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Seismic Response Properties of Stratified Ground by On-Line Pseudo-Dynamic Response Test
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A series of on-line pseudo-dynamic response tests have been conducted to investigate the influence of
the degree of consolidation, layer thickness and other properties of clay on the earthquake response
characteristics of alternating layers of clay and sand. First, the stress history and degree of consolidation
of clay was varied to investigate the clay's nonlinear deformation characteristics, and their influence on
the response and degree of liquefaction of sand layers. Then, the thickness and configuration of the clay
layers were varied to investigate the overall influence of clay layers on the earthquake response
characteristics of sands layered with clays .

Key Words: Clay layer, Nonlinearity, Seismic response, Liquefaction, Pseudo-dynamic test
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Study of the Multiple Solidified Layer on the Liquefiable Ground
- Verification of Improved Effects by the Shaking Table Test -
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In this study, a series of shaking table tests was conducted under various improvement rates to

investigate the effect of the multiple solidified layer method. That improvement method involves placing

multiple plate-like layers of solidified soil used chemical grouting.

As a result, it was found that the multiple solidified layer was effective for attenuating seismic motions

and repression of settlement.

Key Words: Liquefaction, Shaking table, Soil improvement, Multi-layer, Settlement, Chemical grouting
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Study of Fracture Energy for High Strength Concrete

M % MANABU FUITA
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Fracture energy tests were performed on concrete with compressive strength in the range 35 N/mm? to

145 N/mm?, and tension softening diagram (TSD) was obtained as the value resulting from poly-linear

approximation analysis. Load-CMOD curves obtained using the approximation analysis reproduced the

results of the tests, even for high strength concrete. The figures for fracture energy obtained from TSD

agreed with those obtained from loading tests for NSC to HSC.

Key Words : High strength concrete, Fracture energy, Tension softening diagrams
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Loading Tests of Joint Part of Composite Wall Using Concrete Filled Steel Tubes
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Authors have developed the construction method of an underground continuous wall using concrete

filled square steel tubes for the wick member, and used a structural part of the underground structure. In

order to confirm the joint structures of slab and wall, we performed loading tests by using L type model

which the joint part were cut away. From the test results, behavior of joint part was almost corresponding

to the FEM analysis, and it was confirmed that joint part has enough structural performance.

Key Words: Underground continuous wall, Composite wall, Square steel tubes, Loading test
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Design on the Face Reinforcement using Long Span FRP Bolts for the Large Box Traction Project

(L 727 HIROSHI YAMACHI
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Injection method is not suitable for the large box traction project at Kami-Nopporo Station, because the

soil of application site consist of clay and so on. Under such geological condition, a large deformation

may occur due to the application of injection. However, reinforcement should be necessary to be

maintained a stability of excavated face during large box traction. Considering these conditions and

difficulties we have designed and applied the excavated face reinforcement using long span FRP bolts.

This paper describes its design philosophy.

Key Words: Large box traction project, Face reinforcement,Long span FRP bolts, Injection method
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Microdisplacement Measurement of Aramid Fiber Rod by Precise Photogarmmetry
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The Precise Photogrammetry are the technique to measure 3 dimensional form of the objects using a

digital camera. We tried to use this technique for measuring the deformation of an aramid fiber rod under

the tensile tests. As the results, it was clarified that this technique have the accuracy of 11 u m, and are

accurate enough for practical use.

Key Words: Precise Photogrammetry, Digital Camera, Aramid Fiber Rod,

Microdisplacement Measurement
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Biodegradation Experiments on the Contaminated Soil with Petroleum Hydrocarbon
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Biodegradation experiments were conducted on “Kurotsuchi”(volcanic ash soil) samples containing

up to 5% of A-fuel oil. It was confirmed that the oil contamination in the soil had been biodegradable,

and over 95% reduction in the hydrocarbon content of the soil could be achieved after a period of 245

days.

Key Words: Soil Contamination, Oil Contamination, Bioremediation, Biodegradation
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Development of Nondestructive Inspection Method for Estimating Concrete Strength

— Influence of Component Materials in Concrete on Elastic Wave Velocity —
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On a nondestructive inspection method for estimating compressive strength of concrete using velocity of

impact-elastic wave, it is very important for improving the accuracy to establish appropriate relation between
the elastic wave velocity and the strength. This paper describes the influence of component materials in
concrete on the velocity and the strength, and proposes the estimating formula of the compressive strength.
Key Words: Concrete, Nondestructive Inspection, Impact-Elastic Wave, Elastic Wave Velocity, Compressive

Strength
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Experimental Research of Dynamic Characteristics of High-Strength Concrete
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The various dynamic characteristics of high-strength concrete were investigated. The characteristics

are the compressive strength, the tensile strength, the density and the transformation performance.

The results are as follows. 1) The dynamic characteristics are not influenced by the care method.

2) The dynamic characteristics can be evaluated as an extension of resolt of the New RC report.

Key Words: High-Strength Concrete, Compressive Strength, Dynamic Characteristics
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Study on Utilization of High-Strength Precast Concrete

" F #% HIROSHI KAWAKAMI
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“Hrravl mh '\ SHIN MATSUMARU
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R L, MEFHFELRRELL,
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Series of the strength confirmation experiments were conducted at two precast concrete production
factories for using high-strength precast concrete corresponded to Fc100N/mm?. As the result, it has been

confirmed that the both factories have abilities to product the members of Fc120N/mm?, and the strength

management system were proposed.

Key Words: High-strength concrete, Precast concrete, Strength development, Structural concrete
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Study on Practical Application of High-strength Concrete
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The authors conducted experiments on construction using Ready-Mixed Concrete, and discussed the

effects of execution condition on workability and development of compressive strength for

ultra-high-strength concrete. The main results are as follows:

(1) In high binder-water ratio, development of compressive strength are decreased.

(2) In some case, the strength concrete in structures is higher than the strength in standard curing.

Key Words: High-strength concrete,Strength of concrete in structures, Workability,Silica fume
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Study on Flow Characteristics over a Two-Dimensional Hill

fEME %40+ MICHIKO SAKUTA
BPH HIROSHI NODA
R P BB AKIHIKO NAKAYAMA

ARWFFECITHER EAE 2 BRT DRI N ER MR EOBEEERE ChH D LA / VRSN E/D DI, H
FIEHLE & FEA KR 72 2 2 ot EREHE D O Kk % Split film & o — & FIWTHIE LTz, EBROFERUT
DZEVH BN oTe, HMEREHOMENRKRE 8D L, ELAOIEBEIRIC IV 2 ot mBEE TR o FBEE T
RELRDHDPMEITHED, o, MARIRICENEZZT L, 2 ot BER NUORBEERIT/ NS < 8D,
F—TO—F 2 Won B, KUiERE, HMIEREHE, v 2 VXIS, Splitfilm £ Y —, JEIRER

In order to investigate the effects of surface roughness and inflow turbulence on turbulence characteristics
of flow over complex terrain, flows over a two-dimensional hill have been measured using a split-film probe.
The results indicate that roughness reduces the intensity and increases the scale in the separated shear flow
behind the hill. The turbulence in the approach flow shortens the reattachment length of separated shear flow.
Key Words: Two-dimensional hill, Turbulence characteristics, Surface roughness, Reynolds stress,

Split-film probe, Wind tunnel experiment
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Economical Evaluation of Seismic Retrofitting by Seismic Assessment
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Economical evaluation of retrofitting buildings with seismic dampers or seismic isolations, which do not

ERE, A4 7 A 7 ra R b

satisfy the seismic demands required in present building code, is presented using the seismic risk assessment.
In case of retrofitting with seismic dampers (Case-A), optimal numbers of the dampers to minimize the
seismic risk are quantified. In case of retrofitting with seismic isolations (Case-B), the effects of
characteristics of the isolation system such as natural period and damping ratio and the distance from a
neighboring building are investigated. As the results of the investigations for an assumed model building, the
followings are summarized. In Case-A, the number of dampers which optimize the cost performance is 1.5 -
2.0 times greater than the case of conventional retrofitting design. In Case-B, the characteristics of the
isolation system do not affect seismic risks much in the case of medium strong seismic excitation, and the
distance from a neighboring building is important for evaluating seismic risks.

Key Words: Scismic Risk, Retrofitting, Seismic Damper, Seismic Isolation, Life Cycle Cost
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BIE AT X R EE NWMEZ £ Y (Rotary
Damping Tube=RDT) I3,
TOHEL D, fIERSIOREHOREER & LT/
WP EOBRBHEIC AN TVWD, ZNET, K

HEEHEAA & IR E O TR B

IBIERE N S RREEDEH SRR

Dynamic High Speed Testing of the Damping Devices with an Amplification Mechanism

EE KT SHIGEKI NAKAMINAMI

AR %= TORU SUZUKI

MAEFES G il TAKESHI FURUHASHI

B B BIE  YUII MITSUSAKA
MREaHIET N4 2 HT A HISAYA TANAKA

IR AT & R R T F ) 13, EAEE) A RES) AT DA R D, HIERIEESCRE N O

FEBL LTHOONTWS, ZRET, KAHEE 0.75n/s £ TOMERIER 2 SN TWEA, HBEL Lo
HEEIT L TE, BT L T0RBERRR2INTVD LI AR, EEDLIL, REBEORFMEEZ BT
DIz, mONIKE 1.5n/s OBRINMRABRZITY, BEEE L L TEWIEREEZRAL TWD Z L2 LI,
7o, EEEEMICI T DRI OREIZ OV THL NI T D L L bICTDERICHET 2 EREZITo T,
F—TU— R EERLEE, MR, s, vV a—r A

Rotary damping tubes “RDT” have the mechanism in which straight-line motions of the shafts are
converted to rotational movements of the tubes which contain silicone oil as damping material, and are
used as seismic dampers and dampers for base isolation system. Although the performances of energy
absorption of RDT had been verified up to the rage of 0.75m/s, the performances over the rage of 0.75m/s
where the extreme earthquakes are assumed have been not necessarily verified yet. In order to verify the
limit performances of these devices, the dynamic tests in maximum speed of 1.5m/s were carried out. The
test results showed high performances of RDT as dampers. And the characteristics of viscous damping at
high-speed rage were clarified, and the factors which influences on the viscous damping are also
discussed.

Key Words: Damping Devices, Amplification Mechanism , High Speed Testing, Silicone oil
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Experimental Study on Damping Performance of Peripheral Restraining Lead Damper
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Peripheral Restraining Lead Damper has the high-energy absorbing capacity, but the dependency of the influence

factors on the damping characteristics is not still made clear. The dynamic tests were executed to clarify the

dependency. As a result, it was specified that the damping performance depends on the amount of cumulative

energy absorption, the temperature, and the frequency. In addition, the relational expression of the damping

force to the shear deformation, which contained the influence of those dependencies, was provided.

Key Words: Response control, Hysteretic damper, Lead plug, Laminated rubber, Energy absorption, Dependent property
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Verification of accuracy of proposed formula for Viscous Damping Wall

$4K  FIEk TOSHIYA SUZUKI

A
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B, THER 1.0, ZERE 015 B, ERSTICHE S TWD Z L 2R LT,

F—0— F : fREE, KPR, T AY M, EHSA, EERE

Viscous Damping Walls "VDW" have been used to many buildings since 1994 and enough stable damping
data have been collected. Based on these data, we tried to unify design formula of damping force and to
verify the accuracy of the formula. Moreover we verify the accuracy of simple design formula that takes the
stiffness of steel wall panel into account using aspect ratio of the wall. Damping properties estimated by
proposed formula (type-2002) are compatible at each parameters and the accuracy shows Normal
Distribution with about 1.0 in mean and about 0.15 in variation.

Key Words: Damper, Viscous Damping Force, Aspect Ratio, Normal Distribution, Coefficient of Variation
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Design Method of Stiffeners and Web Panels of Hysteresis Wall Dampers
for Vertical Deformation
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Hysteresis characteristics of wall dampers are based on these shear deformation. Vertical deformation

due to long-term loads, RC creep strain, and flexural deformation of a structure must be considered, when

the dampers are applied to high-rise RC structures as multi-story wall system. This paper describes that

the influence of these vertical deformation on hysteresis characteristics and design method of stiffeners.

Key Words: Hysteresis Wall Damper, Low Yield Point Steel, Hysteresis Characteristics, Stability

Analysis, Stiffener, Detail Design, Finite Element Method
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Bi-directional Loading Tests of Precast R/C Frame with Beams Integrated with Beam-Column Joints

/N FEZ HIDEYUKI KOSAKA

#LE ¥ HIROSHI SHINJO

(i A3 HISAYUKI YAMANAKA
LI A T KEUI MATSUMOTO
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A new construction method using precast beams integrated with beam-column joints was developed.
The productivity of this construction method is higher, because the majority of structural members
consist of precast concrete products. This report describes the outline of the test, and the performance of
structure on interior and exterior beam-column joints under bi-directional loading. As a result, it was
confirmed that in this construction method, there were few particularities of the structural performance

compared with conventional method of construction.

Key Words: High-Rise R/C Building, Precast Beam-Column Joints, Bi-directional Load,

Varying Axial Load
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This report discusses on the loading tests of PC shallow beams of which main bars are reinforcement

bars in upper side and high-strength alloy steel bars in lower side. As a result of experimental studies,

beams showed high repairability after seismic loading. And it was shown that the load-deflection

relationship of test results could be simulated by flexural analysis method of the beams considering slip

characteristic of the bars.

Key Words: Prestressed, Shallow beam, High-strength alloy steel bars, Bonded, Unbonded
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Study on the Valuation of Picture Flickering with Alternating Magnetic Field

£t #— KOICHI ISHIBASHI

AWFFEIE, KRB - Fafi7 LEEd R E LTHREIC LD
MR OEEEZIEET D20 D TH D,
FRAER LY, RUBEROIEMEM L UCHESREE, 10T (F200E) & L7z, BAEE LTiE, fko7T L EeD
AT VA VBRI K DB A~ OIS S BE L 0.5uT & L,
F—T0— R R, REERG, ®aiLT L E, mEEL

This research focuses on proposing new standard of the recommendable alternating magnetic field to

BN R 21TV, 7TV ERBOLDOR

offer the best environment for setting up a television device at an ordinary living space. The survey was
conducted on the valuation of picture flickering by unbiased adults.

Key Words: Power line, Magnetic environment, High precision television, Picture flickering effect
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Thermal Environment Improvement of the Roof Spray Cooling System
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In this paper, the thermal environment improvement effects that has been investigated on four types of
building with the roof spray cooling system are reported. Thermal environment of the rooms were
certainly improved in drastic reduction of solar heat gain by roof spraying. It was confirmed that the
room temperature, radiant and operative one ware also reduced, and the effects depended on height of the
room and its angle factor of sparing roof.

Key Words: Roof spray cooling system, Evaporative cooling, Reducing heat stress, Energy conservation
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An experimental study on loading behavior of composite bridge pier using steel pipe
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Composite bridge piers composed with concrete at steel pipes will be able to save the con-
struction costs and period. In this paper, in order to investigate loading performance of the
composite bridge piers, lateral cyclic loading tests were conducted. Here, with or without outer
rib for steel pipe, axial force and stiffening volume of hoop tie were taken as variables. The
results obtained from this study are as: 1) composite bridge pier using steel pipes with outer
ribs has a larger load carrying capacity and stable loading-performance comparing to those of
the pier using steel pipe without outer rib; 2) using steel pipes with outer ribs, the toughness
can be improved and the stiffening volume of hoop tie can decreased ; and 3) in case using steel
pipes without outer rib more the bridge pier is severely damaged at appling the axial force and

arranging small volume of hoop tie.

Key Words : composite bridge pier, steel pipe with outer rib, toughness, axial force
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Development of a Centrifugal Sprayed System for Shotcrete Application

Development of a Centrifugal
sSprayed System for
Shotcrete Application

by Hiroshi Yamachi, Masataka Uozumi, Yuji Nagano, Youichi Nakano, and Shunsuke Sakurai

new Japanese Ministry of Health document

provides regulations and guidelines for the

allowable dust concentration in tunnel
works. The recommended maximum concen-
tration should be less than 3.0 mg/m? (2.3 mg/y?)
at 50 m (164 ft) from the tunnel face. To observe
this guideline, it is a serious problem as to how to
reduce the generation of mineral particles of dust
during shotcreting operations. In general,
shotcrete is placed using pneumatic energy. This
is a main factor causing dust generation during
shotcrete operations. It may be easily imagined
that if shotcrete application can be conducted
by centrifugal force, dust concentration would be
dramatically reduced. In this paper, we describe
the development of a centrifugally sprayed
shotcrete system named Dustless Shotcrete and
also provide the results of a practical application
of this technology at the Hishino Tunnel.

Introduction

New regulations in Japan require that the dust
concentration in tunnelling should be controlled
at less than 3.0 mg/m? (2.3 mg/y?) at 50 m (164 ft)
distance from the tunnel face. Shotcrete application
is one of the biggest causes of dust occurrence.
Therefore, various concrete mix designs for low
dust generation were proposed and submitted for
trials. The occurrence of dust, however, depends
not only on the shotcrete mixture but is also
greatly influenced by the mechanism used for
shotcrete application.

Compressed air is generally used to spray
concrete. This same air, by spraying and separating
the material out of the nozzle, however, causes
some of the fine particles to scatter as dust in the
air. Therefore, occurrences of dust will decrease
greatly if compressed air is not used for spraying.
It is thus desirable to spray concrete using the
centrifugal force method. Some problems need
to be solved to use this system in practical
applications, however. In the following, an outline
of the centrifugal sprayed machine we developed
is provided and a proving test, which was conducted
to examine the effect on dust generation, is
also shown.

Mechanism of Gentrifugal
Sprayed System
(Dustiess Shotcrete)

It is not difficult to spray concrete by centrif-
ugal force. Several problems need to be solved to
spray concrete in place and produce high quality,
however. These problems can be classified into
two main categories. The first is how to release
concrete in a controlled direction. The second is
how to properly mix the concrete and accelerator.
In the following, we describe the process of
concrete spraying by centrifugal force and
explain the ideas behind directed spraying and
accelerator addition.

The appearance of the centrifugal sprayed
machine is shown in Fig. 1. This machine is
comprised of a self-propelled vehicle, a boom with
multiple degrees of freedom, and a centrifugal head
at the tip of the boom. As shown in Fig. 2, the
centrifugal head has both a mixing and spraying

Centrifugal Head

Figure 1: Photo of centrifugal head mounted on
spraying machine
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Mixed zone

Concrete

Stirred bar

Sprayed zone
Y

Figure 2: Side view of centrifugal head

Stirred bars

Figure 4: Impeller wing and stirring bars

function. Supplied concrete is carried to the
mixing zone by a pump. The pumping rate of
concrete is controlled by the actuator speed. This
pump can also transport high-viscosity concrete,
such as high-strength shotcrete. The accelerator
is supplied by a pipe to the mixing zone.

The mixing zone is comprised of a cone-shaped
frame and stirring bars as shown in Fig. 3 and 4.
This cone-shaped frame rotates at about 140 rpm
in low speed and the stirring bars rotate at 900 to
1600 rpm at high speed at the time of introduction
of the concrete and accelerator mixture. The two
materials are stirred homogeneously by the
difference in this rotation speed. And, because the
frame has a cone-shape, the material is carried to
the sprayed zone by the centrifugal force of the
rotation. Figure 3 shows a head section as seen from
the front. It can be seen that the inside frame is
cone-shaped (the accelerator supply pipe, impeller
wing, and stirring bars are removed in this sketch).

The materials carried to the spraying zone are
flung off by the centrifugal force of the wings,
which are called impeller wings. The ejected

Figure 3: Appearance of centrifugal head with
impeller wing and stirring bars removed.

Discharge mouth

7

Guide board.".,

Endless belt
Stirred bar

Figure 5: Cross-sectional view of the centrifugal head

shotcrete speed at this time is controlled by
the rotation speed of the impeller wings (900 to
1600 rpm), and directional control is provided by
the following mechanism. Figure 5 shows a plan
view of this spraying zone. The supplied concrete
rotates with the impeller wing at high speed, and
a discharge mouth is set up at only one place,
where it covers the circumference of the impeller
wing with an endless belt to spray concrete in a
fixed direction. In other words, concrete is sprayed
from the discharge mouth into the air by rotating
along the endless belt around the circumference
of the centrifugal head.

The base frame in the spraying zone is installed
in a structure that can rotate 360 degrees. There-
fore, concrete can be sprayed in any direction, at
different ranges using the rotation of the discharge
mouth and the up and down movement of the
machine boom. Moreover, a guide board is set up
on the discharge mouth to improve the precision
of the spray direction. A list of the main specifi-
cations for this centrifugal system is shown in
Table 1.
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Development of a Centrifugal Sprayed System for Shotcrete Application

Table 1: Main specifications of centrifugal sprayed machine (Dustless Shotcrete)

Principal of sprayed system

Centrifugal sprayed system

Capacity

15 to 16 m*/h (11 to 12 yd*/h)

Accelerator mixing system

Forced mixing type

Recommended accelerator

Powdered accelerator
(Liquid accelerator also available)

Concrete supply system

Piston pump (pumping rate 20 m’/h [15 y*/h])

Base machine

Self-propelled by tires (self weight 17 t)

Electrical consumption

110 kVa

A Field Trial for Verifying Low
Dust-Generating Performance

A field trial was conducted at the Hishino
Tunnel construction site with the purpose of
verifying the low dust-generating performance of
this machine. An outline of the field test and test
results are described as follows.

The Hishino Tunnel consists of two tunnels, one
on the ascent line and one on the down line. The
two tunnels adjoin each other and have the shape
of glasses as shown in Fig. 6. The tunnels are about
325 m (1065 ft) long and up to 80 m? (860 ft?) in
cross-sectional area. The tunnel construction site is
in a city area and private houses stand close together
on the ground surface. Moreover, there is only a
maximum of 20 m (65 ft) and a minimum of 3 m
(10 ft) in the distance from the surface of the earth
to the tunnel crown. Therefore, ground settlement
and/or collapse of tunnel had to be prevented.

At the same time, the contractor was required
to keep the influence of construction on the
surrounding environment to a minimum. The
influence of construction noise and vibration
had to be kept to a minimum, as well as the
amount of dust being released into the surrounding

o
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Figure 6: Cross section of the Hishino Tunnel

Table 2: Shotcrete mix proportions

environment. It was important to limit the
disturbance to daily life and to protect the health
of the local population. Therefore, the portal on
the excavation end of the tunnel was covered in a
soundproof house. Thus, noise and dust were
prevented from being released into the surrounding
neighborhood at this location.

After tunnel penetration at the other end of the
tunnel, however, another countermeasure was
looked for because dust caused by shotcrete
application flowed out from the portal. It was
deemed necessary to reduce the amount of dust
being generated by shotcreting. Thus, a centrifugal
spraying machine was tried.

A field evaluation was conducted from February
to March 2001. Shotcrete application was carried
out after the tunnel was excavated. Steel support
using H-200 or H-150 segments was built with
an interval of 1 m (3.3 ft) and a 150 mm (6 in.)
wire mesh. Shotcrete was supplied from a plant
setup at the construction site. The mix proportions
are shown in Table 2. This mix design is a standard
in Japan and satisfies the minimum strength of
18 MPa (2600 psi) at 28 days. It also satisfies the
strength of 5 MPa (725 psi) at one day. The
thickness of the shotcrete was 150 mm (6 in.).

Usually, visually comparing the difference in
the working environment is a suitable method for
cvaluating the effect of a change in the shotcreting
system in decreasing the amount of dust production.
Figure 7 shows the dust environment at the work
site for the two types of machines. The working
environment when a conventional pneumatic
machine is used is shown in the left photograph;
and the new centrifugal machine, in the right
photograph. When a centrifugal machine is used,
the working environment improves dramatically,
as is clearly evident from these photographs.
Because the various test conditions are controlled,
this difference is attributable to the difference in
the performance of the machines only.

The dust concentration
measurement results are shown

lad S/A.t Weight of unit volume in Table 3. Measurements were
%’ %’ Water, Cement, | Sand, | Aggregate, | Accelerator conducted with a measuring
W c S A (Powder) device and a measuring method

58 57 209 360 984 754 C x 0.07 prescribed by the Japanese

*Water-cement ratio

tSand-course aggregate ratio

Ministry of Health guideline.
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Figure 7: A comparison of the working environment after using a conventional pneumatic shotcrete machine and a

centrifugal spraying machine

The dust concentration is measured at 3 points inside
a section, which is 50 m (164 ft) from the tunnel face.
The average measured value in three places is defined
as the dust concentration in the tunnel. From this table
it is clear that when the centrifugal spraying machine
is used, the dust concentration reduces by about 1/3
to 1/4 in comparison to a conventional pneumatic
spraying machine. But the sprayed shotcrete quantity
increases a little as shown in Table 3. This is because
the concrete rebound increases. It is thus necessary to
increase the spraying speed to decrease the amount

Figure 8: Dust

of rebound. ) concentration
Most of the dust, which developed in this centrifugal [rge measuring system
spraying machine, was judged to be due to an outflow i A ) AL’“., [\’. setup
Table 3: A list of dust concentration
Method By pneumatic energy By centrifugal force
Spraying machine
Model AL-285 Dustless shotcrete
Type Digital dust concentration meter
Measuring device
Model P-5L, (Lion Co., Ltd.)
Measuring method Carrying out in accordance with the guideline
Measuring position Specified on the guideline (as shown in Fig. 3)
Date of shotcrete application 02/19/02 02/20/02 02/19/02 02/20/02
Distance from tunnel portal to test section 308 m (1000 ft)
Temperature at test section (°C, °F) 21 (70) 20 (69) 20 (69) 21 (70)
Wind velocity at test section (m/s, ft/s) 0.28 (0.91)
Amount of ventilation air (n*/min, cfin) 941 (33,000)
Rate of sprayed shotcrete (m¥/h, yd/h) 12.0 (9.1) 11.0 (8.4) 12.0 (9.1) 10.2 (7.8)
Left 2.90 1.30 0.73 0.69
Measured dust Center 2.22 2.44 0.62 0.49
concentration
(mg/n?’) Right 2.73 2.27 0.68 1.04
Average 2.62 2.0 0.68 0.74
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of unmixed powdered accelerator. The shotcrete
transport by pump is intermittent; on the other
hand, the supply of accelerator is continuous.
Therefore, there are times when the accelerator
does not mix with the shotcrete and is spouted
in the air. This spouted accelerator becomes
powdered dust in the air. If shotcrete transport can
be made continuous, then dust occurrences can
be reduced even more.

The dust concentration permitted in the Japanese
guideline is less than 3 mg/m? (2.3 mg/yd?) at
a point of 50 m (164 ft) from the tunnel face,
and it satisfies this standard even with a conven-
tional pneumatic machine. But it is not necessarily
a guarantee of workers’ health. The present
standard value is only a goal and we have a duty
to workers’ health to produce a better working
environment. If the standard is changed to even
more stringent limits, then shotcrete application
by a centrifugal spraying machine will be judged
to be very effective.

The quality of the applied shotcrete by this
machine was almost equal to the quality produced
by a conventional pneumatic machine. The
uniaxial compressive strength at 28 days was
about the same.

Development of a Centrifugal Sprayed System for Shotcrete Application

Conclusions

The occurrence of dust is decreased drama-
tically by using centrifugal force instead of
pneumatic means to apply shotcrete. A centrif-
ugal spraying machine was developed based on
this concept, and field trials at a tunnel construction
site were conducted. It was demonstrated that the
centrifugal spraying machine resulted in a quality
shotcrete product with a dramatic reduction in the
amount of dust generated.
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BEHAVIOR OF THE PILE IN LIQUEFIED GROUND
BY THE MODEL SHAKING TABLE TEST
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SUMMARY
In order to determine the behavior of the pile in liquefied ground and its relationship to the input waves, model shaking

table tests were conducted while varying the frequency of the input waves and the relative density of the ground. In
addition, shaking table tests were simulated using effective stress analysis to evaluate the influence on pile behavior

due to ground liquefaction. Comparing the time-history of input waves with footing acceleration a resonance occurs

whereby the natural frequency is lowered, amplifying the footing response. Moreover, analyzing the depth distribution
of bending moment caused in the pile showed clearly that the pile behavior in the liquefied ground is greatly influenced

by the input frequency and the liquefaction.

F—U—F: BARBEER, WRI1L, VLR AHEHER
Key words: Model Shaking Table Test, Liquefaction, Pile Foundation, Effective Stress Analysis
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Fig. 2. Comparison of liquefaction resistance curve
of Toyoura and Hamaoka sand

Table 2: Testing case
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51001 10,0 102.7 30 326 5.0
51004 10,0 103.0 60 56.4 20
51005 5.0 102.8 60 59.3 5.0
51007 10,0 102.9 70 75.6 5.0
52005 20 102.0 60 62.1 200
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Table 3:List of the parameters of analysis
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Free-stream turbulence effects on the instantaneous pressure and forces on cylinders of rectangular cross section

Free-stream turbulence effects on the instantaneous pressure
and forces on cylinders of rectangular cross section

H. Noda, A. Nakayama

Abstract Simultaneous measurements of instantaneous

pressure distributions on rectangular cylinders of length
to height ratio(B/D) of 1.0, 2.5 and 3.0 in smooth non-
turbulent and homogeneous turbulent flows were made

and the data were analyzed by phase averaging and
spectral analysis in addition to more conventional

methods. The turbulence in the inflow stream is nearly
homogeneous and isotropic with the intensity and the
scale of 5% and 1.2-1.5 times the cylinder height, re-
spectively. The main effects of the turbulence in the
inflow free stream of this scale and intensity are to lat-
erally move the separated shear flow off the upstream
corners and cause intermittent reattachment on the side
surfaces of cylinders of B/D of 2.5 and larger. For the
cylinder with smaller B/D, the flow does not reattach
with or without turbulence in the free stream, and the
instantaneous surface pressure distributions fluctuate
quite periodically at a frequency corresponding to the
Strouhal frequency of the vortex shedding. The effects of
the free-stream turbulence appear in the increased fluc-

tuation on the front surface as buffeting due to the

impinging turbulence. When the separated shear layers
reattach due to the influence of the free-stream turbu-

lence, the reattachment point moves intermittently, the

pressure distributions downstream of the reattachment

fluctuate periodically, and a mild peak is formed in the
spectra at a frequency much larger than the Strouhal

frequency.

1
Introduction
Recent advances in numerical methods in fluid-flow

simulations have made it possible to simulate various

turbulent flows including those past bluff bodies.
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Simulation of turbulent flows when the incident flow is
turbulent is very important in engineering applications
such as flows past buildings and bridges in natural winds,
but has been very difficult. One of the tasks that need to be
performed in developing such simulation methods is to
verify against known flows, but detailed experimental data
on turbulent flow past bluff bodies in turbulent streams
are not available at the present time.

More basic experimental investigations, however, have
been made to clarify the effects of the free-stream turbu-
lence. Vickery (1966), Roberson et al. (1972), Lee (1975a)
and Miyazaki (1980) have investigated the effects of the
intensity of the uniform turbulence in the free stream on
the drag coefficient and the pressure distribution on a
rectangular cylinder. Lee (1975b) and Petty (1979) inves-
tigated the effects of the scale of turbulence while Na-
kamura and Ohya (1984) studied the combined effects of
both strength and scale of turbulence and showed that
depending on the ratio of the turbulence scale and the
cylinder size, the results can be very different. None of
these data, however, are meant for detailed validation of
simulation methods. Particularly, there are no data for
detailed instantaneous forces and pressures on the body
together with the detailed characteristics of the free-stream
turbulence taken at the same time. The detailed informa-
tion of the free-stream turbulence will be a prerequisite for
serving as a validation test case.

In the present work, we collect detailed data for the
turbulence of the oncoming flow including frequency
spectra and two-point correlations without the models,
and then simultaneous measurements of the instantaneous
pressure distributions on all the surfaces of rectangular
cylinder models are made. Though only one kind of free-
stream turbulence is generated with a turbulence grid,
measurements are made on cylinder models of various
length-to-height ratios, so that the effects of the free-
stream turbulence can be examined in grossly different
flow situations.

2

Experimental methods

Experiments were conducted in a large blower-type low-
speed wind tunnel with a test section size of

2,000 mmx2,600 mm. A schematic of the setup is shown in
Fig. 1. A grid placed 4.2 m upstream of the test model was
used to generate free-stream turbulence. The bare wind
tunnel without the grid had a turbulence intensity of 0.2%.
The cylinder models were supported by the endplates as
shown in Fig. 1 in order to ensure two-dimensionality of

A

%, Experiments in Fluids 34,2003 XV iE#L7=bDTH 5,

195



SIMEACEB AN RS 1

the flow. The rectangular cylinder models with a cross-
section length B to height D ratio of 1.0, 2.5 and 3.0 were
tested. It is known that the flow past the rectangular cyl-
inder of aspect ratio B/D=1.0 does not reattach whether or
not there is free-stream turbulence. In the case of an aspect
ratio larger than about 2.8, the flows separated off the
upstream corners of the cylinder reattach even when there
is no turbulence in the free stream (Nakaguchi et al.1968),
so the results in this range of aspect ratio will contain
qualitatively different flows.

The instantaneous surface pressure distribution was
measured by PSI pressure transducers, connected to the
surface pressure taps via vinyl tubes that allowed simul-
taneous and fast sampling of fluctuating pressure. The
phase lag due to the pressure tubes was compensated using
the method of Yoshida et al. (1986). For the cylinders of
aspect ratio of 1.0, 2.5 and 3.0, 60, 64 and 72 pressure
orifices, respectively, were placed along the center span of
the cylinders. In addition to these, 10 orifices were pro-

(a) plan view
AN NN R
tunnel wall
flow End plate
:: ———————————
cylinder model —> S §
22
o~
Turbulence T —
grid endplate
. N N ANNNRNN NN
(b) side view
AR AR NN
tunnel ceiling
1.500mm
pﬁ?ﬁb: Jor
reference velocity -
4,200mm | E
cylinder model ™ | E g
flow \D § ™
,
P 4
endplare
NN SNNNNNNNNNNN ANNANNNNN SN NNNNNAN
Fig. 1a, b. Experimental setup: a plan view; b side view
Table 1. Measurement cases and conditions
Case B/ID Inflow conditions Re
Intensity I, (%) Scale, L,
Case 1 1.0 0.2 - 6.89x10*
Case 2 5.3 1.13D
Case 3 2.5 0.2 - 5.16x10*
Case 4 5.3 1.50D
Case 5 3.0 0.2 - 5.16x10*
Case 6 5.3 1.50D

vided in the spanwise direction along the center of all four
surfaces of the models. The blockage correction was ap-
plied to the instantaneous pressure distributions using the
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y-z plane in
test section
= 600mm
g =
N A .
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T S moving point
b4 o
- »
s .
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Fig. 2. Measurement point
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Fig. 3. Turbulence intensities along centerline of tunnel
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Fig. 4a, b. Power spectral density of fluctuating velocity compo-
nents: a ¥ component; b v component
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method of Nakamura and Ohya (1984), which was origi-
nally used to correct the average pressures. The mea-
surements were made at the tunnel speed U, of
approximately 13 m/s so that the Reynolds number based
on Uy and the height of the cylinders, D was 6.89%x10* for
the cylinder with B/D=1.0, in which case D=80 mm, and
5.16x10* for the cylinders of B/D=2.5 and 3.0, in which
cases D=60 mm. The measurement cases are summarized
in Table 1.

Statistics of the fluctuating velocity components in the
free stream were measured using a set of two X-wire hot
wire probes in order to quantify the detailed characteris-
tics of the turbulence. One of the probes was fixed in space
and the other was translated along the cross-stream,
spanwise and the diagonal directions, as shown in Fig. 2,
at varying distances from the fixed one in order to obtain
two-point statistics. In the following, x is the coordinate in
the main flow direction, y is the coordinate in the normal
direction, and z is the spanwise coordinate. The instanta-
neous velocity components in these directions are denoted
by u, v, and w, respectively.

(a) u component

3
Experimental results

3.1

Results of characteristics of free-stream turbulence

First we describe the results of the detailed turbulence
measurements in the flow without the models. The dis-
tributions of the relative turbulence intensities of stream-
wise fluctuation I, and vertical fluctuation I,, defined by

Je o\
L=+=t =Y", 1
=Yg b= ()

where u; and v; are the fluctuating velocity components,
and U; is the mean velocity at point i, along the wind
tunnel axis, are shown in Fig. 3. It is seen that both in-
tensities slowly decay from about 6% 800 mm upstream to
about 4% 1,000 mm downstream of the position where the
models are to be positioned. Streamwise intensity I, is
5.3% and the normal intensity I, is 4.8% at the model
positions, and they indicate slight deviation from isotropy.

(b) v component
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The power spectra S of u and v at several vertical po-
sitions in the center span at the model location are shown
in Fig. 4. The Karman spectrum,

40’2LX/U,'
[1+70.8(nLy/U;)]

Si(n) = (2)

5/6

where ¢ is the rms fluctuation of either u or v velocity
component, L, is the integral scale, and n is the frequency,
is also shown for comparison. The measured spectra are
seen to be very close to the Karman spectrum except in the
high-frequency range, where the measured ones are
slightly higher. The integral length scales from these
spectra have been determined and found to be 0.090 m
from the u spectra and 0.045 m from the v spectra. The
ratio is 2 in the case of isotropic turbulence, and the
present values of the integral scales satisfy this relation.

The two-point velocity correlation coefficients defined by

! 4, ! 4,

u u. vV V.

0”1 01
-,va—“ )
12 12 /2 /2
\/uouui \/VO\/VI-

where u’, and v’, are the fluctuating streamwise and
normal velocity components at the fixed point, and u’; and
v’; are the fluctuating streamwise and normal

velocity components at the moving point separated

by Ax = \/(y, — ¥o)*+(zi — 2,)* from the fixed position.
The results for the three directions of the separation vectors
are shown in Fig. 5. The three two-point correlations of u
shown here are all transverse correlations because the di-
rection of the flow is perpendicular to the vector in the di-
rection of the separation between the fixed and moving
point, and should be the same if the turbulence was isotropic

Cuu = (3>

Table 2. Aerodynamic characteristics obtained by present measurement and previous studies

Inflow conditions Re St Cob Cp (o) C'L
Intensity(%) Scale
(a) B/D=1.0
Present 0.2 - 6.89x10* 0.131 -1.483 2.164 0.207 1.180
5.3 1.12D 0.133 -1318 1.989 0.203 1.105
Nakaguchi et al. (1968) Smooth - 2~6x10* 0.13 -1.50 2.10 - -
Ootsuki et al. (1980) 0.2 - 6.5~7x10* 0.12 -1.35 2.08 0.11 0.82
Bearman and Trueman (1972) Smooth - 6.8x10* 0.13 -1.40 2.19 - -
Bearman and Obasaju (1982) Smooth - 4.7x10* 0.125 -1.65 - - -
Mizota and Okajima(1982) Smooth - 7.14x10* 0.125 -1.64 - - -
Okajima (1982) Smooth - 4.2x10* 0.13 -1.47 - - -
Durao et al. (1988) 6 - 1.4x10* 0.138 - - - -
Lyn and Rodi (1994) 2 = 2.2x10* 0.132 - - - -
Vickery (1966) Smooth - 1.0x10° 0.118 -1.31 - - -
10.0 1.33D 0.120 -0.71 - - -
Roberson et al. (1972) 0.5 - 2.16x10* - -1.13 1.19 - -
4.0 - 1.97x10* - -1.06 1.85 - -
8 - 2.02x10* - -0.88 1.65 - -
Lee (1975a) 0.5 - 1.76x10* 0.122 -1.30 2.05 - -
6.5 - 1.14D 0.126 -1.18 1.93 - -
Petty (1979) Smooth - 2.9x10* - -137 - - -
4.0 0.9D - -1.19 - - -
8.0 1.1D - -0.96 - - -
Nakamura and Ohya (1984) 0.12 - 6.6x10* - -1.50 - - -
6.1 0.85D - -1.20 - - -
10.0 1.05D - -0.97 - - -
Tamura and Miyagi (1998) 0.4 - 3.0x10" - - 2.09 - 1.05
6.5 0.76D - - 1.79 - 0.74
14.0 0.80D - - 1.49 - 0.34
(b) B/D=2.5
Present 0.2 - 5.16x10* 0.070 -0.746 1.562 0.054 0.256
5.3 1.5D 0.049, -0.558 1.346 0.119 0.217
0.169
Nakaguchi et al. (1968) Smooth - 2~6x10* 0.07 -0.62 1.32 - -
Ootsuki et al. (1980) 0.2 - 6.5~7.6x10* 0.06 -0.46 1.42 0.03 0.28
Okajima (1982) Smooth - 4.2x10* 0.06, -0.53 - - -
0.12
(c) B/ID=3.0
Present 0.2 - 5.16x10* 0.163, -0.641 1.472 0.070 0.137
0.049
5.3 1.5D 0.168, 0.487 1.312 0.110 0.152
0.051
Nakaguchi et al. (1968) Smooth - 2~6x10* 0.154 -0.50 1.23 - -
Ootsuki (1980) 0.2 - 6.5~7.6x10* -0.35 1.26 0.05 0.31
Okajima (1982) Smooth - 4.2x10* 0.15 -0.44 - - -
AFCIE, Experiments in Fluids 34,2003 LV EEH L= bDTH 5,
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Free-stream turbulence effects on the instantaneous pressure and forces on cylinders of rectangular cross section

and the measured results indicate this fairly accurately. The
correlation between v’, and v’; separated in the y direction is
the longitudinal correlation and should be the largest, which
is what is seen in the plot. C,, with separation vector aligned
in the z direction is the transverse correlation, and if iso-
tropic, should be close to C,,,, shown in Fig. 4a. C,,, however,
appears to be slightly lower than C,,,.

The root coherence of two velocities, either u or v at
two points is defined by

VCoh(n) = % (4)

where S,; is the cross spectrum between the fluctuating
velocities at the fixed point and the moving point, and S,
and §; are the spectral densities of the fluctuating velocity

(a) smooth inflow

at the fixed point and at the moving point, respectively,
and n is the frequency. The measured results for the root
coherence along with the approximate formula due to
Davenport

/Coh(n) = exp{ —kZAx}

()

are shown in Fig. 6. k in this approximation is the corre-
lation coefficient, and the values of k=8 and 4 are rec-

ommended for u and v coherences, respectively. It is seen
that the root coherence for u can be approximated fairly
well by Eq. (5) with k=8, when there is no separation in the
y and z directions. This is the limitation of Eq. (5), which
does not consider separation in the y and z directions. The
root coherence for v is seen to behave about the same way

(b) turbulent inflow
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as that for u, but the values are considerably larger and
over a larger frequency range.

3.2
Drag and lift coefficients
The mean drag coefficient and the rms fluctuation of the
instantaneous drag and lift coefficients defined by
CD _ fD fo fIl) flf
lpUZ v D lf) U? lp U?
2P ¥ ref 2P ref 2P ¥ ref
where f, is the mean drag force and f}, and f; are the
fluctuating drag and lift forces, respectively and U,.s is the
velocity at the upstream reference position together with
the base-pressure coefficient C,; and the Strouhal number
St, as determined from spectral analysis of fluctuating
pressure, are summarized in Table2. The results obtained
without the turbulence grid, in which case the tunnel
turbulence intensity is 0.2% and designated as the

7
7CL:

, (6)

(a) smooth inflow, phase-averaged

“smooth” flow, are also shown. Also the existing data
obtained by other authors are included for comparison
wherever possible. The present results agree with the other
data in general. The mean drag coefficient is seen to de-
crease due to the free-stream turbulence for all aspect
ratios, while the fluctuating drag increases. The effects on
the fluctuating lift coefficients are to reduce in the case of
B/D=2.5 but increase for the fully reattaching flow case of
B/D=3.0. They seem to have little effect for the fully sep-
arated case of B/D=1.0.

3.3

Instantaneous and phase-averaged surface

pressure distributions

The instantaneous surface-pressure distributions at con-
secutive times at an interval of 0.005 s were analyzed to
examine the features of the fluctuations. For the cases with
clear vortex-shedding type flow unsteadiness, the pressure

(b) turbulent inflow, instantaneous

distribution distribution
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near the upstream corners on the front surface exhibited
clear periodic changes, which was used to identify the
phase of the vortex-shedding cycle. For these cases, the
phase-averaged surface pressure fluctuations are exam-
ined. Figure 7 shows the phase-averaged surface pressure
distributions for the case of B/D=1.0, which showed a clear
vortex shedding. § is the phase angle in radian. In the case
of B/D=2.5, discernible periodicity was observed for the
case of smooth inflow, but for the turbulent inflow, the
vortex shedding was not strong enough to show period-
icity in the phase-detecting pressure on the front surface.
So in Fig. 8 the phase-averaged pressure distributions are
shown for the smooth flow only, and the instantaneous
distributions are shown for the turbulent flow. For B/
D=3.0, no periodicity was observed for both smooth and
turbulent inflow cases and instantaneous distributions are
shown in Fig. 9. The pressures are shown in terms of the
pressure coefficient defined by

(a) smooth inflow

0000

i — Dref

%p Urzef
where p..f is the static pressure at the reference
position.

It can be seen in Fig. 7 that, in the case of B/D=1.0,
the results for the smooth flow and turbulent flow are
about the same, and the pressures on all surfaces
fluctuate at a frequency corresponding to that of the
vortex shedding and the distribution is anti-symmetric
about the centerline of the model. The amplitude of
fluctuation decreases slightly towards the downstream
end of the side surface where a slight phase lag is
also seen.

The smooth-flow results for the case of B/D=2.5 shown
in Fig. 8 show fewer periodic fluctuations compared with
the case of B/D=1.0, but a weak periodic fluctuation is seen
in the side-surface pressure distributions. The turbulent

(7)

P

(b) turbulent inflow
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inflow case shown in Fig. 8b shows large wavy fluctuations
over the downstream half of the side surfaces, though not
on the fixed-phase basis, and the waviness is seen to
propagate in the downstream direction. This is considered
to be due to an unsteady reattachment of the flow sepa-
rated at the upstream corners. When the reattachment
occurs, the fast flow reaches the surface and creates
negative peaks in the surface pressure distribution. As the
aspect ratio is increased to B/D=3.0, clear periodicity is
lost for both smooth and turbulent inflow cases and in-
stantaneous distributions are shown. The overall fluctua-
tions are small when the inflow is smooth and the
reattachment occurs more steadily compared with the
turbulent inflow case of B/D=2.5. When the inflow is tur-
bulent, the pressure over the downstream half of the side
surfaces change with large amplitude and is very much like
the case of B/D=2.5, with distinct negative peaks traveling
downstream. These results indicate that the turbulence in
the free stream causes flapping of the separated shear flow
and, for cylinders of B/D=2.5 or larger, it is made to re-
attach intermittently on the side surface. This causes a
fluctuation of the surface pressure near the downstream
end of the cylinder. The case of B/D=2.5 is the critical case,
in which the flow does not reattach without the free-stream
turbulence, but with the turbulence unsteady reattachment
occurs.
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Mean and rms pressure coefficients

The mean pressure coefficient and the rms pressure fluc-
tuations defined by

'C— _ pi — Dref c = (Pi - _i)z
PTLpur, 0 P Lz
2,0 ref f

rel

(8)

are plotted in Figs. 10 and 11. In the case of B/D=1.0, the
results for both smooth and turbulent flows are about the
same except that a slightly higher pressure recovery is seen
on the rear surface. In the case of B/D=2.5 and 3.0, the
mean pressure on the side surfaces stay about constant in
the smooth flow, while it rises rapidly downstream of the
mid chord in the turbulent flow. For the larger B/D of 3.0,
the recovery distance is longer, and the amount of
recovery is also larger. Nakamura and Ohya (1984) showed
that, in the case of completely separated flow, the free-
stream turbulence with small length scale (L,~0.1D) en-
hances the entrainment of the separated shear flow and
that with scale comparable to D weakens the vortex
shedding. The scale of the present free-stream turbulence
is 1.2D in the case of B/D=1.0 and 1.5D for B/D=2.5 and
3.0, which means that the scale is comparable to the cyl-
inder size but the spanwise correlation shown below does
not necessarily indicate weakening.
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Fig. 11. Rms pressure fluctuation
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Free-stream turbulence effects on the instantaneous pressure and forces on cylinders of rectangular cross section

Next, the pressure fluctuation intensity results are ex-
amined. In the case of B/D=1.0, the pressure fluctuation on
the front surface in the smooth flow case is very small at
the center and increases towards the corners while, in the
cases of B/D=2.5 and 3.0, it is small across the entire front
surface. This is perhaps related to the fluctuation level on
the side surfaces, which is very large for the fully separated

case of B/D=1.0 compared with the reattaching cases of

B/D=2.5 and 3.0. In turbulent inflow cases of B/D=2.5 and
3.0, the fluctuation level reaches maximum near x/D=2.0.
According to Ishizaki and Katsura (1974), the pressure

fluctuation level becomes maximum near the reattachment
point and the reattachment in the present flow is consid-
ered to occur near x/D=2.0. In the case of smooth inflow of

(a) front, Smooth flow

(b) front, turbulent flow
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B/D=2.5, no clear local maximum is seen and is an indi-
cation of no reattachment.

3.5

Power spectral density of fluctuating surface pressure
The power spectral density of the fluctuating pressure on
the three surfaces of the model for the cases with and
without the free-stream fluctuation are shown in Figs. 12,
13 and 14 for B/D=1.0, 2.5 and 3.0, respectively. The
ordinate is normalized by the square of the dynamic
pressure .. at the reference position.

In the case of B/D=1.0, the flow is fully separated irre-
spective of the existence of the free-stream turbulence. The
spectra on all surfaces shown in Fig. 12 for both smooth and
turbulent-flow cases contain strong peaks corresponding to

(a) front, Smooth flow

the Strouhal frequency of the vortex shedding. The only
difference between the smooth and turbulent cases is seen
near the center (y/D=0) of the front surface, where the
spectra for the turbulent inflow case look closer to the
spectra of the inflow turbulence shown in Fig. 4. Therefore,
the free-stream turbulence in the fully separated case merely
causes a buffeting by the impinging turbulence. The spectra
on the side surfaces are little influenced by the free-stream
turbulence, and both cases show higher frequency contri-
butions as the downstream corner is approached. These are
smaller peaks at approximately twice the Strouhal frequency
and perhaps related higher modes. The spectra on the rear
surface contain both the high-frequency contributions and
additional lower-frequency contributions near the center of
the surface. These low-frequency contributions near the

(b) front, turbulent flow
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center of the body are considered to be due to the slow
oscillation of the recirculating flow just downstream of the
body.

In the case of B/D=2.5, the spectra of the fluctuating
pressure are very different between the smooth and turbu-
lent inflow cases. The smooth-flow results show peaks near
nD/U,¢=0.07 that are considered to be due to the vortex
shedding, since they are seen on all surfaces except near the
center of the rear surface. This low frequency of vortex
shedding also agrees with the previous results of Nakaguchi
et al. (1968). The peak values are significantly smaller, in-
dicating weaker shedding. The spectra for the turbulent
inflow case look very different. Those on the front surface
are very close to those of the inflow turbulence, except near
the corner (y/D=0.5), where very gentle peaks are seen that
correspond to the Strouhal frequency of the smooth-flow
case (nD/U,=0.07). These small peaks, which may be re-
lated to the premature vortex shedding that may be starting

(a) front, Smooth flow (b) front, turbulent flow

near the corners, diminish at downstream positions of the
side surfaces and disappear altogether at the downstream
corner. Here, broad high-frequency contributions due to
turbulent fluctuations dominate.

In the case of B/D=3.0, the spectra of pressure on the
front surface of even the smooth inflow case do not show
distinct peaks. This is consistent with the data of the
instantaneous pressure distributions. The spectra of the
turbulent inflow case are now almost exactly the same as
the inflow turbulence. On the side surfaces, peaks that are
not very clear appear at about nD/U,=0.17 for both cases,
and they grow as the downstream corner is approached.
Contributions from other frequencies over wider range
also grow. On the rear surface, the direct effects of the
inflow turbulence are not seen, and the results for both
smooth and turbulent inflow cases are almost the same,
except the turbulent inflow case shows larger contribu-
tions from the high-frequency fluctuations.
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3.6

Spanwise correlation of surface pressure

In order to study the effects of the free-stream turbulence

on the spanwise structure, the spanwise pressure correla-

tion coefficient defined by
Pop

Cop = _—_—_/2
V A \ Pi

where p! and p; are the fluctuating pressures at the fixed
and point i, was obtained and plotted in Fig. 15.

In the case of B/D=1.0, the correlation of the pressure
on the side surfaces is reduced slightly due to the tur-
bulent flow. This is in agreement with Nakamura and
Ohya’s (1984) results. The correlation on the rear surface,
on the other hand, is larger. In the cases of B/D=2.5 and
3.0, the high correlations on the side surfaces in the
smooth flow are significantly reduced by the turbulent
flow. The effects on the correlation on the rear surface
are similar to the case of B/D=1.0 and it is larger in the
turbulent flow. The main reason for the reduced corre-
lation on the side surface by the free-stream turbulence is
considered to be the shift of the reattachment position
and its intermittent nature. The fact that the spanwise
correlation of the pressures on the rear surface is
increased by the free-stream turbulence is due to the
increased turbulence downstream of reattachment and
in the near wake tending to equalize the correlations on
both surfaces.
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Fig. 15a, b. Spanwise correlation of surface pressure: a side; b rear

4

Discussion

While the data presented in the present paper are mainly
for documentation of the properties of the fluctuating
surface-pressure distributions and the resulting aerody-
namic forces, the simultaneously sampled instantaneous
pressure distributions together with their spectral analysis
allow us to clarify some of the flow physics important to
the effects of the free-stream turbulence. It is known that
the free-stream turbulence promotes reattachment and
changes the overall flow characteristics, but how the in-
stantaneous flow is influenced by the turbulence in the free
stream has not been clear. The present data indicate that,
when the length to height ratio B/D of the rectangular
cross section is either as small as 1.0 or as large as 3.0, the
turbulence in the inflow does not alter the overall char-
acteristics of the fluctuation of the flow and the surface
pressure. The main effects occur when B/D is in the critical
range near B/D=2.5, which corresponds to the range where
Nakaguchi et al. (1968) found a sudden change in the
vortex shedding characteristics when there is no free-
stream turbulence. The way the turbulence in the inflow
influences the flow may be summarized as follows. The
turbulence with the length scale of the same order as D,
which is the scale in the present experiment, acts to shake
the position of the shear layer separated off the upstream
corners over the distances comparable to this scale. When
it shifts towards the surface, it can reach the surface
resulting in the flow reattachment. This was indicated by
the local reduction of the surface pressure and its propa-
gation in the downstream direction. This was seen to occur
intermittently at a frequency higher than the vortex
shedding. The periodicity of this motion is weak but
shows as a mild peak at the low end of broad spectrum
representing turbulent fluctuations. Though it may be
confused as a secondary shedding frequency it is better
interpreted as the contributions from the large-scale
turbulent motion.

5

Conclusions

The present paper presents new and detailed statistics of
aerodynamic pressure and forces on rectangular cylinders
of various length-to-height ratios in smooth and turbulent
streams. The instantaneous and simultaneous measure-
ments of surface pressure at multiple positions on the
cylinder surface allowed documentation of instantaneous
and fixed-phase distributions of fluctuating pressure as
well as other long-time statistics such as spectra and cor-
relations. These clarify much of the effects of the free-
stream turbulence and also provide a comprehensive test
case for validation of simulation methods.

The turbulence generated in the inflow is very close to
isotropic, with spectra and coherence following approxi-
mately the Karman spectrum and Davenport coherence
with the length scale of the same order as the cylinder
height. The results may be interpreted as the effects of
uniform isotropic turbulence.

The main effects are seen when B/D is in the critical
range near B/D=2.5. The turbulence in the inflow with the
length scale of the same order as D acts to move the po-
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sition of the shear layer separated off the upstream cor-
ners, and this is the main mechanism for promoting re-
attachment. When the reattachment occurs, the vortex
shedding is weakened significantly or suppressed. At the
same time, the spanwise correlation of fluctuating pressure
on the side surfaces is reduced, while that on the rear
surface increases.
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