ICUS REPORT 2006-09

MHERE TZERHR L 5 —
A B AT ST

RIVFINSY—Rey T & EFHLEEXRESBHD
BA ¢ i vh 22 el D B (L G T 7R D BASE

HHEBLRETZEEMA L5 —
RRKNFEERMT IR

ISBN 4-903661-11-3 Serial Number 21



TILFNF—KTyvTEFRALT-
EXEBHOM KT ERORZREILERET A EDRHE

ICUS Report No.21

2007 &£ 3 A

MMERLTETIFEEHAR L 2—






Utilization of Multimedia Hazard Map
for Disaster Prevention in Mega Cities
through Optimum Urban Planning

ICUS Report No.21, March 2007

ABSTRACT

It is impossible for the pcople to be well prepared before the event if they cannot
understand what a disaster situation looks like. This includes all society members: politicians,
public officials, researchers, mass media people, professionals, general public, etc. In our
opinion, increasing the number of people that can imagine the pre- and post-disaster scenario is
the key issue to be addressed in order to effectively reduce the disaster damage. Only by
increasing the people’s imagination capabilities, they can appropriately prepare measures before
a disaster and react during a disaster situation because most of the times this will be their first
disaster experience.

Recent technological advances allow a very cfficient management of data as well as
simulation of various situations through powerful computers. This technology can be applied in
the disaster mitigation field to help the people imagine a disaster situation and in this way
enhance their actions previous, during and after the cvent. This paper presents utilization of
multimedia hazard map for disaster prevention in mega cities through optimum urban planning
for the purpose of disaster reduction. Multimedia hazard map is composed of three modules: 1)
universal disaster environment simulation module, 2) data archive module 3) Web 3D-GIS
module. These modules help pcople to discuss optimum disaster mitigation planning

considering various kinds of hazard.
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2.5 Urban Flood Simulation

2.5.1 Introduction

The Mekong basin, one of the important and largest river basins in the world, originates in the
highland of Tibet in China and ends in the South China Sea comprising the territories of six Southeast
Asian countries- China, Myanmar, Lao PDR, Thailand, Cambodia and Vietnam. The drainage area of
the basin is 795,000 km® with a total length of 4,620 km (Hori, 2000). The Lower Mekong basin
covers 78% of the total basin area which includes four riparian countries of the region: Laos, Thailand,

Cambodia and Vietnam (Figure-2.5.1).

: Vietnam
Myanmar

Gulf of Tonkin

0 200 400 Kilometers

Legend: b

B Tonle Sap Lake . /Tributaries

/N\/ Major Rivers '/ Lower Mekong Basin
[ Study Area (Primary, Secondary)

Figure-2.5.1: Location map of study area

The flooding in the Mekong basin, a very common phenomenon occurring several times a
year, greatly varies in magnitude and extent in different parts due to spatial variability and local hydro
meteorological characteristics including rainfall distribution. In the lower reaches of Cambodia, where
the land is low and flat, a larger area is usually inundated. In 2000 during the period of August-
November, the Lower Mekong region observed a record breaking flood in Cambodia and Vietnam
estimating about 600 casualties, over 300,000 evacuated people and altogether with highest recorded
water level in Phnom Penh since records began (Dutta, 2000). The reasons for the recent year’s floods

are reportedly due to deforestation, reclaiming of land, urban expansion and the decrease of natural
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channels for the basin development (Kazama, et al., 2001). The frequency of flooding is also increased
in the lower part.

The flood modeling in the Mekong was first initiated in the decade of 1960 with a view to an
establishment of a basin wide flood warning system for the alleviation of adverse effect of floods in
the areas along the Mekong River and the Delta (Dutta and Herath, 2001). After the development of a
flood forecasting system through UNDP program in 1970, the flood modeling has got a momentum to
continue in different forms from simple black box or conceptual modeling to complex hydrodynamic
system by various organizations. With the rapid progress in computational resources, there have been
tremendous development in modeling approaches over the world, and some of these approaches have
also been applied in Mekong Basin. A geomorphology based distributed hydrological model was
applied to the upper central part of Mekong River basin, from Luong Prabang station at the boarder of
China up to the Stung Treng gauging station in Cambodia, covering an extent of 402,636 km’ as an
initial study on distributed hydrological simulation in Mekong river basin (Herath et al., 2000). To
evaluate multi-functional hydrologic role, a hydrologic model was applied to Tonle Sap and its
vicinities (Masumoto, 2000). One-dimensional modeling along with 2-d model in Chaktomouk
junction of Mekong River was carried out within the present study area in connection with
morphological study (Olesen, 2000). Although, a great progress of flood modeling in Mekong River
basin could be seen, there is still need of improvement in the existing approaches. Another limitation

is that data availability and integration in the model development.

In this research, the Cambodian flood plain of the Mekong river, Tonle Sap Channel and
Bassak river is selected as study area for modeling. These lower reaches of the Mekong River (below
Kratie) have different hydrologic and hydraulic characteristics than the rest of the Mekong basin. The
flow patterns in these portions of the basin are characterized by very low water surface slopes,
inundation of a huge floodplain during and after the annual flood peak, and deposition of a fraction of

the suspended sediment on the river dykes and adjacent floodplains (MRC, 2003).

2.5.2 Modeling Aproach

(1) Outline of the model
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The distributed model used in this study is a coupled surface-river flow model, which has been
designed to calculate the flow parameters in the river channel and floodplain simultaneously. The
model was originally developed by the Public Work Research Institute (PWRI), Japan (Yoshimoto et
al., 1992). The main characteristic of the model is the link between unsteady calculation in river
channel and calculation of flood depth in river basin to reproduce the flood inundation phenomenon in
large scale over the whole river system. The relation between stage in river channel and height of
levee decides the points and scale of flood levee failure with unsteady calculation in river channel. A

schematic diagram of the model is shown in Figure-2.5. 2.

Flood levee failure
Calculates flow and water (H, Q Relation)

level at each cross section in
every time step (AT)

Calculates flow and depth
inevery AT

Figure-2.5.2: Outline of the model (adapted from Yoshimoto et al., 1992)

(2) Governing equations

Basically, the model uses two dimensional unsteady flow equations for flood flow calculation
in basin, and one dimensional unsteady equation for river flow. However, outside of these, flow from
river channel to flood area caused by flood levee failure or over flow of levee, flow from flood area to
river channel such as sluice, pump etc., moreover, condition of basin or river channel, in some cases
these equations are not applicable, where some suitable equations are used in conditions. For example,
in case of calculation about flood plain, local phenomena which is unable to solve with energy
equation as long as not using empirical coefficient occurred at the points where gradient of flood plain
changes suddenly except the effects due to weir of bank, calculation is done using other equations as
discussed in the sections below (Yoshimoto et al., 1992). Besides, model uses empirical equation for
calculation of flow in box culvert or over banking flow when embankment exists on the flood plain.
The unsteady equations are derived from continuity and momentum equations for one dimensional as

well as for two dimensional flows.
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(3) Model setup

1) River system

For preliminary simulation, a small part of river system near Phnom Penh city has been
considered which includes Mekong River (Below Kompong Cham), Bassak River and Tonle Sap
Channel as shown in Figure-2.5. 3 with hydrological gauging stations. The river setup has been
assigned with cross sections. The raw cross sections data have been processed and given as H-B-A-R

(Height-Width-Area- Hydraulic Radius) relation in the model. The details of cross-section of the the

river system are given in Table 1.

3
32
z

Prek Kdam

Phnom Penh Port

é Bassak Chatomouk =

N
Koh Khel §
Legend:

/\/ Schematized river
8  Gauging station

10 0 10 20 Kilometers 0Tan Chau

sanid Aessed

Chau Doc

Figure-2.5.3: Model River Network

In river cross sections the link between the 2-D grids of the flood plain and the river channel is

specified. The relation between stage in river channel and height of levee decide the points and scale

of flood levee failure with unsteady calculation.

Table-2.5.1: Detatls of Model Rivers

Rivers U/s locations D/s location No. of cross sections
Mekong Kompong Cham Tan Chau 84
Bassak Mekong Ch.213.0 km Chau Doc 32
Tonle Sap | Mekong Ch.213.0 km Prek Kdam 38
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2) Model grid
Rectangular grid of I km resolution has been used in this study. The total number of grids within the
study area is 121113. The source of the Digital Elevation Model (DEM) is the Mekong River

Commission Secretariat (MRCS), which has originally been derived from various sources data

(Figure-2.5. 4).
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Figure -2.5.4: DEM of the Model Area (Source: MRCS)

3) Structures and other information

The model has the provision of incorporating hydraulic structures like weir, culvert and
pumping options for drainage and retarding basin. The embankment or road alignment along with
structures information gives the true description of the physical system. However, not all of these
information are incorporated properly yet in this simulation, which are being updated from the

available source for final calibration of the model.

(4) Model application

The model has been applied for simulation of flooding during the period of 1* of July to 31%
October of 2000. The stability of simulation is very much dependent on grid spacing and the time step
used in computation. In use of 1 hour time step, stable simulation has been obtained. Rainfall has been
specified as an internal runoff on the model grid. Evaporation value has been deducted from daily

rainfall value to calculate the net rainfall. Based on the Thiessen polygon developed for the project
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area, rainfall has been distributed over the grid as internal runoff (m’/s). At 46 locations the rainfall
data is available for 2000 and evaporation data available only in one station at the MRCS Headquarter.

The average of daily rainfall of 46 stations is shown in Fig. 5.

(1) Initial and boundary conditions

The initial water level in the river channels has been specified based on observed data.
However, the flood plain has been considered dry at initial time step. The time series boundary data
has mainly been obtained from the project of Consolidation of Hydro-Meteorological Data and Multi-
Functional Hydrologic Roles of Tonle Sap Lake and Its Vicinities (Basinwide) (MRC, 2003). At the
upstream of Mekong River a time series of daily discharge has been provided as an inflow. The
discharge data has been generated based on a rating curve developed by 2002 observed data. The
inflow boundary is shown in Fig. 6. At the down stream boundary locations daily observed time series
water level data has been specified. Boundaries of the flood plain grid have been assumed closed, i.e.
no flow is

going out or coming into the basin through the boundary meshes.

Rainfall (mm)
)
(=]

Figure-2.5.5: Average of daily rainfall of 46 stations around the study area
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Rated Discharge in Mekong River
Station: Kompong Cham
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Figure-2.5.6: Inflow boundary to the upstream of Mekong River

(2) Roughness coefficient

A fixed value of Manning roughness coefficient has been specified in each cross section of
river channels. The roughness value for river channels is 0.03. For the flood plain grid the roughness
value has been used based on the land use type. The landuse map of 1km resolution for the study area
was obtained from Global mapping project. Besides, in roughness calculation, model also considers

the occupied housing ratio in the each grid of the flood plain.

2.5.3 Results and Discussions

The simulation results of river water levels for the period of July 1* to October 31 of 2000
have been compared with the observed water levels at different gauging stations along the four river
branches in the study area. In absence of any field observation, the simulated extents of flood
inundation have been compared with satellite imagery. Fig. 7 shows the comparison of simulated and
observed daily water levels at the gauging stations of Meklong river (Choroi Changvar and Neak
Loung stations), Basak river (Koh Khel station) and Tonle Sap river (Phnom Penh Port station). The
locations of these gauging stations are shown Fig. 3. It can be observed from the comparison that the
simulated water levels match well with observed ones in Mekong and Basac Rivers. However, the
simulated water level is much higher than observed water level at Phnom Penh Port in Tonle Sap river.
The Tone Sap lake in the upstream of this river influences the flow characteristics greatly. For

improvement of the simulated results, it will be important to incorporate this lake in the simulation.
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The simulated maximum flood inundation extents and depths of September 20, 2000 are shown in Fig.
8. By comparing simulated inundation map with the flood extent observed from the LANDSAT TM
image of September 26, 2000 (as shown Fig. 9), it can be noticed that the simulated flood pattern and
locations agree well with the actual flooding. However, the simulated flood extent is much lesser than
the observed flood extent from the remote sensing image along the Mekong and Tone Sap rivers.
There are two major possible reasons for this. The first reason is that in simulation there no
consideration of flood water entering to the study area from outside over the ground, only inflow along
the river system is considered as the upstream boundary conditions. However in reality, there is a large
amount of water entered to the study area as overland flow. The other possible reason is the low
resolution of the DEM considered in the model. Flood modeling is very sensitive to DEM, it is

required to consider high resolution topography dataset for obtaining better modeling outcomes.
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Figure-2.5.7:  Comparison of simulated and observed water levels at the gauging stations

Choroi Changvar, Neak Loung, Koh Khel, and Phnom Penh Port
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Figure-2.5.9: LANDSAT image on flood of 26 September 200

2.5.4 Conclusions

In this paper, a physically based distributed surface-river model has been introduced and the
results of flood inundation simulation in an urban area in the lower Mekong basin have been presented.
The simulated water levels along the Mekong and Basac rivers show close agreement with the

observation. However, the extent of simulated flood inundation is lesser than that is observed from
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satellite data. It is required to improve the simulated inundation with realistic consideration of inflow
from outside and higher resolution of DEM and the simulated flood inundation parameters in different
locations should be thoroughly verified with the ground observation.

This is an on-going research project. In the next phase of simulation, the study area will be extended to
cover the Tonle Sap Lake, which has a great influence in flood characteristics and flood inundation
simulation will be carried out with updated details of topography and surface boundary conditions to

consider the flow influx from outside of the study area.
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ABSTRACT

To reduce earthquake damage in the future, it is very important that
each of us take countermeasures on our own initiative. After the 1995 Kobe
Earthquake, strengthening houses and attachment of furniture to prevent its
overturning were identified as the main issues. Reportedly, these problems
have not been properly addressed yet. One of the principal causes for this is
that many people do not have disaster prevention consciousness and ability
to prepare against earthquakes.

In this study, we aim at improving the people’s capacity to imagine
disasters so that they implement specific disaster countermeasures. At first,
we analyze the effect of furniture overturning prevention devices and
evaluate its efficiency through shaking table tests. The effectiveness of the
devices is discussed based on the ground motion intensity which they can
withstand, their installation easiness, whether their performance depends on
external factors such as wall and floor characteristics, and so on. Then, we
try to promote people’s danger and risk awareness by showing animations
obtained by numerical simulations of furniture’s dynamic behavior when an
earthquake occurs, especially focusing on a particular house space, the
living room. For this purpose, advanced visualization software is used so
that people can feel as if they were at their own rooms during a shake.
Finally, we promote people’s recognition of disaster countermeasures by
discussing the furniture overturning ratio decline when prevention devices
are installed.




1. INTRODUCTION

In order to implement efficient disaster prevention measures, it is very
important and indispensable for the general public to take proper
countermeasures by themselves. Unfortunately, even after the 1995 Kobe
earthquake, real countermeasures are not well implemented. Furthermore,
the priority of securing the safety of structures and living spaces, although
extremely high, is not recognized. One of the main reasons why proper
countermeasures are not implemented well is the lack of disaster
imagination capacity of the people.

In this study, shaking table tests with solid wooden blocks emulating
commonly used furniture and furniture itself were performed to help
increase people’s imagination capacity and to evaluate/show the efficiency
of available overturning protection devices. Potential risks, strengths and
weaknesses of each protection system were identified. Based on these
observations, the best ways to protect furniture against overturning were
suggested. The overturning ratios for each device, i.e. the percentage of
cases in which the furniture fixed with a particular device overturned, were
determined. Through numerical simulations, the risk reduction in a typical
house room attained by the installation of overturning prevention devices
was evaluated.

2. SHAKING TABLE EXPERIMENTS

To simulate the dynamic behavior of furniture during earthquakes and
evaluate the efficiency of overturning protection devices, shaking table
experiments using solid wooden blocks and real furniture were carried out.
The former were useful to determine key parameters to consider in the latter
and also in the numerical simulation.

2.1 Shaking table experiments using solid wooden blocks

These tests were carried out on a 1.5m by 1.5m shaking table. The
geometrical characteristics of the wooden blocks are listed in Table 1. The
specimen A-1 was a single block whereas the specimen A-2 consisted of
two blocks one over the other. A total of 38 ground motions were applied
with amplitude and frequency varying from 100 to 1,400 Gals and 0.5 to 3.5
Hz, respectively. The Japanese Meteorological Agency Intensity (JMAI) for
each motion was calculated. Several types of overturning protection devices
available in the market, such as steel L-shape, stopper, gel mat, pole,
honeycomb board, and chain/belt, were evaluated. In the case of steel L-
shape and chain/belts, relatively small screws were used considering the
relation between the sizes of wooden blocks and real scale furniture.
Stoppers and gel mats were also scaled down. The tests were carried out
considering that the blocks were standing against a fixed wall.




Table 1. Characteristics of the wooden blocks

used in shaking table tests Direction
of Vibration

63,281
25 15 18,750

Figure 1 shows the overturning critical intensity level. Above it, the
furniture overturned and below it, it remained standing up. This figure
shows the results for the case in which the floor surface was smooth, i.e.
flooring finishing, and the wall was relatively strong. Tests were also carried
out over fatami (traditional Japanese flooring mat) and using a, relatively
weak, gypsum wall.

1400k | ocomb board
B 1000} Steel L-shape |
g 800} - No protection device
= ; - Stopper mat
5 600 - Gel mat
§ 400
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(b) Block A-2

Figure 1. Overturning criteria obtained from shaking table tests
(Floor surface: flooring, wall surface: strong timber)




2.2 Results of shaking table tests using real furniture

As the next step, shaking table tests using real furniture were performed to
further assess the efficiency of overturning protection devices. Real scale
furniture (180cm by 59c¢m by 39cm) available in the market was used for
these tests. Their self weight was 24.5kg and 60kg to account for its
contents while in use were added. The shaking table dimensions were 4.0m
by 4.0m.

Two strong ground motions were used: 1995 Hyogo-ken Nambu
Earthquake (Kobe Earthquake) recorded at the Kobe Maritime Observation
station and the 2004 Niigata-ken Chuetsu Earthquake recorded at K-NNET
Ojiya station. The former was scaled to obtain input motions with JMAI 5+,
6- and 6+. Two floor surfaces were considered: flooring and fatami, and two
overturning protection devices, chain and poles, which were found to be the
most efficient in the previous set of tests. As in the previous case, the
furniture was considered to be standing against walls.

Table 2. Strong ground motions characteristics

617 332 6+

H‘ﬁ’fﬂ‘::;e" 491 370 119 B
; 276 208 112 5+

~ Niigata-ken
e 1310 1110 781 7

To propose a better installation of overturning protection devices,
several tests were done changing the inclination angle of chains/belts or
pasting a wooden veneer on top of the poles as shown in Figure 2.

(a) Belt (3° oards) ' (b)' Pole with wooden veneer

Figure 2. Most efficient installation method
proposed for overturning prevention devices

A summary of all results is shown in Table 3. It is very common to
use belts/chains oriented 30 to 60° upwards. However, it was found that it is
more efficient to use them 30° downwards because in this way, the vertical
component of the belt/chain tension prevents uplift, and therefore, sliding
and overturning are avoided.




Table 3. Summary of experimental results

Hyogo-ken Nambu Eq iigata-ken Chuetsu Eq. |
= s
. No . @) @ - N
protection)  Tatami | () @ - -
S 30°Upwards | O @ O
Belt |30 Downwards| (O O @)
60°Upwards | - - :
o Without veneer O O O e
: With veneer - - = O

COo0®

:Overturning
:Damage to contents
:Exhibits displacement
:No displacement

Figure 3. Furniture movement observed during shaking

when chain/belts are used upwards

If the downward angle is increased, as depicted in Figure 4, the
efficiency of the belt/chain decreases because the same horizontal inertial
force has to be resisted by an increasing tension on the belt/chain. This large
force eventually leads to the belt/chain connection failure. Based on these
observations, it was concluded that 30° is the optimum inclination.

1:{> : Belt tension

@ :Horizontal component of belt tension

: Inertial force on top of the furniture

30° Upwards

30° Downwards

60° Downwards

Figure 4. Restraining mechanism of chain/belt

When poles are used as protection devices, usually two poles, which
shake independently, are used. The system performance can be greatly
improved if both poles work together. This can be achieved by installing a
wooden veneer between the poles and the ceiling. This measure guaranties
not only that both poles will work together but also avoids the ceiling local
damage at the points where poles are installed. With this system, furniture
could stand the severe Niigata-ken Chuetsu Earthquake strong ground
motion, which was not possible without it.




3. SAFETY EVALUATION OF LIVING SPACES

In order to evaluate the safety of living spaces simulations using 3-
dimensional Extended Distinct Element Method (3D-EDEM) were carried
out. The simulation accuracy was previously evaluated using the results
obtained from the shaking table tests. Figure 5 shows the comparison of the
experimental and numerical results. It is clear that the simulation captured
well the behavior observed during the experiments.

4 Overturning level obtained
= from experiments
L0 1000
_§ | Overturning level obtained
= { from 3D-EDEM
= 5.9
8 : TR
2 400 57 56 56 JMAI
2004 52 51 5.0 50 45 Beyond the
: BE . e capacity of
100} 49 4.8 46 45 44 4.4 Sl the shaking
’ — S+ table
0.5 1.0 1.5 2.0 2.5 3.0 3.5 5. |
Frequency [Hz] s

Figure 5. Comparison of numerical simulation and experimental results
3.1 Study of the living space

The target living space was an 87m” model room located at different stories
of a 20-story building, as shown in Figure 6. Three types of furniture were
considered, from B-1 to B-3, with the characteristics shown in Table 4. The
furniture distribution is depicted in Figure 6. The elements in gray represent
stable bodies which were not expected to overturn and therefore were not a
matter of consideration for this study.

Table 4. Characteristics of the furniture considered for the simulations

hi o | mik kg/cm3]
B 90 0.3 200 2.29E-04
B o060 | 02 | 88| 279E04
Bl 90 0.4 150 2.29E-04

3.2 Input motion calculation using a multi-degree freedom system

In order to obtain the input motion to the model room, a multi-degree
freedom system was excited with past strong ground motions having a wide
range of predominant periods as shown in Table 5. Eleven strong ground
motions obtained from K-NET were used and the responses at floors 1, 5,
10, 15, and 20 were determined and used as input to the model room.
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Figure 6. Layout of the living space considered for the study

Table 5. Input motions used for the living space safety evaluation

1/17/1995
10/6/2000
3/24/2001
12/2/2001
5/26/2003
9/26/2003

Kobe Marine Observatory
Yuki
Yuki

9/26/2003

Kiihanto—-Nantooki
Nigataken-Chuetsu |
3/20/2005 | Fukuokaken—-Seihooki Hirado 7.0 9

Figure 7 shows the obtained floor responses in terms of seismic
intensity calculated using the JMA definition. Based on the original
definition of JMA, the maximum seismic intensity is 7. However, in order to
have a clearer picture of this parameter in the upper range, it was divided in
three sub-ranges: 7- for intensities from 6.5 to 6.9, 7+ for intensities from
7.0 to 7.4 and 7++ for intensities above 7.5.
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Daitoh
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0

35 40 45 50 55 60 65 70 15 80
JMAI

Figure 7. Floor response in terms of seismic intensity




3.3 Calculation of furniture overturning ratio

Three cases were simulated: Case A: No overturning protection devices
provided; Case B: chains/belts were set in all furniture, Case C: honeycomb
boards were used in high furniture (B-1 and B-2) and chains/belts were
installed in low furniture (B-3). Some results obtained by 3D-EDEM are
displayed in Figure 8. These images were prepared using virtual reality
technology. This tool allows the user to freely move inside the virtual space
and therefore verify the effect of using overturning prevention devices by
himself.

Case C. ft 3sec?n1ds

Case A. After 9 séconds Case C. After 9 seconds

Figure 8. Floor response in terms of seismic intensity

Figure 9 shows the overturning ratio versus input motion intensity for
the three cases considered. In case A, risk increases rapidly for shakes with
JMAI 7+ or more. In case B, the protection devices were damaged
themselves for high JMAI and therefore lost effectiveness. In case C, the
lowest overturning ratios were obtained even for high intensity shakes.

3.4 Evaluation of the safety of living spaces based upon the furniture
overturning ratio

The overturning ratio in the living spaces where people spend most of their
time should be decreased as much as possible. The rooms where they sleep
should be given particular attention because it has been observed that when
an earthquake occurs while people are sleeping their response is not good.
The results of this study, however, showed that even with the best
performance of the protection devices currently available in the market,
overturning ratio could not be decreased below 17.5% and 33.3% in case of
shakes with JMAI 7+ and 7++, respectively. In order to further decrease this
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Figure 9. Overturning ratio versus seismic intensity
for each case considered

percentage, it is proposed to install building vibration control systems, to
use more efficient protection devices, and to establish some regulation by
which only built-in furniture can be used in high rise buildings.

4. CONCLUDING REMARKS AND FUTURE ISSUES

In the first part of this study, shaking table tests to evaluate the efficiency of
existing overturning protection devices were performed with solid wooden
blocks and furniture. After the last series of tests, the best way to install the
overturning protection devices available in the market was proposed.

To evaluate the safety of the living space, 3D-EDEM numerical
simulations combined with virtual reality applications were carried out. The
accuracy of the simulations was verified with the obtained experimental
data. Based upon the results for a 20-story building case, it was concluded
that it was very difficult to avoid overturning using protection devices
currently available in the market for shakes JMAI 7+ and 7++, which are
experienced in the upper stories. Therefore, three possible solutions were
suggested: to decrease the structural response using building vibration
control systems, to use more efficient overturning prevention systems, or to
use only built-in type of storing spaces so that potential overturning objects
are not used at all. The present study can be very useful to further study
these options.
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Quantitative Evaluation of Variation in Concrete Quality by using Neural Network
By Yoshitaka Kato and Manabu Fujino

Concrete Research and Technology, Vol.18, No.1, Jan. 2007

Synopsis: The purpose of this research is to clarify the influence of construction works on variation in concrete quality, and to
establish estimation method of quality variation considering construction conditions (mix-proportions, re-bar conditions, cover
concrete depth, etc). In this research, variation in concrete quality obtained by the experiment was quantitatively evaluated using
neural network. As a result, the influence of construction conditions on the variation in concrete quality could be clarified
quantitatively and the cover concrete quality and its variation could be estimated.

Keywords: cover concrete, void ratio, variation, construction conditions, neural network
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Abstract

Environmental conditions, such as rain, have been shown to contribute to the deterioration speed of concrete structures. This study

attempted to clarify the relationship between local rainfall conditions and the volume of rain adhering to the surface of a concrete

structure using simulation methods and computational fluid dynamics. By determining the amount of water adhering to the surface, the

moisture content of the concrete can be predicted. Water absorption velocity was found to be small relative to the volume of rainfall,

showing that the supply of water by rain has a significant influence on moisture content. Rainfall was proposed as a boundary condition

for predicting moisture content based on analytical and experimental results. An example was performed demonstrating the processing

of weather data in the simulation method.

1. Introduction

It is well known that the deterioration of concrete structures is
caused by a variety of environmental effects. For example,
carbon dioxide and chloride ions destroy the passive state film
formed on the surface of rebar, which allows the rebar to easily
corrode in the presence of water and oxygen. Such deterioration
may cause the failure of a concrete structure unless remedial
measures are performed; however, proper remedial measures
should be based on diagnosis result of existing concrete structure.
To address this, several prediction models for concrete structure
deterioration have been proposed. These proposed models can
predict deterioration progress with limited accuracy within the
applicable range of each model under laboratory test conditions.
However, it is difficult to apply these models to existing concrete
structures because actual environmental conditions have greater
variation than laboratory test conditions. Variables such as
temperature, humidity, and amount of supplied chloride ions are
treated as boundary conditions in the models in order to predict
the progress of deterioration considering actual environmental
conditions. It is difficult to predict such progress in concrete
structures because the treatment of actual environmental
conditions as boundary conditions in the proposed models has
not been clarified yet.

There are many cnvironmental variables that must be
considered when predicting the progress of deterioration in
concrete structures. Although moisture is not a direct cause of
deterioration, it does effect several kinds of deteriorations
indirectly. For instance, chloride ion can not diffuse into concrete

without water, and carbonation, freezing and thawing, and ASR
will not occur unless there is some water in the pore structure.
The moisture content of concrete is typically affected by rainfall
and mist. The boundary condition for mist can be set using
humidity measurements. However, the effect of rainfall on
concrete surface may be complicated by the combined influences
of rainfall, wind, and structure form. In this research, the wetting
of a structure by rainwater was simulated using computational
fluid dynamics (CFD) based on meteorological conditions. A
treatment method for rainfall as a boundary condition for
predicting the moisture content of concrete was proposed based
on the analysis results.

2. Scope and limitation of this research

The variables which affect how rainwater is supplied to a
structure are rainfall, wind velocity, wind direction, and structure
form. The raindrops that adhere to the surface of the structure
area are adsorbed into the concrete. There are many models
which simulate water transfer in concrete, so that phenomenon
will not be discussed in this research. The goal of this research is
to simulate the arca wetted by rainwater on a structure and its
water supply rate considering the above mentioned factors. Then,
if the water supply rate is faster than the water absorption rate, the
water supply rate can be disregarded because the situation will be
similar to submersion. First, the water absorption rate of mortar
was measured to determine the relevance of the water supply

rate.
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3. Water absorption test

3.1 Effective diffusion coefficient of chloride ions in
porous media

The water absomption rate of concrete was obtained
experimentally using mortar specimens. Mortar was used in
order to maintain the accuracy of the experiment at a reasonable
level. The water absorption rate was measured as an increment of
specimen weight. The incremental increase of specimen weight
due to water absorption was small, so it was necessary to use a
very thin specimen. Furthermore, this emulated an actual
concrete surface covered with a mortar layer.

The mix proportion for the mortar specimen was W/C = 0.5
and S$/C = 1.5, and the dimensions were 60 x 60 X 5 (mm). The
moisture content of the specimen was set to 0 (%) using D-dry
processing. All surface sides except the supply side were sealed
to control water absorption. The water supply rates were 0.22,
0.33, 043, 0.55,0.77, 1.1 and 2.2 (mmvh). The specimen weight
was measured every 15 minutes. Figure 2 shows the method of
water supply which simulated raindrops.

Figure 3 shows the experiment results. The amount of water
absorbed in mortar increases with time and with an increase in
water supply rate. Figure 4 shows the water absorption rate
every 15 minutes. The water absorption rate gradually decreases
over time because the moisture content of mortar increases due
to water supply. In this research, the specimen was dried
completely before beginning the water absorption test, so that the
initial water absorption rate would be the fastest. Also, later water
absorption rates nearly simulate the practical situation because
existing concrete structures contain some water. The fastest water
absorption rate was around 0.6 (mnvh) but settled to 0.2 (mm/h)
over time progress. These values are quite small, so it can be
concluded that the water supply rate is not important. Therefore,
this research concentrated on simulating the area wetted by
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rainwater on a structure.

4. Outline of simulation method

The marketed CFD (computational fluid dynamics) software
(Phoenics, CHAM-Japan) was used to simulate the area wet by
rainwater considering meteorological conditions. The outline of
the simulation method is shown as follows.

4.1 Basic equations

The basic equations used in this simulation are as follows. Eq. (1),
Eq. (2) and Eq. (3) are the equations of continuity, motion, and
conservation of energy, respectively.

V. =0 (1
DV 1 ,

E:g—;Vp+v[V V] )
p%=—(V'q)—(V-V)+MD+q’ 3)

where, V =rate vector (nvs), t = time (s), p = density (](gm3), p=
pressure (N/m’), v = movement viscosity (m%s), p = viscous
coefficient (kg/ms), E = intemnal energy of fluid (J), q = heat flow
velocity (Jm’s), @ = viscous dissipation function 3

The finite volume method was utilized, and the simple
method, one of the implicit methods, was used as a calculation
algorithm.

4.2 Modeling of rainfall

The characteristics of raindrop particles are govemed by the
amount of rainfall, air flow (wind velocity and direction), and
temperature. The influence of temperature was neglected in this
research because its influence is small relative to the other factors.
The cumulative particle number distribution of raindrops can be
expressed by Eq. (4) (Marshall, J. S. and Palme, W. M., 1948).

N, =8000exp(- 4.1DR™**') @)

where, N, = cumulative distribution function of number of
raindrops per unit volume, D = diameter of raindrop (mm), R =
amount of rainfall per one hour(mmvh)

Three representative particle diameters were used for
simulation considering analysis time and accuracy. The
representative particle diameters were calculated from the
volume ratio distribution curve as shown in Figure 5. Then, the
total volume of raindrops and the particle size, which exists from
a to infinity, can be expressed as Eq. (5) and Eq. (6), respectively.

Velume (1) = Volume (2) = Volume (3)
T D, = mean diameter in
range (i) (=1,2,3)

s, t = particle diameter
that delimits each area

Volume ratio

Diameter of raindrop

Fig. 5 Determination of mean raindrop particle diameter.
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A raindrop does not fall if its diameter is less than 0.02mm
(Marshall, J. S. and Palme, W. M., 1948). Eq. (7) and Eq. (8) can
be obtained considering this fact and the definition of each
parameter described in Figure 5. From these equations, both s
and t can be obtained.

£0.02)- £i(5) = £(0.02) ™

f.(r)=§f.(0.02) ®)
The mean diameter of each area can be obtained by the
following equations.

LD} {1,00.02) - £,(9)= /(002 ©

CADI£(5) = £,(0) =3 £1(002) (10)

A0 =3 £(002) an

The terminal velocity of a raindrop can be calculated using Eq.
(12) (Fabien J.R. van Mook, 2002). This empirical equation was
proposed based on previous experimental results (Gunn, R. and
Kinzer, G D., 1949).

v=9.4-94exp(-1.57-10°D""*) (12)

where, v = terminal velocity of raindrop (m/s), D = diameter of
raindrop (m)

Table 1 shows the calculation results. These values were
used in the simulation study.



Table 1 Calculation results of mean diameter and terminal velocity of raindrop.

R (mm/h) 1 2 3 4 5 6 7 8 9 10
s (mm) 070 [ 082 | 090 | 095 | 1.00 | 1.04 | 107 | 110 | L13 | L15
t(mm) 111 129 | 140 | 149 | 156 | 162 | 167 | 172 | 176 | 1.80
D (mm) 032 | 037 | 040 | 043 | 045 | 047 | 048 | 049 | 051 | 052
D, (mm) 087 | 101 110 | 117 | 122 | 127 | 131 135 | 138 | 141
D5 (mm) 140 | 162 | 177 | 1.88 | 197 | 204 | 211 | 217 | 222 | 227
vy (m/s) 132 | 153 | 167 | 1.78 | 1.87 | 194 | 200 | 206 | 211 | 216
V3 (m/s) 356 | 405 | 435 | 457 | 474 | 489 | 501 | 512 | 521 | 530
V3 (n/s) 527 | 584 | 618 | 642 | 660 | 675 | 688 | 698 | 707 | 716
100@16
| i ‘ ’ Water supply
|

Roiodod
Ggigigiyy g pgy

Total tray =8 x9=72
Measured area=6x 7 =42

Fig. 6 Schematic of mock rainfall experiment device.
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Fig. 7 Schematic of simulation area.

5. Mock rainfall experiment
A mock rainfall experiment was conducted in order to verify the
validity of the simulation results.

5.1 Outline of experiment

Figure 6 shows the experimental setup of the mock rainfall
device. Downspouts were set on top to supply water to
experiment area. The holes were made in the downspouts at
intervals of 100 (mm) and small, narrow funnels were put in the
holes. The amount of rainfall was controlled by the depth of
water in the downspout and these funnels. Wind was simulated
using a fan at a height of 700 (mm). Raindrops carried by the
wind were collected by trays. Each tray is 100 x 100 (mm), and

the trays were arranged in a 8 x 9 grid (height x width).
Measurement was taken from the center 6 x 7 grid (height x
width, gray area in Figure 6) because the edge trays were
assumed to be affected by boundary conditions such as rebound
from the ground or the device frame. The mass difference of the
tray before and after the experiment was measured. The test
period was 15 minutes. There were four total experimental cases
which combined two rates of rainfall (30, 45 (mmvh)) with two
wind velocities (6.3, 8.0 (m/s)). Experimental measurement
began afler confirming the rainfall had reached a steady state.

5.2 Outline of simulation for mock rainfall experiment
Figure 7 shows the schematic of the simulation area for the
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Fig. 8 Raindrop distribution.

mock rainfall experiment. To reduce the influence of the
boundary condition on the analytical result, the width of the
analytical area was set larger than that of the experiment. The
analytical area was composed of 100mm cubes. This value is
the same as the spacing between the funnels, as well as the
dimensions of the trays. Input environmental data was same as
the experimental case.

5.3 Verification of simulation validity
Figure 8 shows the experimental and analytical results. There
was no data for rainfall = 30 (mmvh) and wind velocity = 6.3
(mys) because the rain did not affect the measurement arca. As
discussed earlier, the water supply rate (the number of raindrops
over a specified period) is not important. Therefore, the
numerical value of each element represents the ratio of total
volume of water measured to that calculated by the experiment
or analysis. It was found that the simulation result nearly
reproduces the experiment result. When comparing R = 30
(mm/h) with R = 45 (mmvh) for w = 8.0 (nv/s), water adhered to
a higher position when the rainfall was less (R = 30 (mm/h)).
Therefore, the influence of the wind on each raindrop is larger
when the rainfall is less. However, the water did not adhere to the
target wall when the rainfall was light and the wind velocity low.
It was thought that this phenomenon depended on the amount of
rainfall itself. Thus, the movement of the raindrop was decided
by a complex compound action between the rainfall and wind
velocity.

It was concluded that the area wet by rainfall on a structure
could be simulated using the proposed method based on

meteorological condition and structure form.

AMeDAS
Rainfall (R)
Wind velocity (w)
Wind direction (d)

[4—Unit period (dt)
y

il Calculated combination of

l—
R, w, andd

¢ Database for [T,
he area wet i | |

Set boundary condition
(area wet by rainwater (/dt))

!

Simulation of moisture
transportation in concrete | t + dt

Froposed in this
research

Fig. 9 Simulation process of moisture transportation in concrete.

User demand

6. Application to real structure

It is not realistic to apply the rainfall simulation every time
when obtaining the boundary conditions of moisture supply for
simulation of moisture transport in concrete. Moreover, the
period of the required boundary condition, such as per hour, day,
week, month, year, etc., depends on the model used for moisture
transport and the purpose of the analysis. To deal with this
problem, the following approach was proposed in this research.
The area wet by rainfall can be determined using a combination
of rainfall, wind velocity, and wind direction (with respect to the
structure surface). Analyses are executed for representative cases
beforehand, and analytical results are stored in a database. The
user sets the unit period of the necessary boundary conditions for
the moisture supply considering the future and usage of the
model. The combination of rainfall, wind velocity and wind
direction is calculated based on a meteorological database. The
standard database in Japan is the AMeDAS meteorological
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Fig. 10 Target structural form and analytical area.

database, provided by the Japan Meteorological Agency. The
area wet by rainwater can be determined using this combination
of calculations, which can then be used for the boundary
condition for moisture transport in concrete. This procedure is

shown in Figure 9.

6.1 Database for area of a structure wet by rainwater
The target structural form is shown in Figure 10. Although the
structure form 1s one of the factors which effect the wetted area,
only one type of structural form was selected for this research.
The main purpose of this section is to determine the effectiveness
of the proposed technique using an example. The rainfall rates
were 1, 3. 5, 7 and 10 (mmvh), the wind velocities were 1, 3, 5, 7
and 10 (m’s), and the angles of the wind direction to the structure
surface were 0, 22.5, 45 and 67.5 (degrees), leading to a total of
100 (5 x 5 x 4) combinations. The analytical area was determined
considering the influence of wind direction (see Figure 10). One
element of the analytical area was a 200 (mm) cube.

Figure 11 shows an example calculation result for wind
direction = 22.5 degrees. For wind velocity equal to or less than 3
(mvs), there was little wetting of the structure. The wetted area
increases as the wind velocity increases, and more than 80% of
the total surface area was wet when wind velocity = 7 (m/s). At
wind velocity = 10 (nmv/s), the wetted area was 100%.
6.2 Analysis of meteorological data at select
observation points
In this section, analysis of meteorological data at select
observation points was conducted based on EA AMeDAS data
(Akasaka, H. et al, 2003). EA AMeDAS data provide standard
metrological data for one year; the period from year 1981 to
1995 was used, and Tokyo, Yokohama, Chiba, Choshi, and
Kumagai were selected as the targeted observation points.

The annual integrated wind velocity (the sum total of the

wind velocity) for each wind direction and annual frequency of

Rainfall (mm/h)

T BT

] O T
1 e
B B

Wind velocity (m/s)

Fig. 11 Calculation result of the area wet by rainwater

(22.5 degrees).
Table 2 Annual rainfall characteristics.
Tokyo | Yokohama | Chiba | Choshi | Kumagai

Total rainfall

915 1414 1004 | 1,754 1,139
(mm/year)

Ramfall duration

Vi 5572 / 5
(Wyear) 471 552 467 643 552

the wind direction were calculated to understand the regional
characteristics (see Figure 12). The numbers below the
integrated wind velocity represent the total integrated wind
velocity in one year regardless of wind direction. Table 2 shows
the total annual rainfall and total annual rainfall duration, and
Table 3 lists the correlation coeflicients between each factor. It
was found that all comrelation coefficients were small, therefore

each factor was independent. The annual integrated wind
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Fig. 12 Regional characteristic of metrological data.
Table 3 Correlation coefficient between each factor.

Tokyo | Yokohama Chiba Choshi Kumagai
d-w | 0056 0.068 0019 | 80x10° 0.122
d-R | 0.001 0.002 70x10% | 0.003 2.0x 107
w-R | 0.001 0.016 0.003 0.020 0.001

d: wind direction, w: wind velocity, R: rainfall

Table 4 Case studies of the combinations of R, wand d.

Time (h) 1 2 3 4 5 6 7 81 9 10
R 7 7 5 10 3 7 5 51 3 1
w 1 7 10 5 7 5 10 5110 7
d N NNW NNW NNE N| NE NE N| N NW

1 > 10 Total time
AEHE
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5| 5]5]|5|5
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5[6l 7178
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Fig. 13 Calculated results of case studies.

velocity was highest in Choshi, Yokohama and Chiba were in the
middle, and Tokyo and Kumagai were lowest. For Tokyo and
Yokohama, the wind between NNW to N had highest frequency
and the integrated wind velocity of between NNW to N was also
superior, whereas Chiba, Choshi and Kumagai displayed no
clear tendency. The total annual rainfall in Choshi was the
highest, followed by Yokohama, then the remaining cities. The
regional characteristic of annual rainfall duration followed a
similar tendency as the total amount of rainfall.

6.3 Case studies of the applicability of the proposed
method

The calculation results of the area wet by rainwater considering
the combinations of rainfall, wind velocity, and wind direction
were stored in the database. Users can set the required boundary
conditions of the moisture supply based on this database. For
example, if the user wants to set the boundary condition from
every hour based on meteorological data (see Table 4), this
information can be obtained easily fiom the database (see Figure
13).
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Fig. 14 Calculation results of the relative moisture content history.
In general, moisture transport in concrete is greatly affected Drying condition:
by cyclic wetting-drying conditions. The simulation studies of B 42 (14)
moisture transport in concrete were conducted based on a {29(1- R/100) + 1}
previously proposed model (Akita et al. 1990). In this proposed Moisture absorption condition:
model, moisture transport in concrete was expressed by Eq. (13). D=22(41R/100+1)"? (15)

&

‘i—R:V(DVR) (13)
ot

where, R: relative moisture content in concrete (%), t; time (day),
D: moisture conductivity (cn/day)

In the previous research, it was found that the moisture
conductivity (D) was affected by the relative moisture content in
concrete (R) and environmental conditions — drying condition,
moisture absorption condition, and water absorption condition.
The relationship between the moisture conductivity (D) and the
relative moisture content in concrete (R) was defined by the
following equations, based on experimental results under each
environmental condition.

Water absorption condition:

D =100{1-2.5(1- R/100)*} D, R = 80(%)
D =100{0.004 +0.0031/(R/100+0.095)"*1D, R <80(%)

(16)
where, D: water conductivity at R = 100 (%) (cnmvday) (D, is
decreasing with increase in the water absorption period)

The influence of meteorological conditions on moisture
transport in concrete was investigated using this proposed
moisture transport model. Three boundary conditions were set:
1) Only RH (only datasets of relative humidity used as the
boundary condition = the area not wet by rainfall), 2) RH +
rainfall (the total rainfall duration set as the water absorption
condition = the area always wet by rainfall), and 3) RH +



database (moisture condition or water absorption condition
selected based on the databasc). The initial relative moisture
content in concrete was assumed to be 100 (%), and the standard
metrological data for one year at Yokohama city was used. The
calculated results of the relative moisture content in concrete are
shown in Figure 14. From this information, it was found that the
behavior of the relative moisture content was changing according
to the boundary condition. It was also found that the influence of
rainfall was large.

7. Conclusions

An estimation method for the area of a structure wet by
rainwater using Computational Fluid Dynamics (CFD) based on
meteorological conditions was proposed. The validity of the
proposed method was verified based on results of a mock rainfall
experiment. The treatment method of rainfall as boundary
condition for predicting the moisture content in concrete was
proposed using the database created from calculated results. An
example of the application of the proposed method was
presented using actual meteorological data. From this case study,
it was concluded that the history of relative moisture content in
concrete was changing according to the boundary condition, on
which the influence of rainfall was large. The proposed method
is a useful tool for discussing the phenomenon at the boundary
between a concrete structure and the environment. For example,

the flushing phenomenon of chleride ions on the surface of
concrete structures due to rainfall may be simulated using the
proposed method.
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UTILIZATION OF INSPECTION RESULT OF RC STRUCTURE IN
THAILAND TO PLAN MAINTENANCE FOR CHLORIDE ATTACK

Pakawat SANCHAROEN "', Raktipong SAHAMITMONGKOL"?,
Yoshitaka KATO"® and Taketo UOMOTO™

ABSTRACT
Currently, the importance of maintenance work for deteriorated RC structures increases
significantly. In order to ensure safety and serviceability, maintenance has to be planned in
advance based on the prediction result. In this study, examples of RC structures in Thailand
was inspected the actual variation of their conditions. The method to plan the maintenance
work by utilizing these actual inspection results is discussed. Finally, benefit of using actual
inspection results in maintenance planning over an ordinary method considering the safety

factor is also discussed.

Keywords: maintenance, deterioration, corrosion, life cycle cost, non-destructive testing,

inspection, probability, uncertainty

1. INTRODUCTION

Corrosion of reinforcing steel due to chloride
attack is one of main mechanisms deteriorating
RC structure. There are great efforts to maintain
deteriorated structures to ensure their safety and
serviceability. In 2002, JSCE [1] regulated the
durability design to ensure the performance of
structure during their service life based on the
performance based design. In this specification,
safety factor is considered to deal with the
variation and uncertainties of actual condition
from design condition. This leads to the over-
design and higher cost than the actual requirement.
In addition, JSCE [2] also regulates the guideline
for maintenance the RC structure and have already
recommended to periodically inspect the structure
to ensure their safety and serviceability. Therefore,

there are a lot of useful inspection results available.

However, they are rarely used to planning the
maintenance program in the future.

In this study, RC structures attacked by marine
environment in Thailand were inspected and
inspection result of the actual structures is used to
plan the maintenance program based on
probability theory. Finally maintenance program is
decided by the lowest life cycle cost including
repairing and failure cost. When maintenance

planning considers the actual variation of structure
properties, maintenance cost is expected to be
lower than that of the method considering only
general safety factor.

2. INSPECTION PROGRAMS

In order to investigate the variation of
properties of actual RC structure against steel
corrosion due to chloride, RC structures located
close to marine environment in Thailand were
inspected by both of destructive testing and non-
destructive testing.

2.1 Sites of inspection

Sites of inspection are mainly road bridges
located nearby Bangkok, Thailand as shown in the
Fig.1. Totally 3 bridges were inspected. Age of
these structures is 1 year, 5 years and 43 years at
the time of inspection in November 2006. Picture
of one of the structures is shown in Fig. 2. The
deterioration level due to chloride attack can be
classified from no damage to severely damaged.
Concrete spalling can be clearly seen in one of
these bridges as shown in Fig.3. Average day-time
temperature during the inspection program was
about 34°C without any rain. Concentration of
NaCl concentration in surrounding sea water is
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about 3.0% except the site in Samutprakan
province that is attacked by brackish water which
concentration of NaCl is about 0.03%. Used
cementitious material is not only ordinary Portland
cement but some structures were used also sulfate
resistant cement or coal fly ash cement as a
cementitious material. In order to prevent the
deterioration due to chloride, designer specified
minimum covering depth, compressive strength,
and unit cement content. Background information
of each structure is shown in Table 1.

2.2 Parameters of inspection

Previous research [3] revealed that variable of
parameters, including steel covering depth,
chloride diffusion coefficient, surface chloride
content, and concrete compressive strength,
significantly affect the performance of RC
structure against chloride attack as well the
prediction result of maintenance planning.
Therefore, inspection program conducted in this
study was mainly focused to determine the
random variable of those parameters and are
explained below.

Fig.1 Area of inspection

Fig.2 Picture of actual inspected structure

Fig.3 Example of deterioration condition and

location of collecting concrete powder sample

(1) Covering depth of reinforcing steel

Covering depth of stirrup was measured by
commercial rebar detector of Hilti (Ferroscan
model PS200M). Its principle of detecting steel is
based on techniques of electromagnetic wave.
Scanning was conducted on Quickscan mode to
many small sections with the length of each
section around 1.5 meters. Only concrete with
smooth surface was inspected. Then all of data is
collected together for each structure to finalize its
variations.
(2) Chloride diffusion coefficient and surface
chloride content

Chloride diffusion coefficient was calculated
from the profile of chloride content. Sample of
concrete powder was collected on site by drilling
machine with the diameter of drilling bit of 14mm
based on the method of JSCE G573 [4]. Sample
powder was collected from three adjacent holes
with the depth of 0-2cm, 2-4cm, 4-6cm, 6-8cm,
and 8-10cm from the surface to minimize the
effect of aggregate size. Sample was collected not
only at the same level from sea water level but
also at different height in order to determine the
effect of height from the sea level. Total chloride
content in powder was measured based on method
of JCI SC5. Then chloride diffusion coefficient
and surface chloride content were calculated from
the profile of chloride content.
(3) Concrete compressive strength

In order to inspect the variation of concrete
quality, concrete compressive strength was
measured by Schmidt hammer. Although there are
other NDT methods such as air permeability test.,
Schmidt hammer is still one of the methods that
are most convenient to be conducted. Twenty
points were tested for one set of sample. Only
smooth concrete surface was tested. From Eq. 1,
concrete compressive strength can be calculated
from rebound number JSCE [5].




Table 1 Information of inspected structures

No. y Age, | Cementitious
¢ Location <
Bridge years material
1 Sarnutp_rakan 43 OPC cement
Province
Chonburi ’ Sl.ﬂfate
2 : 5 resistance
Province
cement
3 Chantaburi | Coal fly ash
Province cement
I =—-18+(1.27x RN) (1)

where, f. is concrete compressive strength
(MPa), and RN is rebound number.

2.3 Distribution fitting

As explained, inspections were conducted at
many locations on each structure. In order to
conclude the distribution of all inspected data,
they are combined together for each structure as
one set of data. Then distribution fitting program
called Bestfit was used to select the most fitting
distribution to our set of data based on chi-square
goodness of fit test. Distribution type, mean value,
and coefficient of variation are reported in
following section.

3. INSPECTION RESULTS

In order to determine the distribution and
random variable of properties of structures,
inspection results were processed as explained and
will be discussed. Table 2 concludes total number
of samples being inspected for each inspection
item and bridges.

3.1 Covering depth of reinforcing steel

Results of scanning from many small sections
of structure are combined together and the
distribution fitting is conducted. From the
combined inspection data, the distribution fitting
was conducted as explained earlier. Fig. 4 shows
the example of comparison between distribution of
actual inspection result and the fitting curve. The
results of type of distribution, random variable are
shown in Table 3 as well as the specified covering
depth. Most of mean value of measured covering
depth is significantly less than the required value
as shown in the design drawing. Also their
coefficient of variation is more than 20%. It
should be noted that assigned safety factor should
also be high to compensate this high variation of
actual measured value. As a result, the life cycle
cost of maintenance is cxpected to be more

expensive than the actual requirement of the
structure and will be discussed in the later section.

3.2 Chloride diffusion coefficient and surface
chloride content

As explained, powder of concrete sample was
collected and analyzed for chloride content.
However, the number of samples is limited due to
difficulties of sample collection. Therefore, it is
difficult to reliably determine their random
variable. As a result, only actual variations of the
data are shown in Table 4. Very high variation is
observed in both of surface chloride content and
chloride diffusion coefficient. Local effects of
chloride attack due to location of members, wind
direction, etc., can be seen from this result. Also
variation of the concrete permeation due to effects
of casting and curing can be seen from the result.

Table 2 Number of sample

No. Item Level Noziof
Sample
Covering 3l
dopih Middle 916
B GHLES Middle 3
analysis
COImpIesIVG | Miiddle 252
Strength
Coverng Middle | 1252
depth
: Low 4
2 gﬂf r;icLe Medium 12
! High 4
Compressive !
Strength Middle 713
(overng Middle 334
depth
3 Chlnce Middle 6
analysis
Compressive Middle 1493
Strength

Weibull(1.7294, 30.831)

Value x 10™

0 20 40 60 80 100 120

Covering depth, mm

Fig.4 Distribution fitting of the inspection
result




Table 3 Inspection result of covering depth

this section. However, only inspection results of

Required Tyia ot M bridge No. 3 is used as an example.
No | covering Distribution | (mm) cov
depth Table 4 Inspection results of surface chloride
1 50mm Gamma 24.21 0.38 content and chloride diffusion coefficient
2 70mm Gamma 41.61 0.46 No | Results 1 2 3 4
3 | 70mm Weibull 88.34 | 0.22 e 782 - 14 L
. 1 (kg/m ) e :
In one of the bridges, concrete samples were D 0.82 2.00 119 .
collected from different height from the water (cm*/year) ' ' :
level. Results of chloride analysis are shown in e O .
Fig. 5 and 6. As expected, results of samples P ' (k-‘g/mB). 1999 1410 L7101 1920
closer to the water level show higher surface Dy -
chloride content than samples from the higher (cm*/year) 0. bt 08 s
position. Average surface chloride content of low, e '
middle, and high level are 15.33, 9.40, and 3.42 (kg/m) o
kg/m®, respectively. This shows that the effect of D L
local variation of chloride attack can be considered 3 (cm’/year) 038 018 9573 Ll
in both of horizontal and vertical directions in iC -
each structure. But the effect of distance from (kg/m’) 3.95 2 .
water level cannot be clearly seen on the variation Dy y "
of the properties of concrete. The chloride (cmzfyear) 1.32 . ) i
diffusion coefficient is in the similarly wide range
for all of three levels of measurements. o
i =7 -Low-50cm
3.3 Concrete compressive strength 20 -© Middle-100em |

Due to handiness of Schmidt hammer, it was
conducted on a large number of members to
determine the variation of the concrete
compressive strength used to represent the
concrete quality. The results of reading rebound
number as well as the calculated concrete
compressive strength are shown in Table 5
together with the minimum required concrete
compressive strength in design drawing. All of
calculated compressive strength is higher than
regulated value. This may be due to regulated
value is based on compressive strength at 28days
but the inspection was conducted at a minimum of
1 vyear after the casting. Variations of concrete
quality are in the range of 10 to 20%; however,
they are significantly lower than that of covering
depth.

Due to difficulties of collecting the concrete
powder sample for chloride analysis, the variation
of concrete compressive strength is also applied as
the variation of chloride diffusion coefficient.

4. MAINTENANCE PLANNING

From the obtained inspection results shown in
the last section, maintenance program will be
decided by using the obtained results as the actual
conditions of each structure. Comparison of the
maintenance life cycle cost between consideration
of safety factor and actual uncertaintics is given in

. ——High-150cm

Surface chloride content,
kg/m

Sample

Fig.5 Effect of height from sea water level on
surface chloride content

g 25
o
2
E 2 =©o Middle-100cm
5] B
S @ | —— High-150cm
L >
9 e |
8 1
= 9 i
= e
2 0.5 ey
0 5 10

Sample

Fig.6 Effect of height from sea water level on
chloride diffusion coefficient

Methods of deterioration prediction and life
cycle cost calculation are reported previously by
Sancharoen and Uomoto [6]. Random variables of
parameters used in the prediction are concluded in
Table 6. Please be noted that distribution of




surface chloride content is assumed to be uniform

repairing conducted early shows very high life

within the range of 3.95 to 14.39 kg/m’. Also itis  cycle cost.
assumed that deterioration rate of the structure
after being repaired is same with that of original Table 6 Random variables
structure. Coefficient of
Parameters Mean variation
Table 5 Inspection results of concrete (Distribution Type)
compressive strength < 28.34mm 0.22
No Required Type of Mean CcoV ' (Weibull)
strength | Distribution | (MPa) D 0.92 0.16
1 | 24MPa Ext Value | 3447 | 0.17 o cm’/year (Normal)
2 30MPa | Beta General | 44.66 | 0.16 0.05 % by 0.10
3 30MPa Normal 36.22 0.16 Ciims [9] mass of )
(Log normal)
concrete
Life cycle cost analysis is one of tools that 0.35 % by 0.43
decision makers normally used to decide the best Cs mass of (Uniform)
solution for their objectives. In this study, life concrete
cycle cost is calculated from undiscounted fixed 0.015
o . L. . D 1.6 cm
repairing cost, variable repairing cost, and failure (Normal)
cost. They are assumed as 1000, 2000, and 5000, f' 34 3 MPa 0.16
respectively for a service life of 100 years. The " ) (Normal)
formula to calculate life cycle cost is shown in Eq. icor, [7] 2 NA/cm2 Constant
2. Properties of structures after being repaired are do, [7] 12.5 um Constant
assumed to be similar to that of original structure. Orusts [7] 0.57 Constant
Official primary credit discount rate of 6.25% Prusts [7] 3600 kg/m’ Constant
(Federal Reserve [8]), is considered. Safety factor pw [7] 7850 kg/m’ Constant
is 1.0 in case of considering actual inspection . 273
results in the prediction. However, in case of fi, [1] 0.237, )
considering a safety factor, safety factor is set to E., [1] 30.1 GPa Constant
be 1.3, 1.5, 2.0, 2.5 and 3.0. High safety factor is Qcr, [1] 1.1 Constant
set to compensate large variation of inspection v, [1] 0.20 Constant

results.

LCC _ i (Rf + 'R!' 2 pl'.i ) + (C/ X p/l)
i=1 (1 + V)"

)

where LCC is expected life cycle maintenance
cost, Ry is fixed repairing cost, R, is variable
repairing cost, p.; is probability of repairing i"
time at time t;, Cr is expected failure cost, py; is
probability of failure at time t, v is discount rate,
and t; is time of repairing i time.

As shown in Fig.7, the number of repairing
mainly depends on value of safety factor. Higher
value of safety factor requires more times of
repairing as well higher life cycle cost. In contrast,
there are three alternative results of repairing
program in case of actual variation of concrete
properties is considered. As shown in Fig.8,
repairing can be conducted 1 time at 77" year, 2
times at 42™, and 80" year, or 3 times at 4™, 42",
and 80" year. Please be noted that the cost of these
schedule of repairing is optimized by considering
both of number of repairing time and time of
repairing. Due to effect of discount rate, the

The results show that life cycle cost of
maintenance program of the structure predicted by
considering the actual variation of the inspection
results is lower than that of the prediction by
considering safety factor.

Fig. 9 shows the reliability of the structure
along its service life. In case of considering safety
factor, reliability of structure becomes zero at year
before repairing. In case of considering variation
of structure properties, the actual reliability of the
structure can be predicted. Reliability is
maintained over 60% of the original performance.

5. CONCLUSIONS

As shown in the inspection results, there are
very large uncertainties in the properties of the
structures, especially the covering depth. The
reason can be lack of quality control, knowledge,
or mistake of construction lead to large variation
of the result. However, not only the quality of
construction but also environment causes
uncertainties in durability of RC structure. As
shown, the variation of surface chloride content




can be seen in both of horizontal direction as well
vertical  direction. Uncertainties are  very
significant in the actual condition.

Comparison of life cycle cost of repairing
between predictions based on safety factor and
prediction by using variation of actual inspection
result. It can be concluded that method
considering variation of inspection result shows
lower life cycle repairing cost than that
considering safety factor.

In conclusion, the benefit of the method of
maintenance planning with considering the
variation of structure properties based on the
actual inspection result can be seen over the
method of considering safety factor.
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Study on urban climate analysis based on meso-scale climate model
incorporated with the urban canopy model
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Kazuya HARAYAMA, Ryozo OOKA, Shuzo MURAKAMI,
Shinji YOSHIDA, Masahiro SETOJIMA  and  Hiroaki KONDO

Three-dimensional meteorological meso-scale model is often used to solve the mechanism of urban heat island. On the meso-scale analysis,

one-dimensional heat balance model is used mainly as ground boundary conditions. However it is necessary to include the effects of building

canopy exactly in order to analyze thermal environment at pedestrian level in urban area. On the other hand, one-dimensional urban canopy model

is also used commonly to analyze urban climate. This model can predict thermal environment at pedestrian level easily. However it is impossible to

analyze three-dimensional property of climate including effects of advection and diffusion by this model due to the assumption of horizontally

homogeneous flow and temperature field. In this paper, meteorological meso-scale model is incorporated with the urban canopy model as the

boundary conditions. The 3D detailed digital map information is utilized for representing the building canopy model. The urban thermal

environment in Tokyo metropolitan area is analyzed by means of this new method proposed here and the structure of urban heat island is clarified.

Keywords:

Urban Climate Analysis, Urban Canopy Model, Heat Island, 3D GIS, Outdoor Thermal Environment
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IMPROVEMENT OF THE PREDICTION ACCURACY OF RADIATION CALCULATION IN THE
URBAN CANOPY MODEL INCORPORATED INTO THE MESO-SCALE METEOROLOGICAL
MODEL

JIAEG—*, KIEHE=**
Yoichi KAWAMOTO and Ryozo OOKA

The authors have incorporated an urban canopy model into a meso-scale meteorological model. However, the accuracy of view factors in the

canopy model is insufficient under certain urban configurations. Therefore, a new method for radiation calculation in the urban canopy region,

which has accuracy to some extent and low computational load, is developed. The accuracy of the new methods is examined by the comparison

with the results from the Monte Carlo method. Next, in the meso-scale meteorological model, the authors adopted these methods and the

thermal environment in the Tokyo metropolitan area is analyzed. The results show better agreement with observation data for a typical

summer’s day than those derived from the conventional method. In addition, a revised method of estimating Mean Radiant Temperature (MRT)

in the urban canopy is also developed.

Keywords: Urban Climate Analysis, Urban Canopy Model, Radiation Calculation, Heat Island, Outdoor Thermal Environment
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Abstract

In recent years, problems concerning the urban climate — including the urban heat island effect and urban air pollution —
have attracted much attention with the widespread urbanization throughout Japan. Assessment tools for urban climate
are very important to understand the effective counter-measures for heat island mitigation. In this paper, various
assessment tools are introduced and the future subjects are discussed.
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1. INTRODUCTION

In recent years, problems concerning the urban climate — including the urban heat island effect and urban air pollution —
have attracted much attention with the widespread urbanization throughout Japan. Various counter-measures for the
problems of urban climate are proposed and carried out. However the effect of these counter-measures are not
confirmed clearly. The assessment tools for urban climate are very important to estimate the effectiveness of these
measures. In this paper, various assessment tools are introduced and the future subjects are discussed..

2. CLASSIFICATION OF ASSESSMENT TOOLS

The assessment tools for urban climate using the computer simulation can be roughly classified into the models which
have been developed in the meteorological or geographical field and the models in the engineering field such as wind
engineering or civil engineering. The meteorological models are also classified into the meso-scale meteorological
model and the one dimensional urban canopy model. Originally the one dimensional urban canopy model has been
developed as the surface sub-layer model for the meso-scale meteorological model. However, the one dimensional
urban canopy model is often used independently to estimate the effect of counter measures for the urban heat island
because it is very easy to deal with. As the calculation load is very small, a lot of case studies of various heat island
mitigation measures can be practical. As to the meso-scale meteorological model, it is good at predicting the
phenomena in the region of 100kms order (meso-scale) such as the land and sea breezes. However, the size of the
mesh of the meso-scale meteorological model is about 1km even at minimum and it is unsuitable to evaluate the
pedestrian level outdoor thermal environment. On the other hand, the engineering model is usually based on three
dimensional CFD (Computational Fluid Dynamics) model, and often coupled with radiation and conduction calculation.
This model is good at predicting the detailed space distributions of flow, temperature, scalar field inside the complex
urban area and also referred as a micro climate model. These models are used sometimes separately and sometimes
simultaneously according to the targeted scale and the resolution level required. Thus, in this paper, the assessment
tools are classified into three models, meso-scale meteorological model, one dimensional urban canopy model and three
dimensional CFD model. The present situations and application of these models are described below.

3. METEOROLOGICAL MODEL

3.1 Meso-scale meteorological model for analysis on urban climate and urban heat island

LEE et al [1] have carried out a simulation of heat island phenomena using a meteorological model. In Japan, Kikuchi et
al [2] have conducted a numerical simulation of sea breeze over Kanto plain in 1981. From then, a lot of organizations
have developed their own models. For example, NCAR and Pennsylvania State University have developed MM5 (5"
Generation Meso-scale Model), and Colorado State University developed CSUMM (Colorado State University Meso-
scale Model) and later RAMS (Regional Atmospheric Modeling System). Yamada et al have developed HOTMA(Higher
Order Turbulence Model for Atmospheric Circulation). Recently WRF (Weather Research and Forecasting model) was
developed by NCAR. Many researchers of the urban climate employ these models. Table 1 shows a comparison of
various meso-scale meteorological models which are used for the urban climate and heat island researches.

3.2 Application using the meso-scale meteorological model

Mochida et al [20] have analyzed the flow and temperature fields in summer in the greater Tokyo area using HOTMAC.
Air and surface ground temperatures under the land use conditions of between the present situation and Edo era (about
200 years ago) were compared. Air temperature and surface temperature at the central part of Tokyo in the present
situation increases by about 1 and 4 degree Crespectively compared with those of Edo era. This means that the
urbanization such as decrease of green area and increase of anthropogenic heat causes the progress of urban heat
island. Ichinose et al [21] have evaluated the impact of anthropogenic heat and green coverage ratio on urban climate in
Tokyo metropolitan area using CSUMM. The air temperature without anthropogenic heat is lower by about 1.5 degree C
at 22:00 in Otemachi than that of the present situation. The air temperature in the case, where all of the study area is
assumed to be grassland, is lower by about 2.5 degree C at 21:00 in Otemachi than that of the present situation. Fan et
al [22] have also evaluated the impact of anthropogenic heat on urban climate of Philadelphia using MM5. Kondo, A. et
al [10] have evaluated the effects of high albedo painting on the road on the urban heat island in Osaka area using
OASIS. The air temperature at the pedestrian level in the case that the albedo value of the road surface is 0.45is lower
by about 0.15 degree C at 12:00 in the central part of Osaka than that in the present situation (the albedo value = 0.15).
Taha [23,24] has evaluated the impacts of urban vegetation increase and albedo change on the air quality in California’s
South Coast Air Basin. Although the urban vegetation increase and albedo change decrease air temperature in the area,
the urban vegetation increase causes more biogenic hydro-carbon emissions and high ozone concentration tirough
photochemical reaction. Thus, Taha recommended albedo change in the view point of the air quality in the urban area.
Kanda et al [25] have simulated small-scale cloud over a main street in the Tokyo metropolitan area using RAMS.



Murakami et al [26] have proposed a concept of heat balance model in which heat balance within the virtual control
volume in urban space is estimated from the calculation results of the meso-scale meteorological model. This model
enables quantitative consideration of various factors which form urban thermal environment.

Table 1 Comparison of various meso-scale meteorolosical models for urban climate and heat island study

Developer Equation Turbulence Model Surface sublayer | Main User tor Hear Island Study

LSM3] lTJsukuba- Hydro 0 equation Monin Obukhov | F. Kimura, H. Kusaka
niv
AIST-MMT] | AIST™ Hydro 0 equation Monin Obukhov H. Kondo, Y. Genchi, Kikegawa
Gambo’s model[19] AIST-CM
Software NEDO™ Hydro k-l two equation Monin Obukhov | S. Murakami, A. Mochida,
Platforn{5] Mellor and Yamada[12] | urban canopy R. Ocka
UCSS BRI Non-hydro k-g two equation urban canopy Y. Ashie
[6,7,8,9] VuThanh Ca'’s [7,8]
OASIS Osaka-Univ. | Non-hydro k-1two equation urban canopy D. Narumi, A. Kondo
[10,11] optional Mellor and Yamada[12]
HOTMAC[12] | YSA® Non-hydro k-l two equation Monin Obuknhov | S. Murakami, A. Mochida
optional Mellor and Yamada[12] | forestcanopy
[ CSUMMT3] | CSU Hydro 0 equation Monin Obukhov | T. Ichinose, I. Uno
Pielke’s model
RAMS|14] CcSU™ Non-hydro k-l two equation, Monin Cbukhov | M. Kanda, A. Velazques -Lozada
optional LES optional C. Sarrat
[VIMB[T5] PSU Non-hydro | k-Ttwo equation Monin Obukhov | A. Kondo, H. Fan

and NCAR

MC2[16,17] (E:nwr%nment Non-hydro 0 equation Monin Obukhov E. Krayenhoft
anada
WRF[18] NCAR Non-hydro k-l two equation Monin Obukhov H. Kusaka
urban canopy

*1 Advanced Institute of Science and Technology
*4 Yamada Science and Art Co.

*2 New Energy Development Organization *3 Building Research Institute, Japan
*5 Colorado State University *6 Pennsylvania State University

3.3 One dimensional urban canopy model

There are three kinds of surface sub-layer models for the surface boundary condition of the meso-scale meteorological
model, i.e. Surface-layer scheme, Single-layer mode! and Multi-layer model. Here, Single-layer model and Muiti-layer
model is called as a canopy model. However the urban canopy model is often used independently because it is very
easy to use as described above. Sometimes the urban canopy model is coupled with building energy model in order to
investigate interaction between urban climate and building energy use. Table 2 shows various urban canopy models.

Table 2 Comparison of various urban canopy models for urban climate and heat island study

NAME Turbulence Model Building Area Density Drag Coefficient | Radiation

Developer Calculation

AIST -CM 0 equation a=BP,.(:)/(B+W)* - B*P,(z)) | Fixed value Kondo's model

Kondo, H.[27,28] Gambo's model[18] Cdrag=0.4 [26,27]

RAUSSSM 0 equation a=BI(B+ W) - B?) Maruyama [37] Radio City

Hagishima, A.[29] | Gambo's model[18]

UCSS (6,7,8.,9] k-& two equation a =bldr Fixed value Ashie’s model[6]

Ashie, Y. VuThanh Ca'’s (8]

Kusaka, H.[30] Simple Layer Simple Layer Simple Layer Sakakibara’s

model [38]

SUMM Simple Layer Simple Layer Simple Layer Kanda's model[31]

Kanda, M.[31,32]

Martilli, A.[33] k-1 two equation a=4EB /(B + WY’ Fixed Value Martilli's mode([33]
Bougeault's et al[36] Cdrag=0.4

Hiraoka, H.[34] k-¢ two equation a=2B/I((B+W)> - BY) - -

Authors [35] k-1 two equation a=4B/(B+WY* Fixed Value Kondo's model{27]
Mellor and Yamada[12] Cdrag=0.1

B: Building width, W: Building Interval, bldr: Building Area Ratio (Gross)

3.4 Application using the urban canopy model

Kikegawa et al [39] and Genchi [40] have evaluated the effect of heat release from air-conditioning unit of buildings in
Tokyo area using AIST-CM. Three cases are conducted; the outside unit of air conditioning is placed at the roof of
building (case1), or at a height of 3m from the ground (case2), heat from air conditioning system is injected into the
ground (case3). The daily averaged temperatures at a height of 3m of case1,2 and 3 are 30.37, 30.99, 29.09 degree C,
respectively. Thus, the treatment of heat release from air-conditioning system is very important. Hagishima et al [41]
have carried out variation study as to various factors which are closely related with the urban heat island such as
building density, ground coverage condition, roof and wall surface condition of buildings, kinds of air conditioning system
and so on. It is clarified that the highest temperature inside the urban canopy is influenced by mainly kinds of air
conditioning system, internal heat generation of the building and the ground coverage condition. Recently, the urban
canopy model is sometimes coupled with the meso-scale meteorological model interactively in order to estimate the
relationship between human activity and meso-scale climate. For example, please see the references [28, 35, 42, 43].

4 MICRO CLIMATE MODEL

CFD has been developed with the recent development of computational technology. Although the prediction accuracy of
LES (Large Eddy Simulation) is better than that of RANS (Reynolds Averaged Navier Stokes) model such as the k-g
model as reported by Murakami et al [44], RANS model is still generally used because of its’ easiness to deal with and



low computational load. Yoshida et al [45] proposed the prediction method for micro climate in the city blocks, which is a
coupled simulation of CFD, radiation and conduction calculations. Human thermal sensation index, SET*(a new
standard effective temperature) [46] is also predicted in this method. The prediction accuracy of this method was
confirmed by Chen et al [47] compared with the field measurement. Mochida et al [48] have estimated the effect of
increased albedo of building surface on the outdoor thermal environment. Although increased albedo of building wall
decreases air temperature at the pedestrian level, SET" increases at the same level because of the excessive reflection
radiation from the wall into a pedestrian. Thus, it is the advantage that micro climate model can estimate detailed spatial
distribution of various quantities in human scale. Yoshida et al [49] have developed a tree plant model for three
dimensional CFD calculations. Oguro et al [50] have simulated the flow and temperature fields in a complex building
block area with unstructured mesh system. In this study, the cooling effect of river wind is estimated. Recently, increased
computer performance enables huge CFD calculations for urban climate in several km scale with relatively fine mesh
resolution of m order. For example see the references [51, 52, 53]. Some trials, which combine a meteorological model
and a micro climate model, have been also carried out [5, 54).

5 Discussion and Future Subjects

As described above, various assessment tools have been proposed. These are very powerful tools to estimate the
mechanism of urban heat island and the effect of the counter-measures. However, there are still some problems.
Validations of the prediction accuracy of these methods are not sufficient. Thus, the application limit is not clear in the
present situation. Old data such as the reference [55] is still used for the validation of meso-scale meteorological models.
Especially the validation database of surface boundary layer is required. The results of the reference [56, 57, 58, 59, 60,
61]. Benchmark tests are required in order to understand the properties of various model developed. The authors have
compared some radiation models in the wban canopy in the reference [62). Surface data and GIS data for boundary
conditions of these models are also required. Finally, in order to realize better urban environment, these assessment
tools should evolve to design tools, which include a optimization system and a decision making process.
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1. INTRODUCTION

During the last several decades, a great many
urban areas throughout the world have experienced
significant growth in terms of urbanization and
industrial  activities. Such urban development,
accompanied with increase in population and housing
density, reduction of land resource and growth of
transportation load, has given negative effect on
human health and resulted in various environmental
problems. Among these, urban air pollution is causing
serious concern. Meanwhile, the public's rapidly
growing awareness of life quality and sustainable
resource planning and management makes the control
of air pollution an urgent task in urban environmental
engineering nowadays.

Urban air pollution involves physical and chemical
processes and depends on the total emissions,
transport and transformation phenomena in the
atmosphere. In this discipline, urban wind environment
is essential to determine the pollutants dispersion
characteristics under meteorological conditions.
Traditional approaches to investigating wind effects on
buildings and structures in both the past and present
days have employed flow Vvisualization and
measurement using scaled models in meteorological
or environmental wind tunnels. Full-scale field survey
are sometimes carried out to provide data for wind
loading on buildings and structures for to determine
the characteristics of atmospheric wind which is
needed to simulate the natural wind in wind tunnels
(Kim 1999). Accompanying the revolutionary progress
in numerical modeling and radical improvements in
computational capacity, the application of CFD
technique began to play an important role in urban
climate engineering. It allows assessing the wind
environment around a specified area even if the
objective is only described on a blueprint. It also

* Corresponding author address: Hong Huang,
Institute of Industrial Science, The University of Tokyo,
4-6-1 Komaba, Meguro-ku, Tokyo, 153-8505, Japan
email: hhong@iis.u-tokyo.ac.jp

enables pollution dispersion characteristics to be
scrutinized without real observation. However, there
are several difficulties involving the practical use of
CFD in urban terrain due to the sophistication of the
geometrical topography, violent fluctuations of
meteorological  conditions and  traffic  load.
Nevertheless, CFD methods are expected to give
satisfactory results in terms of environmental issues,
such as pedestrian level winds and dispersion of
pollutants. On the other hand, it is thought that
atmospheric stability conditions play a significant role
in the dispersion of traffic generated pollutants
(Nakamura et al, 1988; Kim et al, 2001; Vardoulakis et
al, 2003; Huang et al, 2005).

In this paper, CFD simulation is validated by a
field survey in a complex urban area, and the effect of
atmospheric stability on the dispersion of the pollutants
has been analyzed.

2. CFD MODEL DESCRIPTION

Air flow in urban environment issue is generally
assumed to be three-dimensional and incompressible.
As is already well known, the base of CFD is the
Navier-Stokes (NS) equation set, expressed for
turbulent flows in terms of suitably-averaged velocities
and pressures to make them amenable to numerical
solution without excessive computing overheads. The
conventional and still most widely-used approach is
time averaging, also described as Reynolds averaging,
in which the NS equations are transformed as the
Reynolds-Averaged  Navier-Stokes (RANS) set
(Gosman 1999). Moreover, the approach of the
standard k-¢ model(Launder and Spalding 1974),
which is widely and practically useful, is adopted for
solutions. Although the standard k-¢ model shows
some problem in the prediction of the wake
phenomenon around buildings, such as the
overestimate of turbulent kinetic energy around
windward corner (Murakami et al, 1988), it stills has a
good reputation for reliability in the field of wind
engineering (Murakami, 1990) and air pollutant
diffusion analysis (Huang et al. 2000). The effect of
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buoyancy is considered using the Boussinesq being a center for heavy industry and has been

approximation, and the extra terms (Gk in Table 1) in
the k and ~ equations are introduced to allow for the
production of turbulence due to buoyancy and the
effect of thermal stratification on the turbulence
dissipation rate. The equations governing the mass
and momentum transportation of wind flow are shown
in Table 1 as Equations (1) ~ (14).

3. OUTLINE OF COMPUTATION

3.1 Topography Configuration of Objective
Domain

Kawasaki city is between Yokohama and Tokyo
city, in the Kanto region of Japan. It is well known as

developed as an extent urbanized region, as illustrated
in Fig. 1. The buildings here are of various geometrical
configurations and functions, such as residential
houses, commercial offices, shopping centers, heavy
industrial facilities. All of these building blocks are
seemingly integrated to form a big congregation.
Intensive human and industrial activities in this area
generate heavy transportation load and raise the
concern of air pollution induced by traffic road. In
addition, house colony with excessive density narrow
the width of street canyons and give negative effect on
pollutants dispersion more or less.

The analysis objective in this study is a small part
of Kawasaki city, which is shown as the square region
enclosed by black broken line in Fig. 1. It covers a
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large scale of width 920m=800m and 70m in height.
The lkegami-Shinmachi intersection is the center of
the analysis domain, through out which a SW-NE
direction trunk road and an elevated expressway —the
Capital Expressway run throughout. The trunk road
lies on ground while expressway flies over at height of
8m. There are also several pieces of fence installed
under part of the expressway. Fig. 2 shows the
geometric configuration for all building elements near
the intersection. The objective is densely populated
residential area, most of which is covered by two-
storey houses of about 4~5m height. It can be
concerned that the topography in the domain is
considerably sophisticated.

3.2 Mesh Discretization

In such a complex urban area, the use of an
unstructured grid is effective means of conducting a
CFD simulation (Huang et al. 2005). The official
geographical data of analysis objective provided by
Ministry of Land, Infrastructure and Transport of Japan,
was employed to set up the geometric frame for mesh
discretization. Narrow gaps between real buildings
have been modified manually to save on excessive
meshes, which only incur additional computational
expense.

In this calculation, an unstructured grid system
including 2,969,130 meshes was created. The
smallest width is about 1.0m near the expressway and
intersection.
and Pollutant

3.3 Meteorological Condition

Intensity

A field survey was carried out on 1st, February ~
3rd, February, 2005. The measurements were taken
at 17 points at 20-minute intervals from 8:45 to 15:05.
Pollutant emission rate from vehicular transportation
was estimated by investigating the traffic load via a
video recording taken from a pedestrian bridge. The
main pollutants considered in this study are carbon
monoxide (CO) and nitrogen monoxide (NO). The
meteorological data used was provided by Kawasaki
city observation station.

Since the objective domain is mainly for
residential use, only the trunk road and overhead
expressway in the SW-NE direction were taken as the
sources for pollutants with constant emission intensity
during the calculation. Furthermore, it was also
assumed that hardly any of the pollutants emitted from
the vehicles on the elevated expressway would reach
pedestrian level, and thus only the ground level trunk
road was considered as an exhaust source (Takahashi
et al. 2005).

During simulation in this study, four cases were
conducted under the conditions associated with that of

Table 2 Pollutant emission intensity

Predicted emission rate
Case Definition COJg/m*h] NO[g/m*h]
up*’ DOWN*? up DOWN
casel 10:45-11:05 2.79 2.26 1.41 1.16
case2 12:45-13:05 2.95 1.81 1.20 0.96
case3 12:45-13:05 3.12 2.04 1.39 0.97
case4 14:45-15:05 3.09 2.10 1.40 0.89

*1 Towards Tokyo City (Northeast)
*2 Towards Yokohama City (Southwest)



Table 3 Meteorological conditions

Meteorological Condition
Case Definition Velocity[m/s] Wind Direction

case1 10:45-11:05 3.7 w

case2 12:45-13:05 2.7 NW

case3 13:45-14.05 1.9 WNW

cased 14:45-15:05 0.9 SSE

Table 4 Simulation cases for the effect of the atmospheric stability

Case Atmospheric condition Inflow air temperature | Ground and wall temperature
casel-1 Stable 10°C 5C
casel-2 Unstable 30°C 40°C

Table 5 Analysis condition

Turbulent model

Standard k-¢ model

Difference scheme

Second order upwind

U=U,(2/2,)"",2,=16m

k=15-(IxU)’ 1=0.1

Inlet
e=C, -k’ /1
1/2 1/453/4 ( Murakami et al 1988 )
I=4(C,-k)"*z,""2"" /U,
Side, sky Free slip
Wall Generalized logarithmic law

field survey (2nd, Feb, 2005). The meteorological
conditions and pollutants emission intensity are listed
out in Table 2 and Table 3, respectively. Here, the
thermal effect is not considered, so the atmospheric
stability is neutral condition. In order to evaluate the
effect of atmospheric stability, the selected stable and
unstable conditions shown in Table 4 are simulated.
The other conditions are the same as case1 in Table 2

Table 5 shows the analysis conditions. In the
equation for calculating the inlet wind velocity profile,
Up and Z; are velocity and height at the representative
point. Meteorological data offered by the observation
station was surveyed at about 16m height above from
ground, thus Zo=16m. The ‘constant flux layer’
assumption was adopted to generate turbulent energy
k and dissipation rate £ of the inlet boundary. The
turbulent intensity ‘I' was set to be 10% of the
representative velocity —Uyg.

CFD simulation was performed wusing a
commercial code - STAR CD. The principle of
discretization is obtained by using first-order upwind
scheme for the convection term. The pressure and
velocity coupling is achieved by the SIMPLE algorithm.

4. RESULT DISCUSSION
4.1 Average Wind Distribution

Fig. 3 presents the CFD simulation resuits of the
wind velocity distribution at a horizontal section of
1.6m height around lkegagmi-Shinmachi intersection
for case1 and case2. In the case of western wind (Fig.
3(a), caset), the average wind velocity in bulk area is
about 2.0m/s, while in building colony, it decreases
significantly even to a lower magnitude, because of
the blocking effect produced by buildings to wind flow.
The similar situation appears in case2. In case2 (Fig.
3(b)), where the wind blows in a NW direction, it is
parallel with the street canyon. Wind maintains a high
velocity as it is flowing until meeting obstacles near the
intersection. In the area around orphan buildings,
circulation flow occurs in leeward region. Both in
casel1 and case2, the fences orient against the wind
direction, and thus probably produce a greater
sheltered area. A low velocity can be observed in the
region behind these fences. Since the fences locate
right on line source of pollutants, it is likely that such
pollutants stagnate and conduce high concentration
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Fig. 3 Velocity vector distribution:

here.
4.2 Pollutants Dispersion Characteristics

Fig. 4 and Fig. 5 present the pollutants dispersion
characteristic under meteorological condition of case1
and case2. Pollutants are first emitted from the traffic
road, then transport away with wind flow and disperse
in the air. In both case1 and case2, the concentration
of both NO and CO are nearly zero in the upstream
regions. Contrarily, great range of the downstream
area is covered with NO and CO. It should be noted
that the concentrations in some upstream areas near
the fences appear non-zero concentration because the
circulation flow takes place here and transports the
pollutants in windward direction. It is illustrated clearly
that the concentration of NO and CO in the areas near
the emission source-traffic road, are significantly
higher than that of any other areas. Concentration
decreases gradually as the distance away from trunk
road increases in leeward region. In case1l,
concentration of NO and CO in the downstream place
100m away from the source is 0.03ppm and 0.06ppm,
while in case2 Oppm and 0.06ppm. Moreover, the
concentrations in the regions behind fences are
averagely high due to the low wind velocity and poor
ventilation status. Comparatively, in the gaps between
two fences where wind can flows through,
concentrations are averagely lower. In each case, the
emission intensity of CO is about twice that of NO.
Accordingly, the average concentration of CO is
reasonably greater than NO concentration.

From the discussion above, it is clear that the
phenomenon of serious pollution in urban areas

(b)

a-casel; b—case2

depends not only on the escalating emission intensity
induced by traffic load, but also result from the
unfavorable wind environmental conditions. The
fences installed under the expressway obstacle wind
flow and cause contaminants to accumulate nearby,
which results in excessive pollution problems.

4.3 Validation and the Effect of Atmospheric
Stability

Comparing the numerical simulation with the
survey data is performed here. The field survey was
carried out by measuring the concentrations of NO
and CO at the specified points (Nos. 3~ 17), as shown
in Fig. 6. During the survey process, not only were the
southwest-northeast oriented roads the emission
sources, but pollutant exhaust also includes numerous
other components, such as roads in other directions.
Therefore, it is appropriate to consider the
measurement results of the concentration in the
upstream area as the background concentration. Here,
the background values in case1l are 0.006ppm and
1.15ppm for NO and CO respectively.

The concentrations of NO at each point in case1
(Neutral condition), case1-1 (Stable condition) and
case1-2 (Unstable condition) in the CFD simulation
and field survey are presented in Fig. 7. It can be seen
that there is little difference between neutral condition
and stable condition. Therefore, the stable condition is
a weak stable condition. Agreement between the
caset, case1-1 and field survey results can be seen.
Though some disagreement in concentration can be
observed at Points 6, 7 and 15, it is considered
acceptable from several points.



Fig. 4 Pollutants concentration in case1 (ppm):
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Fig. 5 Pollutants concentration in case2 (ppm):

The disagreement can be explained as following:
there is another trunk road running in SE-NW direction
lies within the objective domain, which was not set as
a pollutant source in the calculation. Since points 7, 8
and 15 are all very close to that road, it is entirely
reasonable to ohbserve a higher concentration in the
survey data than the simulation result.

The effect of atmospheric stability on pollutant
dispersion can be also known from the Fig. 7. The
concentration is the lowest under unstable condition,
while it is the highest under stable condition. This is
because that the convective mixing is increased under
the unstable atmosphere.

(b)
a-NO;b-CO

5. CONCLUSIONS

In this research, CFD simulation has been carried
out to study the air pollutants in a built-up area in
Kawasaki city, Japan. The meteorological conditions
and pollutant emission intensity associated with that of
a field survey was utilized.

The simulation results show the velocity distribution
and pollutants dispersion characteristic at pedestrian
level. The wind velocity in the buildings colony with
high density is averagely very low, which is detrimental
to pollutants dispersion. Furthermore, it is known that
the regions behind fences are subject to much higher
levels of pollutants because of the low local velocity
and circulation flow which prevents pollutants from
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Fig. 7 Comparative study of simulation result and measurement data (NO)
escaping. was analyzed. The concentration is the lowest under

The accuracy of the CFD simulation is studied by  unstable condition due to the convective mixing, while
comparing its results with field survey data. The results  there is little difference between the neutral condition
show good agreement, thus proving that the CFD  and stable condition.
method is highly competent in handling complex urban
air pollution issues. The effect of atmospheric stability = References
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ABSTRACT

Research into fire spread dynamics in built-up districts under certain
meteorological conditions is of critical importance to fire safety issues. The
objective of this paper is to apply an approached coupled simulation method
for the prediction of urban fire growth and spread by combining a one-
dimensional wood pyrolysis model, gaseous combustion model, with
computational fluid dynamics (CFD) method. In this research, the
application of the coupled method is conducted on basis of al CFD code and
divided into four sequential steps, which is also elaborated in this paper. As
well, the calculation over a modeled urban area under certain assumed
meteorological condition has been carried out to analyze the feasibility of
the method. The simulation results illustrate detailed temperature and
concentration distribution as well as the heat transfer characteristics on the
wall surface via both convection and radiation. The phenomena of fire
spread within the objective domain are also reproduced.

1. INTRODUCTION

Fire is arguably one of the most complex phenomena, embracing as it
does in many cases subsonic chemical reaction flows, fluid dynamics,
combustion, kinetics, radiation, and multi-phase flow (Novozhilov, 2001).
Companying with the revolutionary progress in CFD modeling and radical
improvements in computation capacity over the last several decades,
simulations of the fire dynamic have advanced significantly in terms of the
algorithms for combustion physics and mathematical modeling across
almost all respects related to fire phenomena. In order to minimize the life
and property loss caused by fire accidents, especially large scale fires occur
in urban districts with dense populations and building, the simulation of fire
behavior is of great interest and critical importance to fire safety issues. As
early as the 1950s, researches into fire had been already developed as a
science. However, because of its complexity, fire simulations were still a
long way off and required great effort. Di Blasi (1993) developed a




theoretical model to study the effect of gas flow on the spreading flames,
while Quintiere (1981) proposed a semi-empirical method. In terms of the
essential importance of burning wood and other cellulosic materials, Kung
(1972) has made significant contribution in developing a wood pyrolysis
model. Recently, the CFD method was also undertaken for a temporal study
of flame propagation and fire growth in indoor fires in order to closer
approximate reality. Yan (1996) has analyzed flame propagation over
surface lining material in an indoor corner fire by means of CFD. Three-
dimensional transient turbulent gas flow, combustion, heat transfer, and
pyrolysis of a charring material were all taken into consideration. However,
that study is still in its preliminary stage, and restricted to compartmental
fires.

This paper aims to extend the simulation of fire growth and spread
from indoor scale to urban districts, which are apparently larger in scale and
complexity of geometrical configuration. In this research, a one-dimensional
wood pyrolysis model is proposed to be utilized and coupled with a CFD
code. The method is introduced and as well a trial case in a modeled urban
area is carried out.

2. URBAN FIRE SPREAD MECHANISM

]
fire

Figure 1: Illustration of urban fire spread

The mechanism for urban fire spread phenomena can be roughly
divided into four sequential stages as follows (Novozhilov, 2001):

1). Heating up: The building blocks’ surface temperature increases as
it receives the incident net radiative heat flux and convective, conductive
heat flux transferred by fluid flow from an upwind high temperature region.

2). Ignition: As it continues to be heated, once the surface temperature
exceeds the material’s critical temperature for pyrolysis, ignition occurs. In
this stage, the surface material is converted to gaseous volatiles and residual
char.

3). Fire growth and spread: After ignition, the combustion of material
and gaseous volatiles produces a thermal plume and exports thermal energy
feedback to the surfaces of contiguous and nearby blocks. Moreover, the
firebrands bringing high energy will potentially contribute to great increase
of surface temperature at their landing areas. If the surface temperature
reaches up to the critical temperature of pyrolysis, combustion begins.
Therefore, the fire zone expands. The schematic is shown in figure 1 (Otake,
2004).




4). Decay: At this stage, since all volatile fuel is consumed, the fire
gradually goes extinct.

3. DESCRIPTION OF THE MATHEMATICAL MODEL
3.1 CFD model

Both the density and temperature in the fire flame experience extreme
fluctuations. Therefore, the assumption of the incompressible fluid
(Boussinesq approximation) doesn’t stand up, thus the plume must be
considered as the compressible fluid. For this solution, the Favre-averaged
(Favre, 1969) process is introduced for the mass, momentum, enthalpy, and
gas species transport. Moreover, a modified k- model, proposed by El
Tahry (1983) for compressible reciprocating engine flows, is employed.

3.2 Gaseous combustion model

Burning reaction in the gaseous phase is modeled by employing the
eddy break-up model (Magunussen, 1976) here, which has already been in
widespread used in fire modeling. The reaction rate is determined by the
slower of the turbulence dissipation rates for either the fuel or oxygen:

W, =-T(e/k) min(AY,, A\?()z /i) (1)

Where, A — constant, 4.0; i — stoichiometric ratio of O, to fuel; Y —
mass fraction.

In this paper, propane is chosen as the representative gaseous volatile
as generally treated in the other researches. The following chemical reaction
is assumed (Novozhilov, 1996):

C,H_+(n-st %)(0; 3.76N,) — sC+(n-s) COZ+%H20+ 3.76(n-s+ %) N,
(2)

S is a parameter to define the amount of soot produced. A non-zero
value results in some of the carbon remaining as soot, with a consequent
reaction to CO,. The value of s can be determined from the soot conversion
factor which is chosen from experimental data; for example, 2% for propane
(Yan, 1996). The soot concentration is determined from the species equation
and treated as a gas-phase species.

Radiation is solved in parallel with the governing equations. The
absorption and emission of gas and soot are considered. Scattering is
omitted due to the small diameter of the soot. The effect on radiation
intensity is represented by the following radiation transport equation:

dl

= g 4
oo — (e +He)T

(3)

where [ — radiation intensity in the direction of the solid angle €,
W/sr; s - transfer distance of the radiation flux, m; kg, k- absorption
coefficients for gas and soot.




The calculations for kg and k are based on equation (4), which is proposed
by Novozhilov (2001):

kg=0.28exp(-l) k. =1264f,T
1135 4)

3.3 Wood pyrolysis modeling

In this research, the walls of building blocks are assumed to be
wooden slabs with a constant depth of 0.20m. It is because wooden
apartment still remain in widespread use by residents in modern-day Japan.

Wood pyrolysis contains varieties of phenomena related to transient
conduction, incident radiation, variable properties, Arrhenius decomposition,
and heat of reaction. A pyrolysis model by Kung (1972), based on partial
differential equation, is employed as a simplified description of these
phenomena. As described above, heat received on surfaces penetrates into
the interior virgin wood along a direction normal to the surface. When the
temperature in any element reaches pyrolysis temperature, ignition occurs.
The decomposition rate is controlled by the Arrhenius reaction (7).

0(ph) a( aT] - . dp
ot ox ox ox () Qo dt Qr’ym X (6)

0 E
2paren[-| @) G-p2p) ®
A= alw + (1 - a)/lc (9) Cp = acpw + (l - a)cpc (10)

Here, Q.o — heat of pyrolysis, J/kg; S — hear source in local
element except pyrolysis heat release, W/m?; subscripts w and ¢ denote
virgin wood and char respectively. Detail properties can be referred to
table 1 (Kudou, 1999).

In this modeling, three assumptions are adopted additionally:

1) Ignition temperature in considered as constant value.

2) All volatiles escape to the surface as propane and soon after are
consumed in pyrolysis.

3) Pyrolysis converts the material from virgin wood to char, while
residual char will not pyrolyze further.

Table 1: Material properties used.

Parameter Unit Value
Wood Density:  pw [kg/m’] 525.0
Wood Heat Conductivity: Ay [W/m/k] 0.11
Specific Heat of Wood : Cpy [J/kg/k] 1300.0
Wall Thickness : oy m 0.15
Char Density: p. [kg/m’] 191.0
Char Heat conductivity : Ac [W/m/k] 0.07




Specific Heat of Char : Cp,¢ [J/kg/k] 1000.0
Pyrolysis Temperature : Tpyro K 623.0
Reaction heat of Pyrolysis : Qpyro [J/kg] 1.8x10°
Activation Energy : E [J/mol] 1.04x10°
Pre-exponential factor A 1/s 4.33x10°

4. DESCRIPTION OF COUPLED SIMULATION METHOD
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S
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Data QO o.
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Temperature, etc. Temperature, etc. >
a )
Wall Boundary o W Boundary Data 5
Data O |- a
Wall Temperature, Incident Radiation o
Mass Release Rate, Heat Flux, Convective o
Roughness, etc. Heat Flux o
s =
Renewing wall boundary data of time step i+1

Figure 2: Algorithm of the proposed coupled simulation method

In this research, an alternative calculation is utilized for the coupled
simulation. The approach is so called semi-unsteady method since CFD
simulation is carried out in steady status, while wood pyrolysis in unsteady.

The calculation for each time step consists of four distinct processes.

1). First, meteorological conditions, wall temperatures, mass flux at
wall et al, are read into the CFD code as initial data.

2). Steady CFD simulation is employed via a CFD code to obtain flow
specifications including gas velocity, temperature, species concentration,
radiant and convective heat flux to building surfaces, and surface
temperatures.

3). Radiant and convective heat flux data at building surfaces are read
from the CFD results and then input into the wood pyrolysis program.
Calculation covers all meshes on the building surfaces as well as the interior
elements arranged along the normal line according to each surface mesh.
Updated surface temperatures, heat flux, propane release rates for the next
time step are prepared.

4). CFD simulation for the next time step is carried out by using the
boundary conditions updated by the newest data obtained from the pyrolysis
routine.

In terms of such proposed semi-unsteady prediction, the time stream is
divided into time steps with constant interval. Here, for example, if the time
interval is set in 10 seconds, time step i+1 means 10 seconds later from time
step 1.




5. OUTLINE OF COMPUTATION
To specify the validation of the coupled simulation method, prediction
of the fire spread with a modeled urban area was carried out. The details of

the calculation are described as follows.

5.1 Calculation domain configuration

3 il 3
o [
3
!
LLK
WLET __ Y=36m SECTION
i / LBWIND WALL
REGION? Pawtl | Painn
o WiND : Pl iy
i M ' |
o ¥ r ! I 2m
W [ ™ {54m / - i it
’ 1 P gm SN UPWIND i "
: ! G Pooe | poiad
| FIX BURHIG e
| SURFACE b !
e |
PROIECT OF FiX

BURNNG SURFACE
Figure3: Geometrical configuration of the modeled urban area

The whole calculation domain covers a dimension of 95m(X) X
70m(Y) X 70m(Z), in which one block in upwind location with a scale of
4m(X) X 4m(Y) X 4m(Z) is defined as fix burning surface (fire source),
exhibiting a constant heat release. The block in bigger size (10m(X) X
10m(Y) X 16m(Z)) is positioned 1.0 m downstream from fire source and is
treated as the prediction objective. The mesh system is in unstructured form,
with a total number of 140,669. For better prediction accuracy, extruded
mesh is created with a size of about 0.2m adjacent to block’s surface.

For convenience of the following examination to simulation results,
one Y=36m section in X-Z plane and three check points on the upwind wall
of building block are defined, which can be referred to figure 3.

From previous investigations, in the case of wooden apartment fires,
the average surface heat release rate is generally 1.5MW/m®. From equation
(23)(Hayashi, 2002), the surface heat release rate can be converted into the
mass release rate of propane.

V=AQ/(pc3us X Qcsns) (23)

Where, A — area, m>; Q — average surface heat release rate, 1.5
MW/m2; pcaus — density of propane, I.9kg/m3; Qcang — heat of combustion
of propane, 4.646x10"J/kg; V— presumed propane mass release rate, m’/s.

Hereby, the boundary condition of the fix burning surface is defined
as inlet, with a constant concentration 1.0 of propane, and fix velocity along
normal direction U, omma=0.017m/s.

5.2 Boundary settings




Table 2: Boundary conditions.
g | U=2.0m/s, V=W=0.0, T=293.0K
. k=1.5 X (IXUY2, 1=0.1

| g=C,k”*/L, L=1.0m, C,=0.09

Sky, Side-bouridary Free slip wall i

Wall Generalized log law
iBurning surface Unorma=0.017m/s, T=623.0K

The settings for each boundary are referred to table 2.

The principle of discretization is obtained by utilizing first-order
upwind scheme for convection term, while second-order central scheme for
rest terms. The pressure and velocity coupling in CFD prediction is
achieved by utilizing the SIMPLE algorithm. The program of wood
pyrolysis is solved in full implicit method

CFD simulation is performed on the commercial code STAR-CD
(Version 3.24). For the coupled method solution, the time interval between
cach time step is fixed at 10 seconds and totally 110 time steps calculation
has been carried out. The time intervals set for implicit solution of wood
pyrolysis is 0.1s.

For reasonable solution accuracy, a strict convergence criterion for
residual is specified as 107,

6. RESULT DISCUSSION

Simulation results created by supposed couple method are discussed
in this part. From the investigation, feasibility of the approach to fire spread
simulation for a modeled urban area is examined.

6.1 Temperature distribution
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Figured: Temperature distribution at each time step
in the Y=36m section (K)
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Figure5: Temperature distribution in the upwind wall (K)

The Y=36m vertical section locates in the X-Z plane along the center-
line of the fire source. The temperature distributions of this section at
specified time step are demonstrated in figure 4. While figure 5 shows the
temperature change of the upwind wall of the building block at the same
time step.

At initial stage (time = 0s), gaseous propane runs out from the fire
source (fix burning source) and starts to combust immediately, thus to heat
up the local air where reaction occurs. The air with extremely high
temperature, appearing as fire flame, climbs up by buoyancy driven force
and is suppressed and inclines to leeward region from effect of urban wind
and hence embraces the upwind wall of the building block locating at the
downstream area. Observing the contour figure, the temperature of the core
part of flame is as high as over 1693K. Moreover, large part of the
windward side and rooftop of the building are found to be covered with hot
air with the temperature of over 800K. Hence, significant heat flux given
from fire flame to this region can be estimated.

Examining the surface temperature change from figure 5, the fire
growth in the upwind wall of the building block can be observed apparently.
From 20s, the area adjacent to flame exhausted from fix burn surface has
appeared began to be burning. Moreover, an expected expansion of the
burning area has been reproduced from the result at 40s and 60s in Figure 5.
At 40s, about 30% of the upwind wall reaches pyrolysis stage, while at 60s
nearly half of the wall can be found burning.

Since material of the upwind wall began to pyrolyze and thus release
propane, combustion reaction occurs at the region near to the wall. In figure
4, the temperature distribution from 20s changes as fire {lame has been
exhausted from the block surface in downstream area. The high temperature
areas specified by red color increase gradually as time go on. At time step
equals to 60s, in lower part of the gap between the two buildings, flame with
high temperature air can be observed

From this discussion, the fire spread behaviors are considered to be
reproduced.

6.2 Profiles at the check points
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Figure6: Heat flux and surface temperature profiles at each check
point.

Figure 6 illustrates the comparison of incident radiation, convective
heat flux obtained in the three check points at each time step, as well as the
surface temperature profile. The definition of each check point can be
referred to figure 3.

Point 2 is located straightly behind the exhausting flame from fix
burning surface, which results into reasonable highest heat flux get among
the three points. At 20s, the heat flux obtained at point 2 is shown an
intensive increase; it is because the flame begins to be exhausted from its
adjacent area at this time step. Therefore, the surface temperature of point 2
climbs up quickly and reaches the pyrolysis temperature, thus ignition
occurs in local area at 30s. The location of point I and point 3 are not right
into the area embraced by flame from the fire source, the temperature
change much slower than point 1.

In addition, for each check point, the incident radiation flux can be
found far greater than the convective heat transfer. In case of point I,
radiation flux get various in range of 4.5 X 10°~1.6 X 10°W/m?, while the
convective heat flux is averagely one order smaller than it. Therefore,
radiation flux given from fire source can be considered as the critical factor
to cause fire spread between the buildings.

7. CONCLUSION

In this research, a coupled method is supposed for the fire spread
simulation within urban district. In this approach, a combination of CFD
model, combustion model, radiation model, and wood pyrolysis model, is
considered. The feasibility of the method is examined by conducting
validation simulation over a modeled urban area. From the prediction results,
a detailed temperature distribution, either at the surface or in fluid flow, and




any other parameter data can be obtained, which proves urban fire and its
spread behaviors to be reproduced.

To discuss the prediction accuracy of the coupled method in this urban
fire spread simulation, a comparison between the simulation results and fire
tunnel experimental data or other investigation result of the real accidents
are taken into consideration in future research work.
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CFD Analysis of Firebrands Scattering in Urban Fire
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In order to predict firebrands scattering in urban fire, Computation Fluid Dynamics (CFD), turbulent combustion model, radiation model and
firebrand scattering model are coupled and it is verified by a fire wind tunnel experiment, The density, terminate velocity and Stokes diameters of fire-
brands which are necessary for the firebrand scattering model are measured. The ratio of Stokes diameter and proportionate diameter is focus on 0.2~0.7.
A fircbrands scattering simulation in a modeled urban area has been conducted using the coupled model and the firebrand experimental data. It is found
that in urban fire when the inflow wind velocity is comparatively slow, the size of the thermal plume becomes significant, and when the inflow wind
velocity is high, the thermal plume is suppressed and greatly inclines to the leeward side, which increases the risk of the fire spreading to neighboring
buildings. Firebrands can be scattered over 400m. Firebrands are blown up by the thermal plume and the scattering distances are influenced by the back-

ground flow field, the magnitude of thermal plume, and the Stokes diameters of firebrands.

Keyword: Urban Fire, CFD, Firebrands, Combustion Reaction
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ABSTRACT

The paper presents the outcomes of a case study conducted to analyze the
flood characteristics in Bangkok under sea level rising scenarios. A physically
based distributed hydrological model, which combines surface and river flow, was
adopted to simulate the flood scenarios due to different magnitudes of sea level
rising. The input rainfalls and the upstream boundary conditions of a worst flood
event of 1995 were considered as the baseline for the modeling based on the
available records of rainfall and water level datasets of the last three decades. The
study was aimed to capture a macro picture of floods to present an overview of
severity of flood situations under climate change conditions.

1. INTRODUCTION

The 20™ century was the warmest the world has seen in 1,800 years.
A warming climate leads to changes in many aspects of climate system and
earth environment including precipitation, wind pattern, the frequency and
severity of extreme weather events and rise of sea level. Based on a study of
2001, the Intergovernmental Panel on Climate Change (IPCC) has predicted
that the global mean sea level (msl) may rise as much as 88 cm by the end
of the 21st century. Approximately 20% of the global population lives
within 30 km of coastal areas and the number is expected to become double
by 2025 (Cohen et al., 1997). The sea level rise will have wide ranging
effects on coastal population and ecosystem, such as saline water intrusion,
erosion of shorelines, amplified intensity and frequency of coastal flood
inundation, etc.

The socio-economic impacts of climate change in the coastal cities
of Asia will be enormous due to the rapid urbanization and high population
growth. The combined effects of potential sea level rise and extreme rainfall
events triggered by climate change may lead to catastrophic flood disasters
in many of the coastal cities of Asia, which are located in the low-lying
floodplains of major rivers. So far only a few studies have been conducted
in this direction and a very few countries have prepared long-term plans to
deal with these problems. It is important to assess the impacts of mean sea
level rise on flooding in coastal cities and prepare long-term plans for risk
management (Dam, 2003).

A study that was conducted to analyze the socio-economic impacts
of floods in several large coastal cities of Asia under projected climatic and
socio-economic scenarios using a distributed hydrological model and an



agent based land use change model. The paper presents the outcomes of a
case study which was conducted to analyze the flood characteristics in
Bangkok under sea level rising scenarios. A physically based distributed
hydrological model, which combines surface and river flow, was adopted to
simulate the flood scenarios due to different magnitudes of sea level rising.
Input rainfalls and upstream boundary conditions of a worst flood period
were considered based on the records of the last three decades as the
baseline for modeling. The study was aimed to capture a macro picture of
flooding to present an overview of severity of flood situation utilizing
surface elevation of 1km resolution and without going into micro details of
urban topography and drainage.

2. STUDY AREA

Bangkok, the capital city of Thailand, is one of the major cities in Asia
and a regional hub. It is located on the lower flat basin of the Chao Phraya
River, which is originated in the northern most part of Thailand and
discharges to the Gulf of Thailand after flowing approximate 900 km (Fig.
1). The catchment area is 157,925km?, which covers about 30% of
Thailand’s land area. The average annual discharge of the Chao Phraya
Basin is about 770 m’/s with a peak of 4,560 m’/s recorded in 1995
(Thammasittirong, 1999).
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Figure 1. Location of the study area

Floods, mainly caused by upstream inflow and high intensity rainfalls,
are the most frequent natural disasters in Bangkok. It affects a large number
of populations and causes huge economic damage every year. Due to its low
elevations, ranging from Om to 4m above msl, tidal effect is prominent in
the Chao Phraya river upto several kilometers inside Bangkok and that
attributes significantly to floods. There are usually two high tides and two
low tides per day in Gulf of Thailand, but these are often asymmetrical with
amplitude of 1-2m. The daily variation of tides is normally from -0.5 m to
1.5 m with a peak of 2.5 m recorded in 1995.

3. METHODOLOGY




The surface and river components of the IISDHM, a physically based
distributed hydrological model (Jha, et al, 1997, Dutta et al., 2000), were
used for flood inundation simulation. In this model, 1D Saint-Venant’s
equations of continuity and momentum equations are used for river network
flow simulation and 2D form of the equations for surface flow routing. The
exchange of flow between the channel network and flood plains is simulated
using the floodplain compartment concept (Dutta, et al., 1997).

3.1 Model Setup

The model setup for this case study was done with lkm spatial
resolution and lhour temporal resolutions. Elevation data was obtained from
HYDROI1K DEM of USGS and landuse data from the USGS global landuse
database. Surface roughness coefficients for different grids were assigned
based on the landuse types. For river network, only the main stream of the
Chao Phraya river was considered with the hydrological gauging station
C22 as the upstream boundary and Pom Phrachul as the downstream
boundary (Figure 1). River cross section data, hourly rainfall data in the 4
gauging stations within the study area, hourly water level data for upstream
and downstream boundary stations were obtained from various local sources
including the Bangkok Metropolitan Administration (BMA), Royal
Irrigation Department (RID) and the Port of Thailand Authority.

3.2 Model Calibration and Verification

The model was calibrated and verified two selected flood events of
1995. The calibrated parameters were Manning’s roughness in the river and
runoff coefficient. Calibration and verification was performed using the
observed water level data for the C12 and C4 water level gauging stations in
the Chao Phraya River (Figure 1). Figures 2 and 3 show the observed hourly
water level data for the upstream and downstream boundary stations and the
average hourly rainfall in the study area for the period of calibration and
verification of the model.

The calibrated value of runoff coefficient was 0.4 and Manning’s
roughness for river was 0.04. Figures 4 and 5 show the comparison of
simulated and observed water levels at C12 and C4 stations during the
period of verification. As can be seen from Fig. 4, the simulated water level
agrees well with the observed water levels at C12 for the peak and pattern of
flow. However there are some overestimations of the simulated water level
at C4. The simulated maximum surface inundation during the period of
verification for the flood event of 1995 is shown Figure 6. It shows that
surface inundation was highest at the lowest part of the study area.
Inundation height in most of the areas was within 1m, as mentioned in
several reports on the 1995 floods. However, in absence of any ground
actual flood inundation map, simulated results could not be verified.
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4. IMPACTS OF SEA LEVEL RISING ON FLOODS

For analyzing the impacts of sea level rising on floods in Bangkok, two
scenarios are considered, one for 50cm rising of the highest recorded period
of sea level based on the past 20 years record and another is 100cm rising.
These are close to the highest level of prediction of global average sea level
rise in different SRES Scenarios in IPCC study as shown in Figure 7. This is
close to the scenario of the highest value predicted by IPCC as 88 cm by the
end of the 21st century (Watson, 2001). The hourly time series of water
level of floods in 1995 is used as upstream boundary condition and hourly
time series of sea level as the downstream boundary condition. The
boundary condition data was selected from 23-31 October 1995, the highest
water level duration recorded in 1995. Hourly rainfall data was taken for the
higher rainfall duration of 1995 floods that is from 4-13 August.

The simulated maximum flood inundation maps for the two selected
scenarios of sea level rising are shown in Figures 8 and 9. The simulated
results show that almost 55% of the study area will be affected by flood if
mean sea level rises by 50 cm and 72% area will be affected if mean sea
level rises by 100 cm. Table 1 shows the possible areas of inundation under
different flood depths as compared to the 1995 floods, which shows that
overall inundation in the study area will be increased by 16% due to 50cm
rise of sea level and 34% due to 100cm rise. Similarly, the inundation
heights will increase significantly in many locations as shown in Figure 10
for the location a (Pak Num) (Figure 9). These results show there will be
serious effects of sea level rising in flooding conditions in Bangkok city and
that will in turn lead to high socio-economic consequences.

Table 1. Flood inundation areas in different scenarios




Flood Simulated flood Area in km” (in %)
depth in Floods in 1995 Sea level rise Sea level rise 100cm
cm 50cm
10-20 987 (29.6) 1025 (30.9) 891 (26.8)
21-50 188 (5.6) 593 (17.8) 1,219 (36.6)
51-100 37 (1.1) 141 (4.2) 189 (5.7)
101-150 37 (1.1) 1(0.1) 43 (1.3)
151-200 24 (0.7) 43 (1.3) 9(0.3)
201-250 6 (0.2) 22 (0.7) 51(1.5)
251-300 0(0.0) 5(0.2) 9(0.3)
301-350 0 (0.0) 0 (0.0) 1(0.2)
Total 1,279 (38) 1,830 (54) 2,412 (72)

Water Level (m)

" —e—Observated WL

Comparsion ofWaterLevelatCﬁ -

L L L D L S L

1 11 21 31 41 51 61 7 81 N 101 Hour

= Simulated WL |
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simulated floods in 1995 and floods due to sea level rise by 50 em and 100 cm

5. ASSESSEMENT OF SOCIO ECONOMIC IMPACTS AND

VULNERABILITY
For the assessment of socio-economic impacts of floods, three main

socio-economic aspects were considered, they were population, buildings
and transportation infrastructure. The existing data and information for three




categories for 2000 were collected at the district levels. The spatial
simulation of the future population and urbanization was carried out based
on the IPCC SRES B1 Scenario using the AGENT-LUC model (Rajan and
Shibazaki, 2000). The maximum population density was designed as
20,000Km-2. The projected urbanization and population of future scenarios
are shown in Figures 11 and 12.
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Figure 12. Projected population growth in the study area in: a) 2025, b) 2050, ¢) 2075 and d)
2100
Flood simulation was carried out by the hydrological model for four
scenarios of mean sea level rise in the high predicted levels by IPCC for
2025, 2050, 2075 and 2100 for socio-economic impact analysis. A set of
qualitative indices were developed for flood impact estimation for the three




selected categories based on the outcomes of a questionnaire survey
conducted among some affected people of the study area in the recent past.
Using these indices, outcomes of flood inundations for the projected mean
sea level rises and growth of populations, urban buildings and road
networks for the selected years, flood impacts for these three sectors were
estimated.

Table 2 presents the flood impact indices for buildings. The estimated
flood impacts on buildings for the selected years are presented in Table 3. It
is observed that the number of affected of buildings in the ‘less impact’
class increases by 1.5 times in 75 years period from 2025 to 2100. Similarly,
the number of affected of buildings in ‘moderate impact’ class increases by
30% in 75 yrs period from 2025 to 2100. The increase is not only resulted
by the expansion of flood inundation area but also by the growth of
urbanization. The flood impact indices for population and number of flood
affected people under different categories for the selected years are
presented in Tables 4 and 5. Table 5 shows that the number of affected of
people in all the three categories will increase significantly during 75 years
period from 2025-2100.

Table 2. Flood impact indices of buildings

Depth of Duration of flood (day)
flood (m) <1 |12 ] 3-4 ]| 5-7 > 7
<0.1 A A A A A
0.10-0.60 B B B B B
0.60-1.00 B C C C C
1.00-3.50 C C C D D
> 3.50 D D D | D D

A: No impact, B: Less impact, C: Moderate Impact, D.: High Impact, E: Highest Impact
Table 3. Summary of the affected buildings

Impact No. of affected buildings in study area

Index 2025 2050 2075 2100

Less 1,145,980 | 1,451,322 | 1,629,826 | 1,791,502
Moderate | 82,008 97,071 105,328 110,577

Table 4. Flood Risk Indices of population

Depth of Duration of flood (day)
flood(m) | <1 | 12| 34 [57]|>7
<0.1 A A A Al A
0.10-0.60 B B C C | C
0.60-1.00 C C C C | D
1.00-3.50 E E E E | E
>3.50 E E E E | E

A: No impact, B: Less impact, C: Moderate Impact, D: High Impact, E: Highest Impact

The flood impact indices for road and length of affected road lengths in
the study area during the selected years are presented in Tables 6 and 7. It
can be observed that total affected of road in scenario 2100 is much higher
than the total affected road length in 2025 which may be attributed to larger
flood inundation area in 2100 compared to 2025. The flood impact indices
for railways and affected lengths of railway in the study area are presented
in Tables 8 and 9. It can be observed that total affected lengths of railway in




future scenarios increases significantly, while the affected railway length
under high impact category remains constant.

Table 5. Summary of the affected population
Impact No. of affected population in study area
Index 2025 2050 2075 2100
Less 5,720,020 | 6,804,316 | 7,632,711 | 8,969,668
Moderate | 134,405 | 227,777 | 340,657 | 446,810
Highest | 293,047 | 311,898 | 312,903 | 329,816

Table 6. Flood Risk Indices of road

Depth of Duration of flood (day)
flood(m) | <1 | 12| 3-4 |57 |>7
<0.1 A A A Al A
0.10-0.60 B B B B | B
0.60-1.00 C C C C | C
1.00-3.50 C C C D | D
> 3.50 C C D D | D

A: No impact, B: Less impact, C: Moderate Impact, D: High Impact, E: Highest Impact

Table 7. Summary of the affected road

Length of affected road in study area
Impact (m)

Index 2025 | 2050 | 2075 | 2100

Less 569,742 | 624,118 | 695,961 | 837,332
Moderate | 65,522 | 80,041 | 110,741 | 133,836

Table 8. Flood Risk Indices of railway

Depth of Duration of flood (day)
flood(m) [ <1 ] 1-2 | 3-4 |57 |>7
<0.1 Al A A A A
0.10-0.60 | B B B cC | C
0.60-1.00 | C C C D | D
1.00-3.50 | D D D D | D
> 3.50 D D D D | D

A: No impact, B: Less impact, C: Moderate Impact, D: High Impact, E: Highest Impact
Table 9. Summary of the affected railway
Length of affected railway in study
Ilr:gzit area (m)
2025 | 2050 2075 2100
Less 89,050 | 95,627 | 105,913 | 122,016

Moderate - - - 966
High 1,430 | 1,430 1,430 1,430

6. CONCLUSIONS

The simulated outcomes of the flood model show that almost 55% of the
Bangkok City will be affected by floods if mean sea level rises by 50 cm
and 72% will be affected if mean sea level rises by 100 cm, which are
higher by 16% and 34% respectively as compared to the simulated
inundated areas due to the 1995 floods and that will lead to adverse impacts
on socio-economic sectors. The outcomes of social-economic impacts




analysis show that number of flood affected buildings and population and
road lengths will be rapidly increased due to possible sea level rise from
2025 to 2100.

The outcomes present a macro picture of floods and its socio-economic
impacts in the Bangkok City under mean sea level rise scenarios in the 21%
Century. Although the severity of the flood magnitudes simulated by the
hydrological model is overestimated to a certain extend due to non-inclusion
of the existing structural flood control measures such as the east and west
dyke systems, retaining walls, pumping stations, diversion canals and the
micro details of the topography in the modeling, nevertheless, the model
outcomes present a clear picture of potential risk of severe floods and its
impacts due to the predicted mean sea level rising in the Bangkok city.
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