermore, Fig.10 plotted histogram for 2-year natural
frequency shows that the initial assumption of the normal
distribution model of natural frequency is reasonable.

In the Mukogawa Bridge, the natural frequencies of the
bridge move with a similar pattern along the year due to the
change in temperature. However, the monitoring system in
this bridge was installed right after the concrete construction
was completed. There were some construction works related
to asphalt surface finishing still remain at that time. Table 2
shows a record of these works. Due to asphalts layers added,
the weight of the bridge was increased and the bridge natural
frequency changed consequently, as an example in Fig.11.
The step-by-step algorithm can detect these small changes as
shown in Fig.12. At the event O to @, the change of
frequency is relatively larger and it can be easily appreciated.
At event ®), frequency changed slightly because only asphalt
surface layer was added in the bridge, but the monitoring

system can also detect this change.

5. CONCLUSION

In this paper, an automated monitoring system to detect
seismic events and detect anomaly for buildings and bridges
using wireless sensor networks is introduced. The system is
able to detect seismic events such as earthquakes and
typhoons and then detect structural anomaly in real-time. Its
application to two real highway bridges confirmed that it can
detect all earthquakes of the targeted magnitude. The system

can identify modal properties efficiently, event under very

low excitation such as traffic, wind, or white noise excitations.

The statistic models of modal properties are developed to
represent structural characteristics and detect structural

anomaly. Furthermore, the application of high pass filter can
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be used to remove the effect of temperature, so that smaller
changes in modal properties can be detected easily, creating
feasibility of small damage detection. This system could be
applicable to both bridges and building structures for
structural health monitoring after seismic events as well as

long term performance monitoring.
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Bayesian inference for damage probabilities using real time monitoring data is proposed. The parametric
studies of the damage probability model are conducted. Considering an actual earthquake, the case of non-
uniform distribution of monitoring structures at each seismic intensity is studied. Simulations using damage
data due to historical earthquakes show the influence of the monitoring ratio on the reliability and damage

level distribution. The applicability and consideration for uncertainty of damage probability of the proposed
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Effect of Layout on Seismic Performance of Sprinkler Piping
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Sprinkler piping is more damaged by earthquakes compared to other building equipments, and
secondary damage due to water leakage is considered a problem. In addition, when the office layout is
changed to add more partitions, it is necessary to add a sprinkler head and widen the pipe diameter.
Therefore, we evaluated the effect of the office layout on the seismic performance of sprinkler piping in a
high-rise building. As a result, it is shown that the vulnerable part is the branch part from the water

distribution pipe to the branch pipe, and the seismic retrofit of the branch pipe is effective for some office

layouts assumed in this study.

Key Words: Sprinkler, Piping, Seismic performance, Seismic retrofit
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