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Note to reader: 


'Fhe Hydrological/hydraulic Investigation of the I lung Shui KiuDrainaaeChannel Final Report
comprisesthree (3) separatevolumes:

1) Vol] is themainreportof theabovestudy.Itdescribesthestudybackground.the
model setup as well as the details of the findings.It can be considered as a
completereportfor thisstudy.

2) Vol.2containsi) a 3.5"floppydiskwithallthe modelinputand resultsdata

in ASCIIformat;

ii) a hardcopyof theabovedata:
Vol.3is the ExecutiveSummaryof theFinalReport.
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1 INTRODUCTION

1.1 Background to the study

On 5 November, 1993 and 22 July, 1994, two severe flooding events took place at the

uppeTreach of the Hung Shui Kiu Drainage Channd which drains stormwater from the

upstream subcatchments of the Tin Shui Wai Drainage Basin. Figure 1 shows a location

map of the catchment, and Figure 2 shows a plan of the catchment with the river network

and major urban areas and roads. The influence of man upon the natural hydrological

•• 	 cycle of this catchment is considerable, in particular the impounding and canalisation of

streams and rivers, and the general urbanisation.

The Hung Shui Kiu catchrnent is the most upstream subeatehment of the Tin Shui Wai

Drainage basin. The area of the Hung Shui Kiu catchment is about 4.6 kmil. There is a

cascade of dams and weirs along the mainstream of the catchment (shown in Figure 2),

leading to the Hung Shui Kiu Drainage Channel, which starts just downstream of the

recently constructed Then Mun-Yuen Long Eastern Corridor Ilighway (hereafter referred

to as the TM-YL I lighway).

Immediately upstream of the entrance to the Flung Shui Kiu Drainage Channel there is

a 100 m long steep trapezoidal transition, with a general gradient of 1:30. A new drain

from the TM-YL Highway joins the channel frOm the left at this point, through a twin

1200 mm diameter storm drain. Just after the entrance, another tributary joins the

channel from the right. "[he channel starts with a 760 m long rectangular section 5.5 m

wide and 3.6 m deep, which then expands into a trapezoidal section with a base width of

5.5 m. The longitudinal gradients of the rectangular and trapezoidal sections are

generally 1:300 and 1:1,000 respectively. The rectangular section was designed to carry

runoff from a 10-year design rainfall, and the trapezoidal section was designed to carry

runoff from a 50-year design rainfall. For both parts of the channel, the design rainfalls

were based on long-range rainfall statistics at RO headquarters and freeboard allowance.

The project brief states that various hydraulic analyses have shown the rectangular

section to be able to just cope with runoff from a 200-year design rainfall. During the

two flood events of November, 1993 and July. 1994, the rectangular section of the

channel was overtopped, and on each occasion water levels rose to approximately 2 m

above the top of the channel, flooding the surrounding village of Tan Kwai Tsuen.

Preliminary assessments of the two floods have been carried out by DSD (Drainage

Services Department). However, in these analyses the high runoff estimated from the

observed flood marks could not be explained by the available rainfall data (DSD, 1994a).

Furthermore, photographic evidence indicates that the channel might have overtopped

on 18 July, 1992 during Typhoon Faye (DSD, I994c). The frequent overtopping of the

channel warrants a detailed investigation into the causes of the flooding and requires

recommendations for appropriate remedial actions. DSD have contracted I IWR (Asia)

Ltd to carry out this study. The principal objectives of the study are:

•
1
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To determine the causes of flooding at theupper reach of the Hung Shui Kiu
channel durina the events of 5 November, 1993and 22 July, 1994.

To recommend short-term and long-term remedial measures.

The hydrological modellers visited Hong Kongfromthe UK between 28 November and
2 December, 1994 in order to collect data and visitthe site The hydraulic modelling
was undertaken at HWR's office in Hong Kong.

1.2 Structure of the report

This report has been structured in accordancewith Section 7.3 of the Brief. Its contents
are a combination of the material already presentedto the client in the First Report and
Second Report. Some modification have been includedto reflect DSD's comments and
additional data received since the First Report andSecond Reports and therefore these
are now superseded. This Final Report should be consideredas the solecomplete account
of the work undertaken during the study and the conclusionsand recommendations made
by the Consultants. Chapter 2 gives a detailed reportof the work undertaken as part of
the data review. Chapter 3 gives a summary of the initial tasks undertaken as part of the
hydrological modelling, including the calibration ofthe hydrological model. Chapter 4
includes a discussion of the selection of the hydraulicmodel, its set up and the results of
the modelling of the November, 1993 and July, 1994 calibration events. Chapter 5
examines the original design of the channel, the impactof the current remedial measures
and leads on to discuss potential further remedial works. Finally, Chapter 6 summarises
the conclusions of the Consultants and makes recommendations for future work.

2 DATA REVIEW

2.1 Introduction

Various maps, general reports and other sources ofinformationrelating to the study area
were supplied by DSD, GEO (Geotechnical Engineering Office) and WSD (Water
Supplies Department). Aerial photographs of theHung Shui Kiu catchment taken in
1987 and 1993 were provided by DSD, and furtheraerial photographs of the catchment
taken in 1993 and 1994 were obtained from GEO. Unfortunately, there were no aerial
photographs showing the flooding. Various topographicalmaps and survey sheets, with
scales ranging from 1:20,000 to 1:1,000,were providedby DSD.

In line with the project brief, this data review sectionhas been divided into four parts:

Hydrological data;

Catchment characteristics;

Drainage characteristics; and

Meteorological data.



2.2 Hydrologicaldata

Inthefollowing section, the hydrometric network most relevant to the Hung Shui Kiu
catchment, as shown in Figure 2, is consideredindetail. Other gauges which were used
in the study arc also described.

•
2.2.1 Rainfall

• There are five recording raingauges in or near the Hun Shui Kiucatchment:

• 	 R27 - a tipping bucket rain gauge located at Yuen Long RG Filters on the

catchmentwatershed. The gaugeis telemetered and transmits 5-min data to RO
and DSD.

• No.17 - an autographic rain gauge located at Yuen Lon RG Filters on the

catchment watershed. The gauge provides 15-min rainfall data in chart form
which is retrieved manually by WSD.

•
No.I 74 - an autographic rain gauge locatedat Tin Shui Waitown. RO provided
data for this gauge in tabular form, but did not provide any other information
about the gauge.

0 • N07 - a tipping bucket rain gauge located at Tuen Mun town. The gauge is
telemetered and transmits 5-min data to RO andDSD.

•	 N12 - a tipping bucket rain gauge located at Yuen Long town. The gauge is

telemetered and transmits 5-min data to RO andDSD.

The gauge locationsare shown in Figure2. Tables 1 and 2 show the data collected from
these rain gauges for the November, 1993and July, 1994events respectively. As can be
seen, there is a considerable amount of 5-min and 15-min data forboth these events.

In order to construct spatial and temporal rainfallpatterns during the two events, it was
necessary to refer to data from a larger area. The spatial rainfall patterns, presented in
Section 3.1, were constructed at hourly data intervals. Gauges from which hourly data
were abstracted for each event are shown in Figure 3 and listed inTable 3.

In order to recommend suitable design rainstorms of various return periods, a selection
of rainfall statistics were collected:

• Synthetic design rainstorm profiles based on long-range (1884 - 1990) rainfall

statistics at ROI RO headquarters (Lam & Leunn, 1994).

•
Synthetic design rainstorm profiles based on short-range (1981 - 90) rainfall
statistics at No17 Yuen Long RG Filters (Lam & Leung, 1994).

3
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There appear to be no great merit in analysing significant historical events from the
autographic raingauge charts available at No17 YuenLong RG Filters within the short
time-scale of the current study since RO have recently published the results of such
analysis for the period 1981-90(Lam & Leung, 1994).Furthermore it is unclear how the
results of such a study might be used in deriving flood estimates of required return
periads. Experience shows that the most sensible design flood estimates are produced
using generalised storm profiles, such as those derived by RO. Such a design storm
profile is likely to be somewhat more peaky than mosthistorically observed storms, but
this yields conservative, or safe, peak flood estimates.

2.2.2 River stage and How

There is only one river stage gauge in the catchment. It is gauge D07 located at Shek Po
Tsuen downstream of the floodprone area, and installedunder TELADFLOCOSS 2. The
gauge is shown in Figure 2. The gauge is telemetered and transmits 5-min data to RO
and DSD. There is no rating curve at this site, and so the stage values cannot be
converted into equivalent flow figures. However,sincethis gauge will only be of interest
for the hydraulic modelling component of the study, stage values may be adequate.
However, it will be important to ascertain whether or not the gauge was bypassed in
either of these events. The peak water level recorded at Shek Po Tsuen for the 5
November, 1993 event was 4.83 mPD at 08:45, whilst that for the 22 July, 1994 event
was 5.20 mPD between 10:00and 11:00.

2.2.3 Flood marks

There are four flood marks for the November, 1993event and nine for the July, 1994
event which will be useful in calibrating the hydrological and hydraulic models. These
include flood marks at the irrigation weir at the outfallof the Hung Shui Kiu catchment
for both events, and these stage values can be convertedto flows using a standard broad-
crested weir equation. This will provide data on which to calibrate the hydrological
model. For the 5 November, 1993 event, the floodmark at the weir was approximately
19.56 mPD, whilst that for the 22 July, 1994event was 19.06 mPD. The flood marks for
both events are given in Table 36.

Flood mark D for the November, 1993event is describedas a "red mark at a tree" and is
shown to be on the left bank adjacent to the upstream limit of the rectangular channel.
Flood mark E for the July, 1994 event is also described as "red mark on a tree" and
shown to be in same location as Flood mark D forthe 1993 event. Both marks record the
same level, I4.04 mPD. Visits to the site confirmed that there is only one tree at this
location with a red mark on it and it is therefore believed that flood mark E for the 1994
event is in fact the old flood mark D from the 1993event. Thus it has not been used in
the calibration of the July, 1994 event.
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2.2.4 Tide records

There is a tide gauge located near the outfall of the Tin Shui Wai catchment. It is gauge

TBT located at Tsim Bei Tsui on Deep Bay. The gauge is shown in Figure 2. The gauge

is telemetered and records data at 1-min intervals, but only transmits 5-min data to RO

and DSD. Again this gauge will only be of interest for the hydraulic modelling

component of the study. It was necessary to ascertain whether or not the tide is an

important factor in the flooding. For the November, 1993 event, the peak tide level was

2.60 mPD, only 0.10 m higher than the 2.50 mPD channel bed level at Shek Po Tsuen.

The observed peak level at the Shek Po Tsuen gauge was 4.83 mPD, significantly higher

than the peak tide level and coincident with the peak discharge, negating any possible

backwater influence from the tide. The July, 1994 peak tide level was 2.87 mPD against

an observed peak water level at Shek Po Tsucn of 5.20 mPD again negating any possible

backwater effect of the tide.

2.3 Catchment characteristics

The Tin Shui Wai catchment is situated in a complex Palaeozoic sedimentary basin

surrounded by Mesozoic plutonic and volcanic rocks (HK Geological Survey, 1988;

GEO, 1992). The Hung Shui Kiu catchment is underlain by fine-grained to medium-

grained granite which is highly faulted and intruded with dacite andrhyolite dykes. The

valley which forms the mainstream of the Hung Shui Kiu catchment falls on one of these

geological faults. In the lower catchment down to Tin Shui Wai, Carboniferous

metasediments and Jurassic volcanics predominate, but these arelargely concealed by

Pleistocene terraced alluvium and debris flow deposits and Holocene marine deposits.

'these superficial deposits comprise well-sorted clays, silts, sands and gravels, in contrast

to the debris flow material which fills valleys in the hilly areas and spreads out

downslope forming large fans.

The Hung Shui Kiu catchment has an area of approximately 4.6 km', with altitude

varying from over 400 mPD on the watershed to only about 20 mPD at the outfall just

upstream of the TM-YL Highway. The catchment is located on undulating hilly ground

covered mainly with thin soil and sparsevevetation, but wooded at lower elevations. The

underlying geology accounts for the poor soil cover and sparse vegetation that are found.

'the mean annual rainfall in this region is around 1800 mm, varying from 2200 mm on

the high ground to 1600 mm near the coast (HK Geological Survey, 1988). The flung

Shui Hang reservoir is situated in the headwaters of the catchment, and a quarry is

located just off the catchment boundary, west of the reservoir. There is another quarry

to the north-east, towards Yuen Long. Nearer to the reservoir is an area of borrow land

which is being variously quarried and reclaimed.

The I lung Shui Kiu Drainage Channel conveys the flows from the catchment outfall

down to Deep Bay. This part of the Tin Shui Wai catchment is very flat with a large part

of reclaimed area only a few meters above sea level. The channel starts with a 760 m

long rectangular section which defines the flood-prone areas in Tan Kwai Tsuen; the

rectangular section expands into a larger trapezoidal section. The flood-prone areas

house a mixture of agricultural lands and light industry, with associated residential

developments.
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2.4 Drainage characteristics

The drainage characteristics of the channel were discussed at a meeting with P K Chan

and C S Cheng of DSD on 23 November, 1994.Subsequently,relevant design drawings,
calculations and maps were passed to the Consultants.The following description of the
drainage characteristics has been based on this informationand observations made during
the three site visits undertaken by the Consultants.

There is a cascade of dams and weirs along the mainstream of the Hung Shui Kiu
catchment, leading to the drainage channel. There are two other inflow points to the
channel: a drain from the TM-YL Highwayjust beforethe channel entrance from the left,
and a tributary just after the channel entrance fromthe right. Examination of thc aerial
photographs, visual inspectionduring a site visit, andsupporting documentation (Binnies,
1987) suggest that the drain from the TM-YL Highwaycaptures both road drainage and
also runoff from two small catchments between theHung Shui Kiu catchment and the
neighbouring Lam Tei catchment, increasing the catchment area by around 6 %. This
additional contributing arca, believed to result fromworks associated with the recently
constructed TM-YL Highway, has been estimated from aerial photographs and maps to
be•about 0.28 km2and was incorporated into the original design of the Hung Shui Kiu
Channel (DSD, I995a). Drainage from this arca enters the Hung Shui Kiu Channel
through twin 1200mm diameter pipe culverts situatedon the left bank just downstream
of the highway bridge. This subcatchment has beenmodelled as a separate inflow. 'Hie
estimated peak inflow for the 5 November, 1993event was about 9 m's' which agrees
well with the 9.2 m's' design flow of the pipe culverts(Highways Dept, 1994).The peak
inflow for the 22 July, 1994event was slightly lower,at about 7.5 m's*

flowever, it may be that the contributing area of thetributary has also been increased, in
part due to quarrying activities. From examination of aerial photographs and maps it
appears that an area to the east of 'fan Kwai Tsuen now drains into the new rectangular
channel, knoWnas the Tan Kwai ISuen Charthel,joiniiig. the Hung. Shui Kitt Channel
some 100m downstream from the upstream limit of the rectangular section. This area,
about 0.38 km2has also been modelled explicitly. Through construction of the TM-YL
Highway and flow diversion this catchment may have lost inflow into a very small
subcatchment which inputs at the new road bridge,but through quarrying to the east of
the Hung Shui Kiu catchment, it may have increased its contributing area by
approximately 0.05 km2.

Table 37 lists the areas of the significant subcatchments shown in Figure 6 contributing
to the new rectangular channel and compares these area estimates derived at the time of
the channel design with those derived by the Consultants for the current study.

The difference in catchment areas between the twostudies is about 8 percent, which
probably represents a slightly different interpretation of the poorly defined new
contributing areas along the IM-YL Highway andold quarry.
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The hydrology and hydraulics of the original channel design (DSD, 1985 onwards) has

been briefly reviewed in order that the assumptions made can be kept in mind whilst the
hydrological modellingcomponent of the current study is carried out. The conclusions
drawn concur with those drawn by DSD (1994a, 19946), and aresummarised below:

0 • — The rectangularsectionof the channel was desiQnedto passflood from a 10-year designrainfall, which was calculated to cause peakdischargesof 70 and 76 in's-'

at the upstreamand downstreamlimits respectively. However,the as constructed
drawings show that for the full length of the rectangular channel the width and
depth are constant therefore the design capacity should be76 m's-', plus a small
freeboard (200-300 mm).

• 	 A Manning's n of 0.015 was used in the design calculations of the rectangular

channel.

• 	 Energy dissipators have been introduced at the upstream entrance to the

rectangular drainage to assist in the formation of a hydraulicjump.

Outside the 1:10 year tidal limit the drainaae channels have been designed
assuming gravity flow only. No investigation of tide induced backwater effects
above this limit have been made.

•
Some calculations have been undertaken to establish the energy losses at

hydraulicjumps along the channels but it is not clear how these head losses have
been included in the overall design calculations.

No calculationof energy loss at bends, effects of cross wavesor potential energy
loss caused by the access ramp into the rectangularchannelhave been identified.

• From examination of the drawings, it appears that the cross section of the

upgraded channel is broadly similar to that of the original natural channel (DSD,
I994a).

•
The time of concentrationof 81 min for the channel entry point computed using
the modified Bransby-Williams formula ma.s be too long in view of the steep
channel slopes and short stream lengths along the side of the valley (DSD,
1994b).

•
The runoff coefficientof 0.6 adopted for use in the RationalFormula may be too
low in view of the steep nature of the catchment and of theshallow soils (DSD,
1994b).

• 	 The design rainfalls were based on data from RO headquarters in Kowloon and

from Kings Park, as these were the only intensity information available at the
time of channel design. RO have now published additional depth-duration-
frequencydata (Tani & Leung, 1994), which include a raingauge at Yuen Long
RG Filters on the catchment watershed, and these were compared with the long
term rainfall statistics at RO when generatina the design rainfalls and flows.
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The Hung Shui Hang reservoir is situated in the headwaters of the catchment. The
reservoir was built in 1957for the storage and supplyof irrigation water to local villages.
The following reservoir details come from Taylor-Fox(1988). The catchment area to the
dam is 3.23 km'. The dam is approximately 19.8m high, with the crest at 86.87 mPD.
The reservoir has a surface area of 0.02 km' and a capacity of 91 MI. A further surface
area-of approx 0.008 km' is formed by water impounded at the intake weir for the Yuen
Long Treatment Works, this weir being locatedjust upstreamof the main reservoir. This
intake is no longer in use due to heavy siltation in the supply pipeline. The reservoir
spillway is a 50.29 m overflow weir with an ogee profile with the crest at 85.34 mPD.

The reservoir capacity is relatively small comparcd with the runoff volume expected in
typical floods, and hence is unlikely to have a significant impact upon the natural flood
response of the catchment. Part of the immediate remedialmeasures following the recent
floods has been to install twin siphon pipes to keepthe reservoir drawndown by around
5 m. This will provide some additional flood storageand is discussed further in Section
5.9.

There are no reliable records at the reservoir of levelsover the spillway during either of
the two events which could be used to estimate flow over the spillway. During an
inspection of the dam following the November, 1993event, engineers found debris on
the walkway, damage of handrails above the stilling basin, and signs of extensive
scouring of vegetation both at the sides of the dam and within the watercourse
downstream of the dam (WSD, 1993). If the footbridge was overtopped the discharge
over the darn could be in excessof 200 m'sd (WSD, 1993). However, the reservoir safety
engineers do not believe that the footbridge was overtopped(pers.comm. P. Wood, 1994;
pers. comm. S. Wong, 1994). Trash was noticed onlyon the handrails and stanchions at
either end of the footbridge and not in the middle: the greatest amount of trash and
flattening of vegetation occurred near the left bank abutment of the dam, and there was
no evidence of high trash levelsaround the perimeterof the reservoirafter the event. The
most likely explanation is that the debris was washeddown the valley sides from above
the darn. There is a steep access path with concretesteps leading down to the dam at the
left bank abutment where the greatest volume of trashwas noted, supporting this theory.

2.5 Meteorological data

As well as the various hydrological data available, meteorological information, such as

weather radar imagery, were considered. RO was the source of all meteorological data.

It was anticipated that the weather radar operated by RO could be used to supplement
data from the rain gauge network for the two floodevents, particularly that of 22 July,
1994 where many of the gauges around the catchment failed to operate. However, RO
advised that it was unlikely that the radar data could help to either infill the period of
missing data in July, 1994, or examine the storm movements (pers. comm. S. Wong,
1994). The current radar operated by RO can operateat fourdifferent ranges: 512 km,
256 km, 128 km or 64 km range. For both events, dataarchives were made at the 256 km
radius, and the resolution was too coarse to enable accurate identification of the study
area and small scale convective cells (RO, 1993b).Monthlyweather.summariespublished
by RO (1993a, 1994) provide daily mean wind speedsand directions at Waglan Island.
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3 HYDROLOGICAL MODELLING

3.1 Spatial and temporal rainfall patterns

3.1.1 The 5 November, 1993 event

•
Severe flooding took place on the upstream section of the Flung Shui Kiu Channel on 5
November, 1993(Typhoon Ira). According to flood marks, the channel was generally
overtopped by 1.5 m, and the flooding was localised along the 0.8 km long rectangular
section of the drainage channel. The flooding ceased after entering the trapezoidal
section. According to some villagers the channel was running full around 08:00, and
within 10min the flood level rose to approximately1.5 m above groundlevel. The flood
quickly subsided within half an hour. The autographic rain gauge No17 recorded 119.5
mm of rain between 07:45 and 08:45, but unfortunately the tipping bucket rain gauge
R27 had been out of order since 07:40. During the period of flooding, the tide level at
Tsirn Bei Tsui TBT was quite low i.e. 0.6 m to 0.9mPD between 07:00 and 09:00. The
maximum river stage recorded at Shek Po Tsuen D07 was 4.83 m at 08.45 (within river
bank).

The RO Monthly Weather Summary for November, 1993 (RO, 1993a) reports that
relatively cool weather brought by a surge of the winter monsoon towards the end of
October continued into November. The weather was brilliantly fine to start with but
turned cloudier over the next couple of days. As Typhoon Ira moved into the South ,
China Seas, coming in a north-westerlydirectionfrom the Philippines and finally hitting
the coast of China just north of Vietnam, northerly winds freshened on the night of 2 .
November (mean daily wind speed of around 30 km hr' at Waelan Island) and became
strong offshore late in the evening of 3 November (around 50 km hr '). Winds turned
easterly on 4 November and reached gale force strength offshore and on high ground
(around 80 km hr.'). Rain was persistent throughout the day on 4 November and turned
heavy during the night. From midnight to daybreak, a north-south oriented rainband
remained almost stationaryover the western part of the territory. Along this corridor of
active convection, intense rain cells developed over the coastal waters and moved
northwards, hitting Lantau Island and Tuen Mun repeatedly. Intense convection
embedded within one of the typhoons trailing rainbands brought concentrated heavy
rainfall to the western part of the territory early on 5 November.
Figure 4 shows the hourly isohyets between00:00and 10:00on 5November, 1993, and

clearly shows bands of heavy rainfall passing over the catchment. This rainfall would
wet-up the catchment, saturating the thin soils and filling any storage capability in the
reservoir. Between 08:00 and 09:00 a rain cell is centred directly over the catchment,
indicating over 100mm rain in that hour. Windsand rain eased offduring the day on 5

November (around 30 km hr1). Following some light rain that nightand early next day,
the weather turned brighter.

•

•

•
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3.1.2 The 22 July, 1994 event

Again severe flooding took place at the same location on 22 July. 1994. According to
flood marks the channel was generally overtopped by around 2 m. The flooding was
again restricted to the 0.8 km long rectangular sectionof the drainage channel, and again
ceased after entering the trapezoidal section. According to some villagers, the channel
was—overtoppedat around 03:00, but the most seriousflooding occurred at around 07:00
to 08:00. Heavy rainfall concentrated over the New Territories on the morning of 22
July, starting around 01.00. Howeverthe tipping bucketrain gauge R27 was out of order
since 01:40, and only a limited record (15 min rainfall data from 06:15 to 09:00) was

retrieved from the autographic rain gauge No17. During the period of flooding, the tide
level at Tsim Bei Tsui TBT was rather high. The maximum recorded tide level was 2.87
mPD at 08:10. The maximum river stage recordedat Shek Po Tsuen D07 was 5.20 m at
10:00.

The RO Monthly Weather Summary for July, 1994(RO, 1994) reports that the month
was extremely wet (1147.2 mm), with the highest Julyrainfall total on record at three and
a half times the July normal, and the second highest monthly rainfall total on record.
Following the passage of Typhoon Tim on 11-12July, and under the influence of an
unstable south-west monsoon, the weather in mid-July was generally fine but cloudy,
with some sunny spells and isolated showers. An active trough of low pressure
developed over the south China coast on 21 July, bringing very unsettled weather,
thunderstorms and torrential rain to the territory from 22-24 July. Winds were
predominantly from the south, with the mean wind speed remaining relatively steady
throughout the period (20 to 40 km hr' at Waglan Island)

Figure 5 shows the hourly isohyets between 00:00 and 12:00 on 22 July, 1994. The
heavy rain on 22 July fell in two episodes, one in the small hours (maps from 00:00 to
04:00) and the other in latemorning (maps from 06:00 to 10:00),and the maps show the
two rain cells passing over the catchment. Again the rainfall would wet-up the
catchment, satisfying soil moisture deficits and reducing storage. Altogether over 300
mm were recorded in the north-western part of theterritory on 22 July. Torrential rain
fell again between 4 am and 6 am on 23 July, andheavy rain continued throughout 24
July. Although there were still periods of rain on 25July, the intensity and total amount
lessened. As the trough of low pressure moved southeradually into the south China Sea,
rain began to ease off on 26 July.

For the current study, the raingauge at Tsuen Wanwas not used further in the analysis,
but the extremely high hourly point rainfall between 10:00 and 11:00 is suspicious and

worth considering briefly ina widercontext. This fieure was originally supplied as 172.0
mm with some missing data but RO (1995a) report the exact value to have been 185.5
mm and confirm this to he the highest hourly total in the whole country. Bell & Chin
(1968) suggest that the maximum hourly rainfall in Hong Kong can be in excess of 200

mm hr'. 1lowever, the availabledata for various durations, including this value, would
put the recorded rainfall right beyond the upper limits of the Bell & Chin (1968)
maximum rainfalls.
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3.2 Selection of hydrological model

The selectionof an appropriatehydrologicalmodel for rainfall-runoffmodelling purposes
will depend ultimately on the data available with which to calibrate and validate it. No
reliable flow data exist withinthe Tin Shui Wai catchmentagainstwhich a rainfall-runoff
model may be calibrated. Although there is a telemetering water level recorder at Shek
Po Tsuen, no rating curveexists for this site, and it is unlikely thata unique relationship
between stage and flow exists because the site is affected by periodic tidal backwaters.
Some peak flow estimatesmay be derived from flood peak levels observed during the 5
November, 1993and 22 July, 1994events. The estimated flows atthe irrigation weir just
upstream of the new TM-YL Highway will provide the best data against whieh the
hydrological modelling may be checked.

•
There is no single method forestimating flood runoff which can berecommended for the
catchment in view of the lack of reliable downstream flow data for calibration and
validation purposes. Consequently. a range of methods will be considered.

The WSD unit hydrograph method based on catchment characteristics will be used,
although it is believed that this may produce a unit hydrograph which has too long a
time-to-peak and an underestimatedpeak discharge. Empirical formulae for estimating
unit hydrograph parameters fromelsewhere in the world will alsobe applied in order to
check the WSD method.

•
WSD (1968) considered loss rates for a range of storms, and thiswork was checked by
both Mott-Macdonald(1990)and BMC (1992a). The rangeof lossrates quoted by WSD
varied from 3 to 85 mm hr' and recommended adopting 3 mm hr' for design. Mott-
Macdonald found a smaller range of 3 to 27 mm hr ' and recommended 8 mm hr' for
design. BMC analysed only four events, but quote a range of 4 to 12 mm hrl, although
for one event the final rate was 24 mm hr'. During both the November, 1993 and July,
1994 floods, catchment average hourly rainfall exceeded 65 mmhrl. Using the WSD
recommended loss rate, the equivalent runoff coefficient is about0.95, and using the
Mon-Macdonald figure, it would be 0.88. Thus the figure of 0.6used for the original
design impliesa loss rate of 26 mm hr', which is at the upper endof most of the studied
storms.

Runoff rates will therefore be determined using a range of methods, ranging from the 3
nun fir' loss rate method proposed by the current design procedures, through the 8 mm
PT' loss rate recommended in TELADELOCOSS 1 and the modified SCS method used
in TELADFLOCOSS 2, to engineeringjudgement. Whatever methodis finally selected
must take account of the very limited soil and vegetation storage available in the
catchment. Any losses method must recognise that the majority of any large rainfall
input will produce flood runoff. Therefore, estimation of losses must consequently be
a relatively unimportant task as runoff may be in excess of 90%.••
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Once a range of flood estimation models have been applied to the data, the most
appropriate design method will be selected using a combination of engineering
judgement and comparison of the model results with the single peak flow estimate
available from the irrigation weir. DSD have undertaken some flood estimates using
various different models (DSD, 1993), and their figures will also be of value.

3.3 Calibration of the hydrological model

3.3.1 Derivation of hydrological model parameters

The objective of the hydrological component of the study is to provide inflows to the
hydraulic model at specific input points. This section describes derivation of the inflows
for the observed events of November, 1993 and July, 1994, used for hydraulic model
calibration.

The choicc of the gauging station D07 Shek Po Tsuen, downstream of Castle Peak Road
bridge, as the lower limit of the hydraulic model, and the positioning of the recently
constructed IM-YL Highway, divides the Hung Shui Ki u catchment naturally into seven
subcatchments, as shown on Figure 6. The largest of thcse is the catchment to the
irrigation weir upstream of the TM-YL Highway, denoted catchment 1 in Figure 6. This
is the only catchment on which calibration of the hydrological model is possible.
Catchment la refers to the catchment of Hung Shui Hang reservoir, and has been
included for completeness. Catchment 2 is the small catchment joining the main channel
between the inigation weir and the TM-YL Highway Catchment 4 is the drain from the
TM-YL Highway, and joins the main channel from the left, just upstream of the start of
the rectangular section, whilst catchment 3 is the tributary inflow from the right which
enterS the rectangular section some 100 m below its upstream end. Catchment 5
represents the flat, urbanised area along the right bankof the rectangular and trapezoidal
sections of the drainage channel. Catchment 6 represents the flat, urbanised arca along
the left bank of the drainage channel, whilst catchment 7 represents the area between the
Castle Peak Road bridge and Shek Po Tsuen. The hydrographs from catchments 6 and
7 will be scaled from that for catchment 5 on the basis of area. Table 4 lists the
catchment characteristics abstracted from maps for each of the seven subcatchments.

The hydrological model selected for use in the current study is the unit hydrograph and
losses model, which has also been used in TELADFLOCOSS 2, and which is commonly
applied for flood studies such as the present problem. The catchmcnt characteristics
listed, therefore, are those required for estimation of the hydrological model parameters.

Derivation of unit hydrograph

Because no suitable flow data are available for unit hydrograph derivation, the parameters
of the unit hydrograph must be estimated from catchment characteristics. The most
important parameter is the time-to-peak Tp of the unit hydrograph, which is near
equivalent to catchment lag LAG, which is the time delay between the centroids of the
storm rainfall and the peaks of the resultine hydrograph. -A range of methods exist for

12
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estimating either Tp or LAG, or for estimating the very closely related time of
concentration 're of a catchment. A range of these were applied to the five main
subcatchments.

One method commonly used in Hong Kong is the Bransby-Williamsformula (Williams,
1927) for estimating Tc in minutes. .This formula, in metric unitsis:

Ic = 144.65 * MSL / (51" * (Area*106)*-1) Eqn (1)

where MSL, SI and Area are as given in Table 4.

However, experience in Ilong Kong suggeststhat this fonnula givesTc estimates which
are too long for small, steep headwater catchments such as the Hung Shui Kiu. DSD
have suggested that the estimated 'lc of 77 min for catchment number 1 to the irrigation
weir is too long, and the consultants concur with this view. Given a stream length of

3900 m, a Tc of 77 min representsan averagewater velocity in thechannel of only 0.84
m s-', or allowing for some overlandflow, littleover I in s' Consideringthe steep valley

sides and channel slopes of the catchment, this velocity seems too low, and the Tc
estimate is believed to be rather too long. However, estimated Tc values for the five

main subcatchments are given in Table 5.

The WSD manual for design flood estimationin Hong Kong (WSD, 1968) proposes two
methods of estimating LAG, and henceTp, bothderived from analysisof all local rainfall

and flow data available at the time. These methods have subsequently been checked by
the consultants for both Phase 1 and Phase 2 of the TELADFLOCOSS studies (Mott-
Macdonald, 1990; BMC, I992a), and shown to be reasonable for steep, upland
catchmcnts such as the Hung Shui Kiu. The firstmethod is basedon the Snyder formula,

as used by the U.S. Department of the Interior Bureau of Reclamation (USDol, BR,
1960),which estimates LAG in hours as:

•
LAG = 5.52 * 10-4{L*Lc/S"}" Eqn (2)

where LAG is basin lag time (hr), I. is mainstream length, MSL, (ft), 1,cis length from
basin outlet to point on the stream nearestto catchment centroid (ft),and S is the channel
slope as given in Table 4.

A second equation based on catchmentarea alone was also proposed by WSD. This was
found to have a slightly higher correlation coefficient for the catchments in their study,

and has the form:

•
LAG = 0.0398 * A°5373 Eqn (3)

where A is catchment area (hectares), i.e AREA * I

Although this has a superior correlationcoefficient to the earlier equation, it seems to be

intrinsically inferior in the sense that intuitively catchments of any given area having
different shapes, and particularly slopes, would be expected to have different lag times.
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However, it should be noted that either equation isbased on analysis of data from only
22 events from seven catchments. For simplicity, the second equation based on area

alone was used to estimate LAG for the fivemain subcatchments, and results are shown

in Table 5.

Another commonly applied formula is that proposedby Kirpich (1940), who published

one of the first means of estimatingTeTorsmall, ungaugedagriculturalcatchments. This

relationship was based on data from only six smallagricultural catchments in Tennesee,

and was derived from work by Ramser (1927). However, this work was extended by
Watt & Chow (1985) using data from a number ofpublished sources, and their derived

general relationship for LAG is believed to be oneof the best methods of estimating
catchment lag in hours, for ungauged catchments,currently available. Their relationship

has the form:

LAG = 0.000326 * {(MSL*1000)/S"} " Eqn (4)

where MSL and S are as given in Table 4.

Results from applying this equation to the five mainsubcatchments are given in Table
5.

The estimates derived using Watt & Chow's equationappear physically most realistic of
those computed and have been adopted as the bestestimates of unit hydrograph Tp for

the current study. .fhis Tp estimate was able to reproduce the two calibration events
successfully (see Section 3.3.4).

In view of the fact that the Watt & Chow (1985) equation is based on significantly more

data than those of either Kirpich (1940) or NVSD(1968), it is suggested that this method
be used to estimate LAG for the various subcatchmentswithin the Hung Shui Kiu basin,
even though it has been derived primarily with datafrom North America. Since LAG or
. fp is a function primarily of land surface and channel slope and roughness, there is no

reason to believe that the results of Watt & ChmCswork should not be applicable in
Flong Kong. The computed LAG values given in the final row of Table 5 have been
adopted as unit hydrograph time-to-peak estimates for hydrological model calibration,
and these LAG values have been assumed to be reasonableestimates of time-to-peak for
a 5-minute unit hydrograph.

The unit hydrograph was assumed to bc adequatelyrepresented by a simple triangle, as
proposed in the UK Flood Studies Report (NERC. 1975). Thus the time base of the unit
hydrograph TB has been taken as:

TI3 = 2.52 Tp (hr) Eqn (5)

and the peak flow of the unit hydrograph Qp has been taken as:

Qp = 2.2 / 'fp k 2) Eqn (6)

for a storm of 10 mm of rainfall in 5 Min.
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WSD (1968) presented an average dimensionless curvilinear unithydrograph, but this
was derived from a very small data set. In the current study, the WSDunit hydrograph
was scaled from Tp whichhas been takenas equivalent to LAG, andFigurc 7 compares
the WSD and FSR unit hydrographsfor subcatchment 1. The WSDunit hydrograph has
a slightly earlier and lower peak, than the FSR unit hydrograph, and also a longer
recession. The effect of using the WSD unit hydrograph rather than the FSR unit
hydrograph was tested on subcatchment 1 for the July. 1994 event, and the derived
hydrographs are shown in Figure 8. Thc hydrographs have the same total volume, as
identical percentage runoffs were used, but the peak flows from the WSD unit
hydrograph arc about 3 to 4 % lower than those using the FSR unithydrograph, with the
flows being sustained after the peaks due to the lonacr recession of the WSD unit
hydrograph. Because the FSR unit hydrograph gives conservativepeak flow estimates,
and because of its computational simplicity, it has been adopted in the current study.

The U.S. Department of the Interior Bureau of Reclamafion (USDol, BR, 1960) also
provide a means of estimatingunit hydrographordinates for ungaugedsites using the soil
conservation service (SCS) method. This approach has been successfullyused in both
phases of the TELADFLOCOSSstudies (Mott-Macdonald, 1990;BMC, 1992a), partly
at least because this methodallowsthe effects of changing land useon the flood response
of a basin to be modelled. However, the SCS method is very similar to that proposed
here, with TB being 2.67 * Tp rather than the 2.52 * Tp adopted here.

However, for the presentstudy the aim is to identify an overall hydrologicalmodel which
is best able to reproduce the observedflood peaks estimated from trash marks during the
floods of 5 November, 1993and 22 July, 1994, and this justifies adoption of the simple
UK Flood Studies Report triangular unit hydrograph.

The relationship between time of concentration, unit hydrograph time-to-peak and

catchment lag is complex and imprecise. Various authors have presented empirical

formulae relating LAG to Tp for example, but there is no firm physical relationship
between these three time characteristics of a basin. In view of the general uncertainty
over this issue, the LAG estimate computed using the \Vatt & Chow formula given in
equation (4) has been adopted for simplicity, and taken as equivalent to Tp, partly since
recent research into response times of small catchments has shownthat Tp = LAG'
(Marshall & Bayliss, 1994).The assertionthat the Bransby-Williamsformula appears to
overestimate Tc is based on the evidence of Table 5, and also on consideration of likely
overland and channel flow rates. Beran (1979) concluded that the Bransby-Williams
formula in fact underestimates Tc of catchments, but these were in Britain, and were
generally much larger catchments than those found in liong Kong.
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Derivation of losses

Three rainfall loss rate mechanisms have been appliedin Hong Kong over the years and
these are:

proportional losses (i.e. a runoff coefficientor.percentage runoff approach).

constant loss rate, or 4) index method,

time varying losses (SCS loss mechanism).

The proportional loss rate is used in the Rational Method, and is also used in the UK
Flood Studies Report rainfall-runoff method (NERC, 1975).

The constant loss rate, or 4)index method, was recommendedby WSD (1968), and loss
rates of from 3 to 85 mm hr' were observed. WSD recommended that to be
conservative, the lower rate of 3 mm hrl should beadopted for safe design. Howe er.
for both phases of the TELADFLOCOSS studies (Mott-Macdonald,1990; BMC, 1992a),
a loss rate of 8 mm hr.' was used. In view of thevery high storm rainfalls experienced
in Hong Kong, the difference between these figures is insignificant, but to be
conservative, the 3 mm hrl figure recommended by WSD has been used in the current
study. Of course, there must be a distinction betweenrecommended loss rates for desien
events, which will never in fact occur exactly as modelled,and loss rates fitted as part of
a calibration process. However, given that the estimated flood peaks observed for both
the November, 1993 and July, 1994 events can be reproduced using the more
conservative loss rates suggested, then the same parametersshould be used forestimation
of design floods.

The time varying loss rate method, of which the SCSmethod is perhaps the best known,
has a number of advantages over the two approachesdescribed above. The SCS method
was used for the Basin Management Plans of theTELADFLOCOSS 2 study (BMC,
1992a), but suffers from one or two drawbacks as far as the current study is concerned.
The first is that there is a considerable degree of subjectivity in the method, where the
curve numbers, or CN, that control runoff rates must be estimated by determinine soil
type and land use, and the basic CN varies according to the antecedent state of the
catchment. Thus it is difficult to select a simple, consistent set of CN which will both
reproduce past events, yet still be applicable for estimation of design events. Ihe
variability in runoff response allowed by thc method is potentially attractive in that it
allows the hydrologist to adjust the parameters of themethod to fit observed flood events,
but this same flexibility becomes something of a liability at the design stage, where
antecedent moisture condition AMC II is generallyadopted in consequence.
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For the current study, the proportional and constant loss rates methods were tried in the

calibration stage,and results showed that there was little to choose between them. From

past experience, it would be anticipatedthat the SCS methodwould yield broadly similar

flood responsesto the two calibration storms,and in lightof this, just the first two of the

methods describedabove havebeen employed. The lossrates assumedarc given in Table

Derivation of baseflow

In their study of the Hung Shui Hang reservoir, Taylor-Fox (1988) stated that their

adopted baseflowvalueof 0.12 m3s-tkm-2wouldoccur during moderatelywet conditions.

In the current study the more conservative adopted value of twice this amount i.e. 0.24

m3s'km-2,has beenchosen to representa wettercatchment. No guidelinesappear to exist

for selection of a design baseflow for Hong Kong. However, in practice, for this

catchment, the chosen value is fairly arbitrary as the basellow is insignificant compared

to the volume of the total flowhydrograph, forboth the calibrationevents and the design

events. This constant basellow has been applied to all of the subcatchments.

Summary

Table 6 lists the definitive set of hydrological model parameters used for catchments I

to 5. Time-to-peak values vary from 0.55 hr (i.e. 33 min) for catchment 1 to only 0.08.

hr (i.e. 5 min) for catchment 2, necessitating a 5 minute data interval in the modelling. -

Percentagerunoff valuesvary from 95 % for catchment I to 80 % forcatchment 5, whilst.-

for the alternative loss rate approach values vary from 0.25 mm 5rnin-' for catchments 1

to 4 to 0.5 mm 5min" for catchment 5. As stated previously baseflows are a constant

0.24 m3s-tkm-2for all catchments.

3.3.2 Derivation of catchment average rainfall profiles

The rainfall-runoff models for each of the sub-catchments of the Hung Shui Kiu

catchment, the parametersof which were estimated in the previous section, require areal

rainfalls as input. The isohyetal method is considered to be one of the most accurate

methods for determining catchment areal rainfall, but is subjective and dependent on

skilled, experienced analysts having a good knowledgeof the rainfall characteristics of

the region containingthe catchment. In this study, the method selectedto derive the areal

rainfalls is called the iso-pereentile method. The iso-percentile method is a modified

version of the isohyetal method and is easier to apply, and the development and use of
the iso-percentile method has been encouraged by the UK Met. Office. The iso-

percentile method was previously employed in Hong Kong in the real-time flood
forecasting system for the Indus Basin as part of TELADFLOCOSS 2 (BMC, I992b).

The method is discussed briefly in Jones (1984).

The iso-percentilemethod is a simple means of deriving a weighted average rainfall for

any catchment using whichever raingauges are available, and is best explained by

reference to Figure 9 which shows the Hung Shui Kiu catchment and the five nearest

recording raingauges, listed in Section 3.2. All of these raimiauges are assumed to be

17



representative of the rainfall falling on the Hung Shui Kiu catchment. The relative
influence of each of the raingauges on the catchment is likely to be a function of its
distance from the catchmentcentroid,and the inversesof the distancesare normally used
as weighting factors when computing the average. The definition of the catchment
centroid is not critical, and the distances may be measured in any units, in this case km.
1lowever, the main feature of the iso-percentile method is that it uses the long-term
average annual rainfall at each raingauge as an indicator of how the raingauge might
influence the catchment rainfall. These point average annual rainfall values, together
with the average annual rainfall for the catchment, were estimated from thc RO map for
the standard period 1953-83(Kwan & Lee, 1984). Table 7 lists the five raingauges, their
distances from the catchment centroid and their average annual rainfalls.

For any time period t, the catchmentaverage rainfallcatR, is estimated from the recorded
rainfall at each of the five raingauges using the following formula:

rR27, rNol 7, rVo 174 , r,V07, rN1
	 I I 	 I

car12,.saarCAT
dR27 saarR27 &Vol7 saarNol 7 dYo174 saar.Vo174 dN07 saarN07 dN12 saarN12

where saarCN1 is the averageannual rainfall (in mm)for the catchment,and the prefixes
d, r and saar for each raingauge refer to the distance (in km) of the raingauge from the
catchment centroid, the rainfall(in mm) falling at the raingauge in the time period t, and
the average annual rainfall (in mm) at the raingauge.

This algorithm therefore uses the relative average annual rainfall for each raingauge

compared with the catchment average annual rainfall, and combined with a weighting

factor which is the inverse of the distance of that raingauge from the catchment centroid.

The method is robust and will always produce an areal rainfall even when several of the
raingauges do not have data for a particular time period. Clearly, the best estimate of the
catchment rainfall would be derived from use of all five raingauges, but if any one or
more of the raingauges did not havedata for the timeperiod, the catchment rainfall would
simply be computed using the remaining. raingauges. Because the individual gauge
weightings, average annual rainfalls and distances are fixed for each raingauge, and are
not influenced by the number of gauges being used in the averaging algorithm,
raingauges may drop in and out of the procedure without causing problems.

The tight timetable for the work, imposed by the client, has severely restricted the
flexibility of the consultants to compare the results from different methods. However,
comparisons of the 1-hr catchment areal rainfalls by the isopercentile methods and
isohyetal methods for the calibration events show that, in both cases, whilst the two
methods compare well at lower rainfall intensities, at the higher intensities it is the
isohyetal method which gives the lower figures This is in pan due to the poor data
available for the events, which although sufficient for constructing isohyetal maps to
illustrate the general movement of the storms across the .catchment,arc not adequate for
detailed analysis of the storms by the isohyetal method.

1! I 	 I 	 I I
dR27 dNo17 dNo174 dN07 dN12
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One major problem in estimating areal rainfall for the catchment is that the available

raingauges are all located at low elevationsand hence maynot representrainfall over the
higher portions of the catchment. It is clear that there is a relationship between rainfall
and elevation, and this orographic effect is one that should ideally be used explicitly to
adjust the observed low level rainfall records in order to derive betterestimates of areal
rainfall over the upland parts of the Hung Shui Kiu catchment. However, little reliable
research has been undertaken on this topic in Hong Kong, and no readily available
relationship between short duration storm rainfall and elevation seems to exist. BMC
(1992c) plotted 30-year long-termannualaveragerainfallsagainst elevation and derived
a relationship, but the scatter was very high and the reportcommentedthat altitude is not
the only factor affecting rainfall, and that aspect must also be significant.

However, any relationship between annual average rainfall and gauee elevation is
unlikely to be of much use, as to an extenthigher rainfallat high altitudesis just as likely
to be a result of the generally higher number of rain days at these sites rather than truly
reflecting solely the orographic effect. Such a relationship wouldhave little relevance
to the short duration storm rainfalls of interest for drainage studies. Consequently a
number of hourly and daily rainfall records from throughout HongKong were plotted
against gauge elevation in order to search for an underlying relationship. The data used
were hourly rainfalls for the 22 July, 1994between 02:00and 05:00and between 10:00
and 13:00hours, daily rainfalls for the 22nd, 23rd and 24th July, and the 3-day total for
22 to 24 July, 1994. 'Ile results of thesetrials arc shown in Figures 10 and 11, where the
marked scatter of points about the fitted regression lines is apparent.

One additional piece of work which DSD could usefully commission would be a•
thorough analysis of all available short duration rainfall from a largenumber of gauges
throughout the Territory. It is possible that such a study might provide a means of
estimating high level rainfalls more reliably than possible at present.

Considering the six separate hourly rainfalls studied, the fitted linesdo eenerally show
an increase of rainfall with elevation in three cases (03:00 to 04:00,04:00 to 05:00 and
10:00to 11:00hrs), but the other three showed no such trend, andthe relationships for
11:00 to 12:00 and 12:00 to 13:00 hours have a downward gradient. In some cases the
correlation coefficient was just acceptable, with two having values exceeding 0.6,
however three other cases had coefficients of less than 0.05, which implies no
relationship between rainfall and elevation at all.

The daily study was a little more successful, although the fitted trend lines only have a

significant correlation coefficient of 0.82 in the case of the 3-day total. The daily
relationships were generally weak, and whatever gradients there were to the trend lines
arc created by the generally very high rainfalls on Tai Mo Shan.

Overall, the study of hourly. daily and annual rainfall against gaugeelevation has shown
that whilst there is generally an overall trend for rainfall to increasewith altitude, the
relationships are generally weak and other factors, such as the spatial and temporal
distribution of storm rainfall have a marked effect on observed rainfalls at any point in
time. The brief study was unable to demonstrate a sufficiently strong linkage between
storm rainfall and altitude to providea sufficientlyrobust model forestimation of rainfall
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over the upper catchment. To a large extent however,the iso-percentile method used to
of estimate areal rainfall does take into account altitude effects. By using mapped
average annual rainfall over the catchmentas a scalingfactor, the method recognises the
fact that rainfalls are generally higher over the uppercatchment than at lower elevations,
and the model implicitly allows for the altitude effect.

Th7 following sections describe in detail the derivation of the 5-minute catchment
average rainfalls for the two calibration events.

The 5 November, 1993 event

Figure 12 shows the hourly stage data at D07 ShekPo Tsuen and the hourly rainfall data
at each of the five raingauges for 5 November, 1993. The event is a simple, single-
peaked event, and there is much similaritybetweenthe rainfall profiles recorded at each
of the raingauges. The match between the rainfallsand the recorded stage is good.

The 5-minute catchment average rainfall profile for5 November, 1993 was derived as
follows:

The hourly rainfall data for 5 November at the five raingauges were used to
derive an hourly catchment average rainfall profile using the iso-percentile
method. Figure 13shows the hourly rainfalldata at each of the five raingauges
together with the hourly catchment averagerainfall.

The hourly catchment average data were then desegregated to 15-minute totals
by scaling the I5-minute totals at raingaugeNo174 by the ratio of the catchment
average rainfall to the rainfall at raingaugeNo174 for each hour in turn i.e. the
four 15-minute totals at raingauge No174 for 00:00, 00:15, 00:30 and 00:45
would be scaled by the ratio of the hourly catchment average rainfall at 00:00 to
the rainfall at raingauge No174 at 00:00, and so on. Figure 14 shows the 15-
minute catchment average rainfall plotted with the hourly stage data.

Finally, the 15-minute catchment average data were desegregated to 5-minute

totals by simply dividing the I5-minute totals into three equal depths.

The choice of raingauge on which to base the sub-hourly profile was not critical for this
event, since the raingauges had very similar profiles, and No174 was chosen simply
because I5-minute data were available for the wholeday.

The catchment average rainfallprofile showsa totalrainfall depth of 288.64 mm to have
fallen in 9.5 hr, and using Lam & Leung(1994) (Table 10a) this corresponds to a return
period of 13years. The most intense 4 hr containsa depth of 219.20 mm, and using Lam
& Leung (1994) (Table 6) this also corresponds toa return period of 13years. However,
the most intense 1 hr rainfall is 114.35 mm which corresponds to a return period of
approximately 136 years.
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The 22July,1994event

Figure 15shows the hourly stage data at D07 Shek Po Tsuen and the hourly rainfall data
at each of the five raingauges for 22 July, 1994. The event is a complex, multi-peaked
event with three defined peaks. Furthermore, the rainfallprofiles recorded at each of the
raingauges show small, but significantdifferences. No174 has similarrainfall values for
each of the three peaks, whilst N07 has a maximum on the first peak, and N12 a
maximum on the last peak and best matches the recorded stage.

The 5-minute catchment averagerainfallprofile for 22 July, 1994was derived as follows:

The hourly rainfalldata for 22 July at the five raingauges were used to derive an
hourly catchment averagerainfallprofile using the iso-percentilemethod. Figure
16shows the hourly rainfall data at cach of the five raingauges together with the
hourly catchment average rainfall.

The hourly catchmentaverage data were then desegregatedto 5-minute totals by
scaling the 5-minutetotalsat raingaugeNI2 by the ratio ofthe catchment average
rainfall to the rainfall at raingauge Nl2 for each hour in turn i.e. the twelve 5-
minutc totals at raingaugeNI2 for 00:00, 00:05. 00:10, 00:55 would be scaled

by the ratio of the hourly catchment average rainfall at 00:00 to the rainfall at
raingauge N12 at 00:00, and so on. Figure 17 shows the catchment average
rainfall summed to 15-minutetotals plotted with the hourlystage data.

.The choice of raingauge on which to base the sub-hourlyprofile was more important for •
this event, because of the differencesbetween the individual raingaugeprofiles. NI2 was
chosen because it best matched the recorded stage and fortunately 5-minute data were
available for the whole day.

The catchment average rainfallprofile shows a total rainfalldepthof 425.49 mm to have
fallen in 14.75 hr, and using Lam & Leung (1994) (Table 10a)this corresponds to a
return period of 38 years, confirming the estimate of USD (1994c). The most intense 4
hr contains a depth of 220.17 mm, and using Lam & Leung (1994) (Table 6) this
corresponds to a return period of only 13years The most intense 1hr rainfall was 80.00
mm which corresponds to a return period of 14years, indicating that the unique aspect
of this event was the duration, rather than a particularlyintense rainfalland highlighting
the difficulties of assigning return periods to multi-peaked events.

Comments

In the derivation of the catchmentaverage rainfall profiles fbr the calibration events, the
reason why two slightly different approaches were adopted was explained previously in
our responses to the comments on the second report. However, to summarise, from the
information supplied by DSD and RO during the data collection phase of the study, the
Consultants understood that no 5-min data were available for the 1994event. No174 was
therefore used as the raingauge on which to base the sub-hourly profile for both events
because: (i) it was the only gauge for which sub-hourly data were available for the 1994
event, (ii) it was the only gauge for which sub-hourly data were available for the entire
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day for both events, and (iii) the Consultants wished to be consistent about which
raingauge they used for this purpose and how theyderived the catchment average rainfall
profiles. Therefore, 5-min profiles were derived for both calibration events based on
gauge No174 and disaggregation of 15-min catchment rainfalls into three equal 5-min
rainfalls. For the 1993event the choice of No174 wasnot critical since all the raingauges
had very similar profiles. However, it was acknowledged that for the 1994 event the
individual raingauge profiles were quite different with N12 best matching the recorded
stage. However, after all the work had been doneto derive the 5-min profiles, DSD
supplied some previously undiscovered 5-min datafor the 1994event. These data were
supplied late, and the Consultants could have ignored them. However, since N12
provided a better fit to the recorded stage for the 1994event, and data were available for
the whole day, the Consultants reworked the catchmentrainfall for this event. It was not
felt necessary to subsequently rework the catchmentrainfall for the 1993 event because:
(i) No174 provided an adequate fit to the recordedstage and compared well with other
raingauges, and (ii) the disaggreeation of the 15-mincatchment rainfalls into three equal
5-min rainfalls provided an adequate fit to the recordedstage.

3.3.3 Estimation of flows at irrigation weir upstream of TM-YL Highway

Some peak level data (i.e. flood marks) arc availablefor each of the two key flood events,
and from these it was possible to estimate peak floodflows at the irrigation weir located
just upstream of the TM-YI. Ilighway. This weir is a round-nosed broad-crested weir,
and weir dimensions were taken from DSD drawingNDD 5157D and site inspections.

The weir has a crest elevation of about 17.92 mPD(the crest level varies from 17.90
mPD to 17.93 mPD), and is 39.7 m long. The upstream nose has a radius of about 50
mm, and the downstream edge a larger radius of about300 mm. The crest width, from
upstream to downstream, is 0.84 m. It was difficultto establish the depth of the upstream
face of the weir due to standine water upstream at the time of the site visit, but it is
certainly greater than 2 ni, and hence there would beno effect of upstream bed levels on
flows.

Flow over the weir may be computed using the standardround nosed broad crested weir
formula (ISO, 1977; ISO, 1982) as:

Q = 0.544 * Cd * * g" * h'5 Eqn (7)

where Q is weir discharge (m's.'), Cd is a weir coefficient. b is crest length of the weir
(m), g is the gravitational acceleration constant (= 981 m s'2).and h is head over the weir
(m).

ISO (1982) gives a Cd value of 0.864 for a range of conditions where:

0.1s h/L s 0.4

and 0.15 s h/P s 0.6

where L is width of weir crest from upstream to downstream face (m). and P is depth of
upstream face of the weir (assumed to be 2 m).
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The assumption is that the crest width will be largerelativeto the head in order to ensure
horizontal flow over the crest, but this is not the case for either of the two observed
floods. For the 22 July, 1994flood, a paint mark on the right handwing wall of the weir
indicates peak stage, and this was 19.06 mPD, or a head of 1.14 in over the weir. Thus
the ratio h/L was 1.36 for this event. For the 5.November; 1993event, there does not
appear to be an observed peak level at the irrigation weir itself, and the only useful
recorded peak is one of 20.11 mPD on a pig house some 60 m or so upstream. For the
July, 1994 flood, a level of 19.61mPD was recorded on a house wall at approximately
the same point. Thus given that the water levelat the weir for this event was 19.06 mPD,
the water level fall was 0.55 m to the weir. Underthe assumption that the water level fall
was the same during the November, 1993event, and that the pig house and house walls
referred to are close touther, the water level at the weir in November, 1993 would have
been approximately 19.56 mPD, or 1.64 m head over the weir. The ratio of h/L in this
case would be 1.95, which is well outside of the ISO range for the standard weir
coefficient of 0.864.

It should be noted that the discharges may have been estimated using a peak stage
estimate that is not a truc headover the weir because of the lack of good observed stage
data for the flood events. However, best use has been made of theavailable data, given
that it is not believed that the upstream heads measured on the wall of either the house
or pig house are valid estimates of upstream stage. The channel bed slope upstream of
the irrigation weir is very steep, and hence these flood marks are unlikely to provide
accurate representationsof upstreamhead. Whilstthe figures utilisedmay not be entirely
accurate, they are considered more realistic that those based upon these upstream flood
marks.

ISO standards give a simple formula for estimating Cd for values of h/L beyond the
normal range, which is:

Cd = 0.191 * (h/L) + 0.782 Eqn (8)

This formula yields values of the weir coefficient Cd of 1.15 for 5 November, 1993 and
1.04 for 22 July, 1994.

Applying thesc weir coefficientsand heads of 1.64m and 1.14 m respectively yields the
following peak flow estimates for this weir:

41.
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5 November, 1993 h = 1.64 m Peak = 166 m3s4

22 July, 1994 h = 1.14 mPeak = 86 m's.'

The peak estimate for the November, 1993 event lies at the top endof the various flood
estimates undertaken by DSD (undated), which ranged between 84 m'sd and 175 m'sd.
However, the estimated head over the weir may have been significantly overestimated,
because of the need to very roughly extrapolate where the flood mark at the irrigation
weir would have been. This overestimation is thought to potentiallybe as much as 10 %

23



to 20%, and so the dischargeof this event may wellhave beenonly 120m3sdto 140m3s-'.
Hence the calibration of the model is based on theJuly, 1994event for which more data
are available, and validation of the model is basedon the November, 1993 event.

There would be considerable merit in DSD, or a contractor, undertaking a number of
current meter measurements during high flows inorder to assess flows over the irrigation
weir morc reliably. Ideally these measurements should be taken in the rectangular
channel because it has a stable, known cross-section and the flow will be reasonable
uniform. There are also a number of bridges whichwill provide good platforms from
which to suspend the current meters.

3.3.4 Derivation of flow hydrographs

Inflow hydrographs for each of the five main subcatchments were derived for the
November, 1993 and July, 1994calibrationevents. In each case, the derived catchment
average rainfall profiles were convoluted with the unit hydrograph and losses model
based on the estimated model parameters to producethe calibration event inflows. The
inflows for subcatchments 6 and 7 were then scaledfrom that for subcatchment 5 on the
basis of area.

Figure 18and 19show the calibration inflow hydrographs fromcatchments 1to 5 for the
event of 5 November, 1993based on the proportionalloss method, whilst Figures 20 and
21 show the same based on the loss rate method.

Figures 22 and 23 show thc calibration inflow hydrographs from catchments 1 to 5 for
the event of 22 July, 1994based on the percentagerunoff method, whilst Figures 24 and
25 show the same based on the loss rate method.

For the November, 1993 event, the peak flows forcatchment 1 are 117 m'sd from the
percentage runoff method and 120 m3s' from the loss rate method. These compare
favourably with the lower estimate of the peak flowat the irrigation weir. For the July,
1994 event, the peak flows for catchment 1 are 85 m's' from thc percentage runoff
method and 86 m's' from the loss rate method, andthese arc exactly the same as the peak
flow estimated at the irrigation weir. In view of thegood reproduction of the estimated
observed flows, no further adjustment of the hydrolouical model was carried out.

3.4 Generation of design event flows

The design event inflows are generated in the same way as the calibration event inflows,
except that whereas the calibration flows were derived from observed rainfall events, the
design flows are derived from synthetic, design rainfall events.

3.4.1 Design rainfalls

Lam & Leung (1994) provideextreme depths of rainfallcorresponding to various return

periods for 120 Headquarters in Kowloon, Yuen LongRG Filters, Tai Po Tau Treatment

Works and Tai Lung Farm. It is the first two of these raingaugcs which are of most
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interest to the current study. For RO Headquarters figures are given for durations
between 15seconds and 31 days, whilst for Yuen Long RG Filters figures are given for
durationsbetween 15 minutes and 31 days. The results are derived from annual maxima
data, 100years from RO Headquarters, but only 11 years from Yuen Long RG Filters.
The lowest return period for which resultsare given is twoyears, andthe highest is 1000
yearS.

There appears to be no great merit in analysing significant historical events from the

autographic raingauge charts available at No17 Yuen Long RG Filters within the short
time-scale of the current study since 120 have recently published the results of such
analysis for the period 1981-90(Lam & Leung, 1994).Furthermoreit is unclear how the
results of such a study might be used in deriving flood estimates of required return
periods. Experience shows that the most sensible design flood estimates are produced
using generalised storm profiles, such as those derived by RO. Such a design storm
profile is likely to be somewhat more peaky than most historicallyobserved storms, but
this yields conservative, or safe, peak flood estimates.

The objective of the current study was to generate design flows from rainfalls of return
periods2, 10,50 and 200 years. In order to determine the critical design storm duration.
a selectionof durations i.e. 1,2, 4 and 6 hours, were chosen. In linewith the calibration
rainfall data, the design rainfall data again used a time interval of 5 minutes.

Lam & Leung's results for Yuen Long RG Filters were plotted upon log-log paper as
depth-durationcurves for particular returnperiods,as shown in Figure26. The 5-minute
rainfallstatistics for Yuen Long RG Filterswere derived by extrapolating the lines back
to a duration of 5-minutes. The equations fitted to the lines for the specified return
periods were:

2-yr log Depth = 0.5233 log Duration + 0.7863 R2 = 0.9976

The resultswere replotted as depth-frequency curves for particular durations, including
the 5-minute duration, as shown in Figure 27.

The equations were then used to derive the rainfallprofiles for the four return periods for

storm durationsof I, 2, 4 and 6 hours. These are tabulated in Table8, together with the
correspondingfigures from 120Ileadquarters, and it can be seen thatthe results derived
by the current study tend to be on the conservative side. For instance, for the design
storms of duration 4-hours, the derived results are 7 % lower than RO for the 2-year
event, but 10%, 13% and 14% higher for the 10, 50 and 200 yearevents respectively.
Adopting the derived results. rather than those for RO. introduces a small safety factor
into the design flood estimates.
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10-yr log Depth = 0.6669 log Duration + 0.7229 R2 = 0.9997

50-yr log Depth = 0.7255 log Duration + 0.7341 122= 0.9998

200-yr log Depth - 0.7568 log Duration + 0.7554 R2 = 0.9998
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3.4.2 Design flows

In ordcr to dettrmine the critical duration, it was necessary to compare the design
hydrographs derived from storms of various durations. Figure 28 shows the 2-year
design inflow hydrographs for catchment I derived from storms of I, 2, 4 and 6 hours
duation, and it is clear that beyond the 2-hr duration there is very little difference in
catchment response, apart from the length of the "shoulders"on the hydrograph, during
which time the catchrnent will wet-up. Therefore, a design duration of 4-hr was chosen
in order to incorporate the central peak, but also allow a reasonable wetting-up period.

Inflow hydrographs for each of the five main subcatchments were derived for the four
design events. In each case, the 4-hr design rainfallprofiles were convoluted with the
unit hydrograph and losses model based on the calibrated model parameters to produce
the design event inflows. The flows for subeatchments 6 and 7 were then scaled from
that for subcatchment 5 on the basis of area. Figures29 to 33 show the design inflow
hydrographs from catchments I to 5 for return periodsof 2, 10, 50 and 200 years based
on the percentage runoff method.

4 HYDRAULIC MODELLING

4.1 Selection of hydraulic model

The requirements for the computational hydraulic model are as follows:

simulation of steady state and unsteady openchannel sub and super critical flow
using fixed boundary hydraulics;

simulation of in-channel structures includingweirs, bridges and culverts;

simulation of energy losses at channel constrictions and expansions;

simulation of super-elevation and energy loss at bends and formation of cross
waves;

explicit representation of out-of-bank flow including spilling to and from the
channel, storage on the floodplainand longitudinal flowalong the floodplain;and

simulation of looped and dendritic networks.

Selection of a single computational hydraulic model which has the full functionality
identified above is not possible as no such model is currently commercially available.
There are a number of commerciallyavailable rivermodelling packageswhich can satisfy
many of the above requirements and of these MIKEI I could be considercd the most
prominent due to its application in other similar studies in Hong Kong. Unfortunately
MIKEI I is not suitable for this study because of itwill automatically add Preissmann's
slots to prevent the flow becomingsuper-ctitical:Tlie:thef has do control over this feature
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which can lead to significantincreasesin the model flowarea at a given section and thus

an over estimate of the channelconveyance. Instead it is recommended that ISIS, the 1-
dimensional computation river model developed by the HR Wallingford / HALCROW

joint venture, is adopted for the study. ISIS will representall the abovehydraulic features
except super-elevation at bends and the formation of cross waves. Calculation of the

magnitude of these phenomena will be undertaken outside the programbut included in
the simulations by using the software'suser defined headloss featureor by increasing the
channel roughness coefficients.

4.1.1 Description of ISIS

ISIS is a system for simulating flow and water quality in canals, rivers and estuaries
which has been developed as ajoint venture between H R Wallingfordand Sir William

Halcrow & Partners. ISIS combines the skills and experience of boththese organisations
to offer proven hydraulicand water quality modelling capabilitieswith a state of the art
user environment. ISIS is derived from the SALMON and ONDAhydraulic and watcr
quality engines and benefits from three decades of development andapplication on both


simple and complex open channel systems throughout the world.

The hydrodynamic module, used in this study, employs the Saint-Venant Equations for
shallow water open channel flow reduced to 1-Dimension whichare as follows:

the conservation of mass or continuity equation;

3Q aA

	

ax ' q
Eqn (9)

•
where Q is flow in al.'s ', A is cross-sectional area in m=,q is the lateral inflow in m=s.',
x is the longitudinal channel distance in m and t is the time in seconds

and the momentum conservation or dynamic equation;

1110 aQ a pQ2
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 q 2 cos a • 0 Eqn (10)

where 14is the water surfaceelevation above datum in m, p is themomentum correction

coefficient, a is the angle of inflow and K is the channel conveyance calculated from:

•
4

_ A 2123 Eqn (11)
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where n is the Manning'sroughness coefficient: R is the hydraulic radius (A/P) and P is
the wetted perimeter.
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Thus the stage is assumed to be constant across a given section and the velocity is
assumed to be constant acrossa particular section andthrough its depth. The system uses
the Preissmann four-point implicit finitedifferenceschemeto solve the channel equations
and the matrix is inverted using a powerful sparse matrix solver.

The4oftware includes a wide range of standard hydraulicunitsto model differing channel
features. The selection of units to represent the key features of the Hung Shui Kiu
channel is discussed later.

4.1.2 Data sources

The basic topographic data for the channel and the dimensions of the hydraulically
significant structures has been taken from the as built drawings supplied by DSD and
HyD. The hydrological inputs to the model were derivedfromobserved rainfall profiles.
converted to discharge hydrographs using the rainfallrunoff model described in Chapter
3. The channel roughness coefficients, structure discharge coefficients and headloss
coefficients were derived by a combination of observations of the condition of the
channel, theoretical values and calibration of the modelagainst the historical flood events
of 5 November, 1993 and 22 July, 1994

4.1.3 Model schematic

The hydrodynamic model extends from downstream of the irrigation weir to the river
gauge at Shek Po Tsuen. A total of 99 hydraulic units(or nodes) were used to represent
the channel features including: river cross-sections. inflows, Bernoulli headloss units.
conduit unit spills and boundary conditions. The upstream boundary condition was
provided by the discharge hydrographs generated forsubcatchment 1by the hydrological
model. The downstream boundary condition wasprovided by thc telemetered stage
hydrographs at Shek Po Tsuen for the calibration events, supplied by DSD. For the
design events the water levels at Shek Po Tsuen willnot be known so a stage discharge
rating curve has been developed at Shek Po Isuen, based on the results of the calibration
exercise and conveyance properties of the trapezoidalchannel. Figure 61 gives a copy
of the rating curve used for all the design events. the hydraulic model uses this curve
to calculate the water level at the downstream basedon the discharge at any particular
time step during the simulation.

The general cross-sections were taken from sections 1 - 15 of the as built drawings.
Unfortunately, thesc were not at the required locationsto identify all the hydraulically
significant features of the channel so addition sections were created based on these but
with the elevations modified according to the channelslope. The as built sections do not
extend to limits of the out-of-bank areas inundated during the past flood events so these
were extended using the available contour and spotheight information on the as built
drawings. This was to ensure that any attenuation due to storage effects and the
conveyance of the out-of-bank areas were includedwithinthe model. Thus for model test
of situations where the out-of-bank areas are separated from the channel by the metal
railings, a single computation unit was used to describeboth channel and floodplain. The
available storage, in both the channel and floodplain,was determined by multiplying the
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average cross-sectional area at adjacent sections, for a given depth, by the distance
between them. Figures 62 to 65 give some sample cross-sections used in the hydraulic
model. For situations where the metal railings are replaced by a concrete wall the
channel and floodplainwere representedby separatecomputationalunits. In this case the
channel cross-sections were truncated at the top of the concrete wall and the floodplain
was—representedby reservoir units. The flow between the channel and floodplain was
then modelled using spill unitswhich treat the top of the wall as a variable crested weir.
The floodplain reservoirunits were linkedtogetherusing spill unitsto allow flow to pass
along the floodplain.

The footbridges and vehicular bridge were included within the model as BERNOULLI

HEADLOSS UNITs.This unit calculatesthe headloss according to Bernoulli's equation:

Q2 12721)

A;Al
112

Eqn (12)

where h, and h2 arc the upstream and downstream water levels, A, and A2 are the
upstream and downstream flowareas, Q is the dischargeand K112,is the loss coefficient
for forward or reverse flow.

The loss coefficients were set to zero for stages below the bridge soffits to ensure no-
headloss occurred until each bridge was surcharged.It is not possible to select a standard
loss coefficient for the bridgesonce surchargedbecause of the complicated flow through
the hand rails and around the bridges. Thus these coefficients have been treated as
additional calibrationparameters. The general layoutof the model is shown in Figure 34.

4.1.4 Representation of the channel transitions

Three significantchannel transitionsoccur with the reach of interest: the transition from
the steep trapezoidalchannel under the TM-YL Highway to the 5.5 m wide rectangular
channel (inlet bay); the transition from the 5.5 m wide rectangular channel to the 5.5 m
base width trapezoidalchannel(T1); and the transition from the trapezoidalchannel back
to a rectangularchannelon the approach to the Castle Peak Road Culverts (11). It is quite
obvious, particularly for lower discharges, that the flow at the inlet to the rectangular
channel is super-critical. Thus this transition has been modelled using a SPILL UNIT.
The SPILL UNIT calculates the flow over a "jagged" weir, in this case a cross-section
of the wing walls and channel bed at the end of the steep, trapezoidal channel. The unit
supports free and drowned flow in both the forward and reverse direction by integrating
the weir flow equation over each segment of the cross-section. A detailed description of
this method can be found in Evans & von Lany (1983). The user must specify a
discharge coefficient and the drowning ratio for the unit. Again no standard values are
readily available for such an arrangementso thesecoefficients weretreated as calibration
parameters.
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The effects of transitions T I and T2 are accommodated in the normal solution of the
Saint-Venant Equations. Ilowever, additional cross-sections were introduced at each
transition to ensure that the change incross-sectionalarea between adjacentnodes did not
exceed the model stability requirements.

4.1.5 Channel maintenance.access ramps

There are two channel maintenanceaccess ramps whichenter the rectangularreach of the
Hung Shui Kiu Channel. The first, at chainage 89.0m, enters from the right bank along
with the Tan Kwai Tsuen Channel and discussed later. The second (ARI ) enters from
the lefl bank at chainage 564.0 m and is a cause of considerable concern.

The ramp is aligned parallel to the channel and thedownward slope is from downstream
to upstream. Immediately upstreamof the end of theramp the channel has been widened
by some 5.5 m to allow maintenance vehicles to manoeuvre off the end of the ramp.
Unfortunately, this widening occurs on the left bankat the exit of the sharp right hand
bend at chainage 468.0 m. At channel bends the highervelocity flow moves away from
the centre and tends to follow the outer bank of thechannel. The flow around bends is
discussed in greater detail in the followingsection but of significance here is the fact the
high velocity flow will directedon the access ramp. As the ramp rises out of the channel
it will force the flow sharply to the left, back into the main channel.

This rapid change in the direction of flow will not only require a considerable force,
introducing an additional energy loss, but will also introduce excessive turbulence, flow
separation and recirculation. These phenomena willfUrthercontribute to the energy loss
caused by the access ramp.

Site visits to the channel revealed significant sediment and trash deposits on the right
(inside) half of the channel bed at the exit from the bend and also at the left side of the
channel adjacent to the end of the access ramp. Thesedeposits indicate lower velocities
than in other parts of the channel and support the theory that flow separation and
recirculation is occurring. During the second site visit with DSD, representatives of the
Local Board, the residents and Legco Members, the separation and recirculation was
clearly observed when a passing truck splashed muddy water into the channel just
upstream of the bend. Householders living on the right bank opposite the access ramp
also reported that during the flood events the flow wasdirected back across the channel,
over the right bank and into their homes by the access ramp.

These phenomena are truly 3-dimensional and cannotbe represented explicitly within a
I-dimensional model. However, their elects ic energy loss, can be included by
artificially raising the roughness coefficient employed in this reach. There are no easy
theoretical methods for determining what this increase should be. However, there is a
flood mark on the left bank immediately upstreamforthe bend, recorded during the July,
1994 event, which was used to select the Manning'sn durinu the calibration exercise.
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4.1.6 Energy loss at bends

Ibis section describes some detailed investigations of the energy loss at bends. It has
been included to provide justification for the rather high values of Manning's n used in
the hydraulic model.

Channel bends introduce a transverse velocity component in addition to the major
velocity component normal to the channel cross-section. These transverse velocities
result in secondaryflow in the plane of the cross-scctionas illustratedin Figure 35. These
secondary currents are mainly due to:

frictionon the channel walls, which causeshigher velocitiesnear the centre of the
channel than those near the channel walls;

the centrifugal force which deflects the particles of water from the straight-line
motion;

a vertical velocity distribution which exists in the approach channel and thus
initiates spiral motion in thc flow; and

in sharp bends, the separation of the flow and the formation of eddy zones.

This complex flow pattern introduces additional turbulence in theflow which cause an
additionalenergy loss above that which would be expected in a straightchannel. These.
transversecurrents do not decay instantly as the channel straightens but may persist for
some distancedownstream.This may also increase energy loss inthe downstream reach.
A number of studies have been carried out to investigate the impactof bends on flow
resistanceusing a combination theoretical calculations, experimentaltesting and analysis.
of fielddata. In each of these studies the total energy over a channelreach may expressed
in terms of the velocity head of the flow such that:

Eqn (l3)

where 111is the head loss, V is the mean velocity and f is the resistance.

For channel reaches with bends f may he considered to have two components f„ the
resistance due the channel bed and bank roughness, and fb, the additional resistance
caused by the bend. The coefficient f may be related to the Manning's roughness
coefficient by the following:

n •
f R: Eqn (14)
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Two of these methods have been applied to the HungShui Kiu Channel to gain an insight
into the potential energy losses at the four most severebends in the rectanQularchannel.
The geometric properties of these four bends are given in Table 9,

Leopold, Bagnold, Wolman & Brush - 1960.
MID

Leopold el a/.(1960) investigated the effect of channel bends by comparing flow in
flumes with straight and sinuouschannels.The effectof varying the followingparameters
was investigated:

depth - two flow depths were used giving aspectratios (surface flow width/depth)
of 7 and 5.5;

meander wavelength and amplitude; and

slope.

Leopold a aL showed that for low Froude numbers the increase in resistance due to
channel curvature is linearly related to the width tocurvature ratio, B/rewhere B is the
surface width of the flow and r, is the radiusof curvatureof the centre line of the channel.
This relationship is reproduced in Figure 36 whichcompares the ratio fb/f,with the ratio
B/r„ wherefb is the energy loss associatedwith thechannel bend and f is normal energy
loss associated with a similar straight channel. Initialexamination of Figure 36 using the
values of B/r1 for the four bends given in Table 9 suggests that there should be no
significant additional energy loss at any of the fourbends. However, further work by
Leopold a al. suggests that at Froude numbers abovea critical threshold the increase in
resistance is significantly greater than that predicted by the linear relationship. The
critical Froude number, Fc, for a particular channelmay be predicted by the following
equation:

2

g12113
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2 r,
Eqn (15)

The critical Froude numbers for each of the four bends as well as the Froude number
associated with the design flow are given in Table9 and from this it can be seen that
although the Froude number for the desMnflow ismarginallyless than the critical Froude
numbers for each bend, those experienced during the two recent flood events are
significantly above the critical threshold. Leopoldel at considered a dimensionless
factor which accounted for the additional energy loss experienced for flows above the
critical Froude number but unfortunately it is not clear how this factor is used to
determine a modified roughness coefficient. However this work does indicate the
potential for significantly greater energy losses to occurat the channel bends than would
be predicted using standard roughness values.
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Toebes & Sooky - 1967

Toebes & Sooky undertook an experimental comparison of straight and meandering
channels and arrived at similarconclusions to Leopold et al., that theenergy loss at bends
is linear up to a critical Froude number after which significant additionalenergy losses
occur. However, the linear relationship derived by Toebes & Sookyis based solely on
the hydraulic radius R and is as follows:

= 2.1 f, R Eqn (16)

Where R is the hydraulic radius in feet.

Using Eqn (16) and the design values of depth area and Manning'sn, an estimate of ft,for
the four most severe bends can made and from this, a modified value of Manning's n
determined.These results are given in Table 10in addition to a comparisonof the design
headloss around the bend with that predicted by the modified valueof Manning's n. This
suggests that the total headloss around the bends may well be inexcess of 5.0 m rather
than just under 0.5 m as assumed in the oriuinal design.

Again Toebes & Sooky identified that above a critical threshold the energy losses
increased above those predicted by the linear relationship. For all thc experiments
undertaken by Toebes & Sooky the critical Froude number occurredat slopes of 0.003
ie approximately the same slope as that of the Hung Shui Kiu Channel.This agrees with."
the estimate of Fe calculated according to Leopold et al and indicatesthat the energy
losses could be higher than those calculated using the linear relationship.

Summary

Although the two approachesdescribedabove agree on the broad conceptsof energy loss
at bends, they do not give similar estimates for the expected additionalenergy for the
geometric configurations bends of the Hunu Shui Kiu Channel. In general Leopold et
al's method is preferred because it is simple to use and the geometries of their
experimental channels are similar to those found in natural rivers. Toebes & Sooky's
work is not preferred as a method for estimating energy losses in natural channels
because the slopes and aspect ratios used in their experiments arenot normally found in
natural channels. However, they are similar to the characteristics of the Hung Shui Kiu
Channel and it is therefbre appropriate to consider their work in this study. Thus the
modified estimates of Manning's n Eiven in Table 10 were used as the initial estimates
in the hydraulicmodel. These estimates were then refined by calibrationagainst observed
water levels from the 1993 and 1994 flood events (discussed later).

4.1.7 Tributary and highway inflows

The hydrological investigations have revealed there are six tributary inflows to Hung
Shui Kiu Channel in addition to the main inflow over the irrigationweir (sub-catchments
2-7 as shown on Figure 6). Of these. the inflows from sub-catchments 2, 5, 6 and 7 are
believed to have no significant effect on water levels in the channel other than that
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associated with the increase in the channel flow. As such these have been treated as

discrete inflows. This reflects the presence of a number of drainage outfalls in the banks

of the channel. Inflows from catchment 2 were modelled as a discrete inflow entering

the steep trapezoidal channel under the TM-YL highway via the pipe culverts on the right

bank. The inflow from catchment 5 was divided equally between the two outfalls on the

right bank at approximately chainages 402 in and 1324m. No data on the location of the

outfalls for catchments 6 and 7 were available and no evidence of any outfalls on the left

bank was found during the site visits. Thus theseinflows were modelled as discrete

inflows entering the channel downstream of the Castle Peak Road culverts.

The two that may have some addition impact arethe highway runoff, sub-catchment 4

which enters on the right bank just downstream of the TM-YL Highway bridge, and the

inflow from the Tan Kwai Tsuen Channel, sub-catchment 3 which enters from the right

bank at chainage 89.0 m.

Although these inflows are small in comparison to the main channel flow, they may

cause turbulence and loss of momentum as the flow direction changes on entering the

main channel. In the case of the highway inflow, theoutfall into the channel includes an

array of baffles, designed to reduce the energy of the inflow and avoid significant

disturbance of the main channel flow. Given this, andthe fact that there is ample channel

capacity at the location of the inflow, no further energy loss was included in the model

for this inflow.

As mentioned previously, the Tan Kwai Isuen Channeljoins the Hung Shui Kiu Channel

at the same location as the first access ramp. The totalwidth of the combined channel and

access ramp is some 9.0 m, significantly wider than the main channel, and is almost

perpendicular to the orientation of the main channel. This may lead to two potential

sources of energy loss. Firstly, high velocity flow from the tributary may enter the main

channel unchecked causing significant turbulence and secondary currents. Secondly,

flow from the main channel may expand into the entrance to the tributary inducing flow

separation and recirculation. Both occurrences arelikel y to result in higher energy losses

than would be expected from solely considering thechannel roughness.

The site visits revealed that a sizable mound of sediment and trash had accumulated at

the entrance to the tributary. The residents stated that the mound was much larger but

local people had been removing the sand for their own use. The presence of the

sediments and trash confirms that there is some reduction in the flow velocities at this

location, possibly due to recirculation. Discussions with the residents also revealed that

there was much turbulence at this location during thetwo flood events and they believed

that this was the location where the water level first rose above the bank top level. Thus

a BERNOULLI HEAD LOSS unit was included in the model to simulate these additional

energy losses. The loss coefficients were treated ascalibration parameters and determined

by comparison of the model results with observed levels recorded during the July, 1994

flood event.
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4.1.8 Effects of sediment and blockage

The effects of sediment and blockage of the channel by rocks and trash is difficult to
assess with knowledge of the size and concentration of the actual particles being
transported. The Hung Shui Hang Reservoir and the irrigation weir, immediately
upstrnm of the rectangularchannel, could be expectedto trap significant proportions of
mobile material and reduce potential problems downstream. However, the villages and
DSD have reported large boulders moving down the channel during the flood events
which will have had some impact on the hydraulicperformanceofthe channel. The site
inspections have revealed some build up of sediments and trash, particularly at the
channel expansions for the access ramp and tributaryconfluenceandon the inside of the
channel bends. Unfortunately, it is not possible to make any clearjudgements as this
limited information might affect the value of Manning's n for the channels. Thus the
approach adopted in this study has been to treat the Manning's n as an all embracing
energy losscoefficient. By selecting n with referenceto the performanceof the channel
during the 1993 and 1994 flood events it may be assumed that additional losses due to
sediment and blockage have been accounted for.

During thc 1994event a truck was washed into the channeland becamewedge upstream
of a footbridge. This undoubtably caused a major blockage and will have significantly
raised water levels immediately upstream. Unfortunatelyno information is available as•
to the time that this occurred so it is not possible to assess whether this incident
influenced maximum water levels. However, the blockage caused by the truck can not
be considered a cause of the flooding as water levels musthave beensignificantly above
bank top to be able to wash the truck into the channel.

4.1.9 Modelling of Castle Peak Road culverts

The Hung Shui Kiu Channel passes under Castle Peak Road through two parallel 4.0 m
wide box culverts. The upstream entry to the culverts includes a transition from the 5.5
m base width trapezoidal channel to a rectangular channel which has been discussed
earlier. These have been modelled using a CONDUITunit,designed for closed conduits,
which incorporates full solution of the Saint-Venant Equations. Pressurised, or
surcharged, flow is accommodated by the model introducing an infinitesimally thin,
frictionless slot in the soffit of the culvert. These means that the water level calculated
by the program becomes the piczometric level but the conduit area and conveyance
remain unchanged.

4.2 Simulation of historic events

Two historic flood events were simulated as partof the model calibrationand verification
process. The calibration parametersdiscussed above wereadjustedto fine tune the model
such that it closely reproduced the observed water level data for each of the two events.
No calibration criteria were specified in the Study Brief but it is common practice to try
and match the observed water levels to within h-/-0.300 m. This standard was discussed
with DSD and has been adopted fin the calibration of the hydraulic model of the Hung
Shui Kiu Channel.
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4.2.1 The 22 July, 1994 event

There was much more observeddata for the 22 July,1994 floodthus this was used as the
principle calibration event. The first estimates of the various calibration parameters
discussed above were adjustedto enable the model toreproduce the observed water levels
at six locations along the rectangular, to within the required calibration limits. The
observed levels were taken from the flood marks provided by DSD and these were
assumed to be the maximum water levels that occurredduring the event. Table 11 gives

a comparison of the maxima simulated by the modelwith the observed maximum water
levels.

All the observations are within the calibration toleranceof +/-0.3 m, the maximum being
-0.25 m, the mean is -0.10 m and the standard deviation of the errors is 0.12 m. The
Manning's n values used to achieve these results aregiven in Table 12and the headloss
coefficients for the bridges and the junction with theTan KwaiTsuen Channel are given
in Table 13. A long profileof the maximum and minimum water levels for the event is
given in Figure 37.

4.2.2 The 5 November, 1993 event

Only one flood mark was observed within the limits of the hydraulic model for 5
November, 1993 so it was of little use in calibratingthe model.The event was simulated
using the calibration parametersdetermined using the22 July, 1994 event and the results
are given in Table 14. Withoutthe need for any furtheradjustment the model reproduced
the one observed level with an error of 0.06 m, wellwithin the calibration tolerance. A
long profile of the maximum and minimum water levels for the 5 November event is
given in Figure 38. The villagersobserved that thechannel was approximately bankfull
at 08:00 hrs but that the water level rose by 1.5 ni between 08:00 and 08:10. These

observations must be treated with caution because they are based on a visual assessment,
no actual measurements of water levelswere taken,and the exact times of the observation
can not be verified. Figure 67 gives the stage hydrograph at node hskc03 for the
November, 1993 event and shows that the model predicated the water level to be
approximately 0.2 m above bank top at 08:00, risingto about 0.75 m above bank top by
08:00. The water level continues to rise very rapidly reaching 1.5 m above bank top at
about 08:20. Although this does not exactly recreate the observations made by the
villagers, which are themselves questionable, the model does simulate the extremely
rapid increase in water level which occurred at about08:00 and this is perhaps further
evidence to support the choice of hydrological and hydraulic parameters used in this
study.

4.2.3 Discussion of the calibration

The generally good fit between the model predictionsand the observations taken durinu
the 1993 and 1994 flood events suguests that high levelof confidence might be attached
to the accuracy of the model. However, in an ideal modelling study much more
calibration data would be required to allow independent verification of the selected
calibration parameters. Both calibration events have only. offered observations of
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maximumwater levels, in situationswherethe channel has been dramaticallyovertopped.
Thus it has not been possible to separate the effects of various sources of energy loss
other than by using the Engineer'sjudgement. Ideally an inbank eventshould have been
used to determine the inbank roughnesscoefficients and the energy loss induced by the
channel bends. 'Die two out-of-bank events would then have been used solely to
detewninethe out-of-bank calibration parameters. •

Unfortunately, observations for an inbank event were not available at the time of this
study so the division of energy losses between inbank and out-of-bank phenomena has
not beenverified. Whilst accepting that the calibrated model now offers the best way of
examining future engineering works on the Hung Shui Kiu Channel, it is recommended
that additionalwater level data is collectedfor future in and out-of-bankevents to enable
the calibration to be verified and confidence in the model results improved.

The Consultants recommend that five temporary water level recordsare to be installed
along thc existing rectangular channel. These should be at the followinglocations:

(i) the confluence with the Tan Kwai Isuen Channel

(ii) upstream of bend 2

(iii) between downstream of the access ramp (AR I) and bend3

upstream of bend 4

downstream of bend 4 at the start of the channel transition.

Data from the first gauge will provide more information about the energy losses
occurringat the confluence. Difference in the water levels measured between gauges 4
and 5 will provide an improved assessmentof the eneruy loss aroundbend 4. Similarly
differencebetween levels at gauges 3 and4 will provide a better assessmentof the energy
lossat bend 3. This may also be used to relateenergy loss to bend radius and thus enable
more confident predictions to made for the energy loss associated with bend I and 2.
Gauges 2 and 3 , along with new estimates for the energy loss forbend 2 will provide
further information on the impact of the access ramp (AR 1).

These gauges should be installed before the 1995monsoon seasonand remain in place
for at least one monsoon or until at least three reasonably large events have been
recorded. A reasonably large event might be one during which the water level in the
channel exceeds 2 m. Ideally the gauges should record the water level at intervals of no
more than 5 minutes over a range of channel depths from say 1mto 4.6m. Continuing
to record the water level once the flow is out of bank will provide useful calibration data
for the flood plain roughness coefficients

•
•
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•
•4.3 Simulation of the design events.

The design inflows for the 1 in 2, 10, 50 and 200 year rainfall events determined during •
the hydrological study were simulated using the calibrated hydraulic model. Tables 17

to 20 give the model results for each event and Figures41 to 44 show the maximum and

•mictimum water level profiles for each event. Theseshow that for even the 1 in 2 year
event, the rectangular channel will be overtopped, the most serious flooding occurring
between the upstream limit and the junction withthe Tan Kwai Tsuen Channel. The •

depth of flooding (negative freeboard) gets progressively worse for the 1 in 10, 50 and
100year events. It is interesting to note that thereis only minor flooding, 0.29 m deep,

•from the trapezoidal channel, occurring immediatelydownstream of the transition from
the rectangular channel. The over topping at the downstream boundary may be due to
errors in the rating curve but it is encouraging to sec that this does not propagate
upstream and thus should have no impact on the water levels in the area of interest.

•It is obvious that the original design is not performing to the desired standard and some
remedial measures are required to improve the levelof protection against floodingoffered
to the surrounding properties. •

•5 RECOMMENDATIONS FOR REMEDIAL MEASURES

5.1 Review of the original channel design

5.1.1 Design assumptions and method
•

The design assumption for the original channel arecontained within calculation sheets
(DSD, 1985 onwards) and were as follows: •

I.	 Storage effects of the Lam Tei Reservoirs and the irrigation dams atIlung Shui

Kiu are neglected;

The Bransby -William's equation was adoptedfor the determination of the times •

of entry in to the lined concrete channels. Thevelocity of the flow was assumed
to be 2 rime'in estimating the time of travelalong the lined concrete channels;

The Rational Method was used to estimate runoff quantities;
•

Extreme depths corresponding to rainfall of various return periods were

abstracted for Table II of the RO TechnicalNote No 58;

•

The runoff coefficient for the urban and future development (upgrading) areas
was assumed to be 1.0; 0
The runoff coefficient for the Agricultural Priority Areas (APA) and the
 •Countryside Conservation Area (CCA) wasassumed to be 0.6;

•
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The runoff coefficient for the land bank area within the Tin Shui Wai
landholdings was assumed to be 0.6;

• The Manning's n roughness for the concrete channel andthe box culverts was
assumed to be 0.015 and the Manning's formula was usedto size the channels;

_ and

9. The freeboard will be a minimum of 300 mm above the flood levels of the
relevant design storm:

5.1.2 Discussion of the design parameters

The use of a Manning'sn of 0.015 in the desien of the rectangularchannel has been based
on the flow resistance expected from the channel bed and sides. Recommended values
of Manning's for concrete channels fall between 0.011 and 0.020 depending on the
quality of the finish to the concrete surface (Chow, 1959). For smooth finishes such as
that of thc Hung Shui Kiu Channel the ranee is given as 0.013 to 0.017. Given the
potential for sediments and trash to build up in the channel and the possibility of
additional resistancecaused by the joints in the channel segments itmight be argued that
the upper value of 0.017 should be selected but otherwise thc valueof 0.015 appears a
reasonable. However, bed and bank resistance are not the only source of resistance to
flow. Vegetation,channel irregularity,obstructions and the channelalignment may also
have an impact on the flow resistancewhich can be accounted forbymodifying the value
of Manning's n (USSCS, 1963).The US Soil ConservationServicesuggest the following
procedure for determining the modified value of Manning's n.

Select the basic valueof Manning's n based on the nature of the channel bed and
banks, in this case 0.017.

Determinc any modification required to account for vegetation, in this none as
there is no evidence of vegetation growth in the rectangularchannel.

3. Determineany modificationrequired for channel irregularey. The USSCS offers
three classifications: changes in size and shape occurring gradually; large and
small sections alternating occasionally or shape changes causing occasional
shifting of the main flow from side to side; and large and small sections
alternating frequentlyor shape changes causing frequentshiftingof the main flow
from side to side. Of these classifications the second is perhaps the most
representative of the rectangular channel for which a modifyingvalue of 0.005
is offered.

4 Determine any modification required for obstructions. Thesmooth sides to the
channel and the clear span of the bridees suggest that thereis unlikely to be any
significant blockage of the channel (neglecting the possibility of a truck being
washed in to it). 'Fheminor build up of sediment and trashhas been considered
in the selection of the basic Manninu's n therefore no further modification is
required.
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Modification for channel alignment. The effect of bends has been discussed in
detail earlier. Ilowever, the USSCS offersa furthermethod for accounting for the
energy loss at bends, based on the ration ofmeander length to straight line length
of the channel. Three classifications are offered,minor, appreciable and severe.
The meander length of the Hung Shui KiuChannel is 863.0 m and the straight
line length is 670.0 m, giving a ration of 1.29. This suggests that the effects of
the channel alignment will be "appreciable"and a modifying value of 0.15 n' is
offered, where n' is the sum of the basic n andall the previous modifying values.
Thus the modifying value for channel alignment is 0.0033

The final value a Manning's n is found by summing the basic values and the
modified values, giving at total n of 0.0253

Substituting this value of n into Manning's equationfor the design discharge of 76.0 nr's.'

gives a depth of 4.29 m, considerably higher thanthe 3.6 m depth of the as built channel.

The original design flow was simulated using the calibratedhydraulic model. The results
are tabulated in Table 15and the water level profileis given in Figure 39. This shows that
the rectangular channel would be overtopped by some0.6 to 0.8 m for virtually its whole
length. Figure 40 and Table 16give the results fora steady flow of 41.25 m3s-'. In this
case the flow is entirely with in the channel, with a minimum freeboard of 0.02 m. Thus
the actual channel capacity is only some 54% of thedesign value. The reasons for this
reduction in capacity are the additional energy lossesassociated with the channel bends,
the access ramp and the junction with the Tan KwaiTsuen Channel.

5.1.3 Causes of the flooding

There appear to have been three contributing factorsto die recent flood experienced from
the Hung Shui Kiu Channel. Firstly, the return.period of the rainfall for both the
November, 1993and July, 1994events was greaterthan the 1in 10 year return period for
which the channel was designed. The November. 1993event rainfall had a return period
of approximately 1 in 13years and the July. 1994eventwas approximately 1 in 13years
based on peak intensity or 1 in 38 years based ontotal rainfall. The severe flooding in
November 1993was largelythe result of a very rareshort duration storm, with the central
one hour core rainfall having a return period of about 136 years. Since the catchment is
very sensitive to storms of one hour upwards, the high observed flood levels should be
expected following such rainfall. For the July 1994event, flooding was the result of a
more sustained storm having three separate sub-storms nested within the overall storm
which lasted almost 15 hours. The peak rainfall intensitiesof these sub-storms IAas not
as extreme as those experienced during the November1993event, with average one hour
storms having a return period of only about 14 years. However, the overall storm had a
return period of almost 40 years, and so again the observed flooding was inevitable. In
both cases, the designed channel capacity was exceeded,hut for different reasons. The
November 1993 event resulted from a single shortduration high intensity rainstorm,
whilst that on July 1994was caused by a prolonged,three peaked rainstorm such that the
channel capacity was exceeded by proloneed andrecurring flood runoff.
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The second contributing factor to the flooding was the higher than expected runoff

observedduringboth events. The runoff coefficientsdeterminedduringthe hydrological

study arc some 30% higher than those used in the original design. Thus the I in 10 year

flow is now estimatedto be 95 rnis at the upstreamlimit of the rectangularchannel and

I04 m3s-'downstream of the junction with the Tan Kwai Tsuen Channel instead of 70

m's.Land 76 m's-' respectively.

The third contributing factor was the lower than expected capacity of the rectangular

channel. Energyloss from the bends and access ramps has reducedthe channel capacity
from the 76 m3s1determined during the original design to approximately 41 m1/41.

Assessmentof the impact of energy loss at bends and changes in the channel geometry,

such as those at access ramps can not be easily undertakenwithout using a sophisticated

hydrodynamic model such as the one used in this study. Thus modelling should be

adopted as part of DSD design procedures for all but the most simple,straight channels.

There is a suggestion from some of the local residents that someof the flooding was
caused by overtopping of a water supply reservoir somewhere near Chung Uk Tsuen.

This reservoir is supposedly supplied from the Tai Lam Chung Reservoir. The

Consultantscan find no evidence of this reservoiron any of the aerialphotographs of the

area, nor any knowledgeof such a reservoir within WSD, and thusreject the suggestion

that there wasany significantcontribution to the past flooding fromwater supply sources:

5.2 Review of the existing remedial measures

The calibratedhydraulicmodel was Updatedto include the remedialmeasures undertaken

by DSD. The introduction of the syphons at the Hung Shui Hangreservoir and at the

irrigationweir will have little impact because the volumes of storagecreated by these are

insignificantin comparison to the total volume of runoff. 'thus theywere not modelled.

Thecross-sectionsbetween the upstream limit of the rectangular channeland downstream

of the Tan KwaiTsuen Channel were truncatedat the channel limitsand the banks raised

by 1.0 m to represent replacement of the railings with the concrete wall. The loss unit
representing the first footbridge was updated to reflect the raising of the bridge soffit.

The left and right floodplainwere modelled as reservoirunits, the leftbank draining back

into the channeldownstream of the end of the concretewall and rightbank draining into
the junction with the Tan Kwai Tsuen Channel.

The 1 in 2. 10, 50 and 200 year rain storm events were simulated and the results are

presented in Tables 21 to 24 and Figures 45 to 48. For the I in 2 year event the raised

banks almost contain the flow, reducing the floodingat the upstreamend of the channel.

However, they have little impact on the flooding further downstream. For the higher

return period events the raised concrete wall is still overtopped and serious flooding

occurs along the full length of the channel.
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5.3 Potential future remedial measures

Discussions with DSD have identifiedfive potentialremedial measureswhich could lead
to an improved standard of flood protectionfor theproperties adjacent to the Hung Shui
Kiu Channel. These are:

MEP

Option I - widening the existing channel;

Option 2 - deepening the existingchannel byincreasing the heightof the concrete
side walls;

Option 3 - use of a two stage channel;

Option 4 - straightening thc channel bends;and

Option 5 - providing flood storageupstreamof the channel to reduce peak flood
flows.

5.3.1 Option 1 - widening the existing channel

The existing channel cross-section were widened toaccommodate the design flow. Two
scenarios were investigated, firstly, accommodatingthe 1 in 200 year flow and secondly,
reducing thc width to accommodatejust the I in 50year flow. The loss coefficients for
all the bridges were set to zero as these would now be above the water levels and the
channel access ramp removed. The banks were raisedby 1.0m, assuming that the rest of
railings would be replaced by concrete walls. ForOption IA the channel was widened
to 11.50 m and this was found to be sufficient to pass the 1 in 200 year flood with only
minor overtopping. Figures 49 to 52 and Tables 25 to 28 give the results of the 1 in 2,
10, 50 and 200 year events respectively. For this situation the minimum freeboard along
the whole channel for the I in 10 year event is 0.30m, at the downstream limit of the
steep trapezoidal channel under the TM-YL highway. The minimum freeboard for the
rectangular chzumel was 0.71 rn. For the I in 50 year event the minimum freeboard for
the rectangular channel is 0.23 m immediately upstream of the junction of with the Tan
Kwai Tsuen Channel, but greater than 0.30 m elsewhere. These tables also show that
there may be some minor flooding from the entry andexit from the rectangular channel.
The banks should be raised at these locations to over come this.

Option 1B only increased the channel width to 10.50m, providing sufficient capacity to
accommodate the I in 50 ycar flood with only minorovertopping. Table 29 and Figure
53 give the full model results. Given that the reducing the capacity from 1 in 200 years
to only 1 in 50 years only reduces the required width by 1.0m, it is not recommended
that this option be considered further.

5.3.2 Option 2 - deepening the existing channel

This option is not considered practical because of thelarge amount of additional capacity

required. One test was undertaken to_demonstratethis. The channel banks were raised
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by 3.0 m and the 1 in I0 year flood was simulated using this newgeometry. From the
results in Table 30 and Figure 54 it can be seen that the banks wouldhave to he raised
by at least2.5 m to provide the required 300 mm freeboard for thisevent. Thus it is not
recommended that this option be considered further.

5.3.3 Opttun 3 - using an ts.o stage channel

Two stage channels are often considered for flood alleviation worksbecause the upper
stage may provide some amenity value when not required to carry flood waters.
1-lowever,a two stage channel requires a greater width to providethe same capacity as
a simple rectangular channel because the full depth is not utilised across the whole
scction. It would be inappropriate to consider using the upper stage of a two stage
channel for any amenity purpose on the Hung Shui Kiu Channel becausethe extremely
rapid increase in water levels experiencedduring flood events would make warning and
evacuation impractical. Given this and the fact that there is little available land adjacent
to the existingchannel, this option was rejectedwithout undertakingany modelling work.

5.3.4 Option 4 - straightening the channel

A significant contributionto the lower than expected capacity of theexisting channel is
the effect of the bends. Thus it is loQicalto explore removing thebends to improve the
performance of the channel. The current land bank adjacent to thechannel is not wide.
enough to allow the bend radii to be significantly increased whilst maintaining the
existing channel alignment. However, if the channel alignment is moved all the bends
can be straightened. This option proposes that a new channel is constructed following
a straight line from thejunction with the Tan Kwai Tsuen Channel to the upstream limit
of the trapezoidalchannel. Unfortunately,there is little vacant landalong this route. Thus
a numberof properties, includinga large industrialbuilding wouldneed to be demolished
to build this channel.

This route is some 114 m shorter than the existing route and the model cross-section
spacings between nodes hskc01 and hskc07 were reduced to reflectthis. The same labels
were used for convenience only. A rectangular shape was selected for the new channel
to minimise the land requirements and the gradient was selected to match the inverts of
the existing channels upstream and downstream of the new one. Thus the depth of the
new channel was set to be 4.6 m, comprising 3.6 m from the bottomof the channel to
ground level and 1.0 m provided by a concrete wall. A Manning's n of 0.017 was
selected to represent the roughness of the straight concrete channel. The width of the
channel was selected to provide sufficient capacity to pass the I in 50 year flood with
at least 300 mm of freeboard. Table 33 gives the model results fora channel width of 6.5
m, showing a minimum freeboard of 0.46 rn occurring in the modified channel. The
maximum and minimum water levels are given in Figure 57. Tables31, 32 and 34 and
Figures 55, 56 and 58 give the results fbr the 1 in 2, 10and 200year events and from
Table 34 it can be seen that there is only minor overtopping of thischannel for the 1 in
200 year event. The overtoppingoccurs at the downstream limit of the steep trapezoidal
channel and at the bank low spots at the start of the 5.5 m wide trapezoidal channel at
chainage 788.6 m. This could be eliminated by small increases to the bank heights at
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these locations and this would also provide the required0.30 m freeboard for the 1 in 50

year design event. Thus a straight, 6.5 m wide by 4.6 rn deep, rectangular concrete
channel appears to offer an adequate solution to thecurrent flood problems. Figure 66
gives a schematic layout of the proposed new channel.

5.3.5 Option 5 - using flood storage

DSD's current remedial measures include the construction of two 400 mm diameter
syphons over the Hung Shui Hang Dam to lower thewater level upstream of the dam by
5.0 m. This creates storage behind the dam whichmay be used to reduce the flood peak
of future events. However, the capacity of the syphons is small in comparison to the
downstream channel capacity and the runoff flowsare likely to induce flooding and so
this new storage volume will be filled at the startof the event. Thus it will have little
impact on the peak flows. In this Option the Consultantshave explored the possibility
of increasing thc syphon capacity to approximatelythat of the downstream channel such
that the storage behind the dam only starts to be tilled once the downstream channel
capacity is exceeded.

Unfortunately, there are few reliable methods available for calculating the discharue
through a syphon. The discharge characteristics ofmany of the syphons examined in the
past by HR Wallingford were determined by physicalmodelling, before the syphons were
constructed. However, in this case no modelling was undertaken as part of the syphon
design. Some efforts have been made by DSD to measure the discharge through the
syphons since they were constructed and the Consultants recommend that this work is
continued. In the meantime, if the syphon is treatedas a simple orifice then the discharge
may be calculated from the following:

A(2 gh)" Eqn (17)

where Q is the discharge, A is the area of the outletand h is head across the syphon. This
equation estimates the maximum discharge throughthe two 400 mm diameter syphons
to be 1.24 m's-'.

To evaluate the potential for the use of storage forfloodalleviation the Consultants have
tried to maximise the usc of the Hung Shui Hang Reservoir to provide the most
significant improvement. Thus for Option 5 themaximum syphon capacity has been
increased to 50 m's-', correspondina to a flow area of 2.91 in2, and the water level
upstream of the dam drawn down to 70 m PD, almost the lowest draw off level. In
addition the remaining metal railings along the rectangularchannel were replaced with
concrete walls, increasing the channel depth by 1.0m. Table 35 and Figure 59 give the
results for the 1 in 10 year rain storm event, it canbe seen that this option eliminates

nearly all the flooding except for a short reach at the upper end of the rectangular
channel. Figure 60 shows the impact of storage onthe discharge over the irrigation weir.
reducing the peak Ilow by some 20 mis-' and lengthening the recession of the event.
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These resultsdemonstratehow effective the use of storagemay be in alleviating flooding
but unfortunatelyalso show that there is not quite sufficientstorageavailable in the Hung
Shui Hang Reservoir to provide protection for the 1 in 10year event. This implies that
the use of storage is not a viable option for the long termalleviationof flooding from the
Hung Shui Kiu Charmel. If the additional siphon capacity can besupplied quickly and
ecodbmicallyalong with completingthe replacement of the railings, then Option 5 may
provide some useful short term improvements.

5.3.6 Other short term measures

DSD (1995b) suggested two short term measures to improve the performance of the
channel. The first, MeasureA, was to remove the access ramp ARI. Two options were
proposed, either fillingover the access ramp to create a 5.5 m widechannel or breaking
half the ramp out to createa wider section of channel. Removingthe access ramp is fully
supported by the Consultants as at present it induces considerable energy loss raising
water levels upstreamcausing flood flows to be diverted across thechannel into adjacent
properties. Of the two suggestednew channel layouts, SKI is preferredbecause it avoids
an unnecessary expansion and contraction of the flow, provides a much smoother bank
alignment between the two bends and is compatible with potential future plans to widen
the channel by constructing box culverts either side of the existing channel banks.

The second, Measure B, involves widening and smoothing the transition from the
rectangularchannel to the trapezoidal channel. This again is supported as it is likely to
reduce the energy loss at this transition and thus reduce upstream water levels. The
magnitude of this improvement however, is likely to be a lot less than that offered by
Measure A. Given that this transition may require extensive reconstruction when the
long term measures arc implemented, it may not be economicallyjustified to invest in
improvements now that can not be preserved in the long term.

In addition to the above measures DSD are also planning to installa flood siren along the
Ilung Shui Kiu Channel. This work is stronoly supported. Flood warning is often the
most effective method for avoiding one of the most unacceptable consequences of
flooding, the loss of human life.

Finally, all the model results show significant energy lossesoccurringat thejunction with
the Tan Kwai Tsuen Channel. These are believed to represent the turbulence and
associated energy loss caused by the high velocity inflowjoining the main flow. The
construction of energy dissipatorson the Tan Kwai Tsuen Channel and a realignment of
the junction may reduce this problem.

Whilst these measures, either individually or combined, will not provide the desired
improvement to the standard of protection to the I in 2 to I0 year level for the whole
channel, the Consultants support their implementation where compatible with the long
term measures. These measureswill provide local improvement towhat are perhaps the
most hydraulically inefficient features of the channel and therefore some local benefit.
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5.4 The need for further work

The Consultants have examined five options for providing long term improvements to

the standard of flood defenceoffered by the HungShui Kiu Channel. Of these only two,
Option 1- channel wideningand Option 4 - a new straightchannel, are worthy of further

investigation. Initial comparisons between the two suggest that Option 1 is more
favourable as it does not appear to require the purchaseof anyadditional land. However,

there will be substantial construction costs associated with providing an extra 6.0m of

channel width. Though it is of shorter length. constructioncost may be higher for Option

4 than Option I, as the new channel proposed by Option 4will pass through higher
grounds, involving deeperexcavetion. Option 4 is lessattractivebecause it would require
considerable land purchasesand a number of existingpropertiesto be demolished. There
may be additional revenue made available by the releaseof landoccupied by the existing

channel once the new channel is completed, however, this may be limited, as local

drainage are required along the existing channel. Detailed estimates for each option
should be prepared to allow a proper evaluation tobe undertaken.

DSD have suggested that the additional 6.0m of oiidth required for Option I could be
provided by constructing boxculverts either side ofthe existingchannel with connections

at appropriate intervals. The Consultants believe this could be an extremely efficient

method for gaining the required capacity but are concerned that the additional wetted
perimeter and perhaps more significantly, the turbulence associated with the inter-
connections between the channel and the box culverts may lead to a higher energy loss
than that predicted by the model. As such, a channel and culvert system is likely to

display very complex flowpatterns the Consultants recommend that the design is tested
using a physical model before being approved forconstruction.
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6 CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are made on the basis of the work
undertaken as part of this study:

Detailed hydrological and I-D hydraulic modys of the Hung Shui Kiu
Catchment and channel network to Shek Po TsUen were constructed and
calibrated against the flooding events of 5 November, 1993and 22 July, 1994.
Although the comparison betweenobservedand modelledwater levels was good,
it is recommended that furtherdata is collected,by installing water level records
and undertaking current metering, to enable the calibration to be verified.

The oricinal channel design was reviewed and found to be extremely thorough
and entirely consistent with the design guideline prevailing at the time of the
design.

Three causes of the past flooding incidents were found to be: (i) higher return
period rainfall than the original channel design; (ii) greaterrunoff flows from a
given rainfall due to a higher than expected percentage runoff for rural
catchments; and (iii) a lower than expected channel capacity due to unforseen
energy losses at the channel bends and access ramps.

The existing remedial measures were reviewed and whilst these offer some
improvement, additional works are required to obtain anacceptable standard of
flood protection.

The short term measures proposed by DSD were reviewed and whilst not
providing the desired improvement in the standard of floodprotect to the 1 in 2
to 10 year level, these will provide some improvement and, where compatible
with the long term remedial measures,are supported by the Consultants.

Five options for further remedial measures were investigated. Deepening the
channel, use of a two stage channeland use of the Hung ShuiHang Reservoir for
flood storage were found to be impractical but widening the existing channel to
11.5 m and completing the replacementof the metal railsor building a new 6.5
m by 4.6 m channel to straighten the bends were found to provide the required
standard of flood protection. The Consultants recommend that detailed cost
estimates for the two viable options are prepared to enable them to be further
evaluated.
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Table I Autographic raingauge data availablefor 5 November 1993

Raingauge 5-min data 15-mM data 60-min data
Ft27




00:00 - 07:00

No 17




00:00 - 13:00 00:00 - 13:00
No+74




00:00 - 24:00 00:00 - 24:00
N07 00:00 - 1300 00:00 - 13:00 00:00 - 13:00
N12 00:00 - 13:00 00:00 - 13:00 00:00 - 13:00

Table 2 Autographic raingauge data availablefor 12 July 1994

Raingauge 5-min data 15-min data 60-min data
R27 00:00 - 01:35 00:00 - 01:30 00:00 - 01:00

No17




00:06 - 09:00 00:60 - 09:00
No174




00:00 - 24:00 00:00 - 24:00
N07 00:00 - 24:00 00:00 - 24:00 00:00 - 24:00
N12 00:00 - 24:00 00:00 - 24:00 00:00 - 24:00



Table 3 Hourly raingauge data usedfor constructing spatialand temporal rainfall patterns

Raingauge Name 5 Nov 93 22 Jul 94

ROI RO




li

R I 1 Ngong Ping Y Y

R42 Discovery Bay TW V Y

RI7 Green Island V M

R2I Tap Shck Kok PS V P

R22 Tsim Bei Tsui NI P

R23 Wong Shiu Chi




Y

R24 Sha Tau Kok




Y

R26 Shek Kong Y P

R27 Yuen Long RG Filter 13 M

R28 Au Tau V P

R29 Lok Ma Chau 1' Y

R3I Tai Mei Tuk




Y

R33 Tai 0




Y

R42 Yuen Long




P

No17 Yuen Long RG Filter lit P

No174 Tin Shui Wai lir Y

NO I Shatin TW




Y

NO2 Wo Che Estate




Y

NO3 Tsuen Wan RG Filter




Y

N04 Cho Yiu Estate




Y

N05 Cheung Wah Estate




Y

N06 Shek Lei




Y

N07 Tuen Mun 1' Y

N09 Shatin




Y

NIO Sham Tseng 1' Y

N I I Tsing Li




Y

N12 Yuen Long Y Y

N14 Tai Mo Shan Nr P

N17 Tung Chung 1' r
N18 • Mu i •Wo




Y

DO I Hang Tau Tai Po P P

D03 Lo Wu '1 P

D62 Lo Shue Ling NI M

D64 Karn Tin `I M

where: 'Y means data available for all or most of period, 'P' means significant part of data missing, 'M' means data

missing for entire period and '-' means data not collected for this gauge.



Table4 Catchment characteristics of Hung Shui Kiu subcatchments

Catchment

1
1(a)

-

2
3
4
5
6
7

Area
(km1)
3.93
2.85
0.07
0.38
0.24
0.42
0.34
0.22

MSL
(km)
3.85
2.70
0.35
0.75
0.40
0.65
n/a
n/a

Lt
(km)
3.90
2.75
0.40
1.20
0.70
0.65
n/a
n/a

S
(m rn'')
0.104
0.131
0.151
0.023
0.021
0.038
n/a
n/a

SI

(m 100m-I)


10.40

13.10

15.10

2.33

2.14

3.85

n/a

n/a

where: Arca is sub-catchment area (km2),

MSL is mainstream length (km): length measured to top of stream on the map.

Lt is total drainage length (km): length measured along mainstream but extended to watershed,

S is slope of mainstream (dimensionless): height difference between watershed and subcatchment outfall

divided by Lt,

SI is slope of mainstream (m 100 m-'): computed as described above for S. but divided by Lt • 0.01. SI

is required for the Bransby-Williams formula (Williams, 1922).

n/a means catchment characteristic not applicable. Hydrological response will be estimated by

proportioning flows from subcatchment number 5.

• Table5 Estimates of Tc and LAG of Hung Shui Kiu subcatchments using various methods

Method Catchment Catchment Catchment Catchment Catchment




1 2 3 4 5
Bransby-Williams:






Tc (min) 77 11 41 25 20

Kirpich:






Tc (min) 27 3.7 14 8.7 10

WSD Eqn(3):






LAG (hr) 0.99 0.11 0.28 0.24 0.30
LAG (min) 59 6.6 17 14 18

Watt & Chow:






LAG (hr) 0.55 0.08 0.39 0.27 0.20
LAG (min) 33 4.7 24 16 12

•

•

0
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Table 6 Hydrological model parameters for Hung Shui Kiusubcatchments

Catchment Time-to-peak Percentagerunoff Loss rate Baseflow




(hr) (%) (mm 5inin) (m's''km-2)

1 0.55 95 0.25 0.24

2- 0.08 90 0.25 0.24

3 0.39 90 025 0.24
4 0.27 90 0.25 0.24
5 0.20 80 0.50 0.24

Table 7 Basic data to be used in the areal rainfall algorithm

Site Distance from catchment Average annual rainfall (mm)
centroid (km)

Hung Shui Kiu catchment 1800

R27 Yuen Long RG Filter 0.56 1650
No17 Yuen Long RG Filter 0.56 1650

No174 Tin Shui Wai 2.38 1600
N07 Tuen Mun I .75 1900

N12 Yuen Long 1.94 1600

Table 8 Extreme rainfall depths for given durations and return periods derived from
Yuen Long RG Filters data compared withcorresponding figures as given for
RO Headquarters (Lam & Leung, 1994)

2-year 10-year 50-year 290-year
(mm) (mm) (mm) (mm)

YLRGF RO YLRGF RO YLRGF RO YLRGF RO
1-hr 5205. 56.8 81.01 82.0 105.64 102.0 126.16 116.00

2-hr 74.86 86.3 128.65 130.0 174.75 163.0 213.28 187.00

4-hr 107.60 115.0 2043!. 186.0 288.98 254.0 360.44 315.00

6-hr 133.04 131.0 267.80 218.0 387.82 315.0 489.91 414.00



Table 9 Geometric and hydraulic properties of channel bends

Bend No Chainage

(m)

r,

(m)

B/r, F, F, for design

flow

Approx F, for

1994 flow

1
-270.0

60.0 0.0917 0.748 0.679 0.792

2 468.0 30.0 0.1833 0.681 0.679 0.786

3 558.0 50.0 0.1100 0.732 0.679 0.808

4 722.0 30.0 0.1833 0.681 0.679 0.896

Table10 Ilead loss at channel bendsfor the design flow after Toebes & Sooky

Bend

No

R


(fl)

1


(m)

f, Fe f Modified n Design

headloss


(m)

Modified

head loss


(in)

1 5.04 70.0 0.174 1.842 2 016 0.051 0.140 1.619

2 5.04 43.5 0.108 1.143 1.251 0.051 0.087 1.005

3 5.04 66.6 0.166 1.757 1.923 0.051 0.133 1.545

4 5.04 37.9 0.094 0.995 1.089 0.051 0.076 0.875

Totals






0.435 5.044



Table 11 Calibration results for the 22 July, 1994flood event.

Label Flow

m's-'

Stage

m PD

Froude

Number

Velocity

an')

Observed

m PD

Diff

yltm-us- 85.97 13.94 1.003 2.767




yltm-01 85.99 13.93 0.915 2.295 14.05 -0.12

yltm-02 86.02 13.79 1.117 2.817




yltm-03 86.07 13.85 0.606 1.752




yltm-04 86.11 13.77 1.022 2.257




yltm-ds 92.75 13.77 0.000 0.000




hskcOlu 92.75 13.48 1.008 2.763




hskc0 1ub 92.75 13.31 0.777 2.313




hskc01 92.99 13.23 0.582 2.068 13.47 -0.24

hskc0 1ju 93.03 13.21 0.577 2.001




hskc01j1 93.03 12.89 0.000 0.000




hskc0 1jd 102.15 12.89 0.894 2.959




hskc02 103.62 12.81 0.790 2.682 13.06 -0.25

hskc03 105.66 12.61 0.812 2.679




hskc03b 105.66 12.50 0.927 2.993




hskc03b1 105.19 12.46 0.998 3.109




hskc03b2 105.19 12.20 0.924 3.303 12.28 -0.08

hskc04 105.42 12.05 0.867 3.345




hskcO4d 105.39 11.98 0.792 3.148 11.89 0 09

hskc05 106.02 12.10 0.773 1.983




hskcO6u 106.86 11.96 0.760 2.714




hskcO6ub 106.86 11.83 0.834 3.025




hskc06b 107.36 11.81 0.784 2.778




hskc06b1 107.36 11.50 0.857 3.011 11.52 -0 02

hskc06 101.07 11.38 0.894 3.228




hskc06b2 101.07 10.25 1.085 3.825




hskc06d 101.08 9.18 0.887 5.206




hskc07 101.09 8.89 0.87.4. 3.628




hskc07b 101.09 8.64 0.970 4.128




hskc08u 101.09 8.81 0.573 2.609




hskc08 100.79 8.47 0.648 2.873




hskc09 100.78 8.13 0.765 3.272




hskc10 100.79 7.59 0.952 3.845




cpr-us 100.82 7.68 0.540 2.716




cpr-ds 112.87 7.69 0.501 2.614




hskcll 112.83 7.48 0.745 3.237




hskc12u 112.44 7.01 0.920 3.807




hskc12 112.46 6.69 1.215 4.338




hskcl2m 112.46 6.61 0.952 4.022




hskcl2d 112.47 6.25 1.285 4.337




hskc13u 112.47 6.17 0.905 3.730




hskc13 112.48 5.82 1.463 4.346




hskc13d 112.49 5.77 0.897 3.671




hskc14 112.93 5.41 0.963 3.857




hskc15 113.94 5.16 1.173 4.386




hskc15d 114.98 5.20 1.962 5.425




Mean






-0.10

SD






0 12



•
•

Table 12 Calibrated values of Manning's n.

Label

yhm-us
yhm•01
yhm-02
yltm-03
ylim-04
hskcOlub
hskc0I
hskc01ju
hskc01j1
hskc0Ijd
hskc02
hskc03
hskc03b
hskc03bI
hskc03b2
hskc04
hskc04d
hskc05
hskcO6u
hskcO6ub
hskc06b
hskc136bI
hskc06
hskc06b2
hskc06d
hskc07
hskc07b
hskcO8u
hskc08
hskc09
hskcIO

 cpr-uscpr-ds
hskcI I
hskcI2u
hskc12
hskcl2rn
hskcI2d
hskcI3u
hskc13
hskcI3d
hskcI4
hskc15
hskcI5d

Left floodplain

-

0.080
0.080
0.080
0.080
0.080
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060
0.060

Channel

0.045
0.045
0.045
0.045
0.045
0.025
0.025
0.025
0.025
0.025
0.025
0.035
0.025
0.025
0.025
0.025
0.020
0.020
0.020
0.020
0.020
0.030
0020.
0.030
0.030
0.025
0.025
0.025
0.025
0.025
0.025
0.025 
0.025
0.025
0.025
0.025
0.025
0.025 
0.025
0.025
0.025
0.025
0.025
0.025

Right


flood lain

0.080
0.080
0.080
0.080
0.080
0.060
0.050
0.050
0.050 
0.050
0.050
0.060
0.060
0.060
0.060
0.060
0.060
0.060 
0.060
0.060

•
•
IP
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5
5
5
•

•

•

•

•
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Table 13 Calibrated heatIloss coefficients based on the 22July, 1994flood event.

Upstream


label

Downstream


label

Location Chainage


m

Elevation


m PD

Headless


coefficient

hskc0 I u - hskcOlub Footbridge CF 1 0.0 11.75 0.30




12.75 0.30




17.00 0.60

hskc0 1ju hskc01j1 TKTC confluence 89.0 7.85 2.90




12.35 2.90

hskc03 hskc03b Footbridge CF2 2880 10.75 0.30




11.75 0.30




16.20 0.60

hskc03b l hskc03b2 Footbridge CF3 3840 10.47 0.30





11.48 0.30





15.92 0.60

hskc06u hskcO6ub Footbridge CF4 5730 9.87 0.30





10.87 0.30





15.00 0.60

hskc06b hskc061)I Footbridge CF5 6240 9.75 0.30





10.75 0.30





15.00 0.60

hskc015 hskc06b2 Vehicle bridge 6960 9.55 0.30




CV1







10.55 0.30





15.00 0.60

hskc07 hskc07b Footbridge FB I 8280 9.47 0.30





10.47 0.30





12.47 0.60



•
•

Table 14 Calibration results for the 5 November, 1993flood event

Label

_

Flow Stage

m PD

Froude

Number

Velocity

ms.1

ObservedDiff
m PD)

yltm-us 119.55 14.61 0.999 0.999




yltm-01 119.57 14.63 0.915 2.274




yltm-02 119.59 14.51 1.117 2.803




yltm-03 I 19.64 14.57 0.606 1.747




yltm-04 119.67 14.47 1.031 2.255




yltm-ds 129.45 14.47 0.000 0.000




hskcOlu 129.45 14.12 1.008 2.763 14 04
hskcOlub 129.45 13.98 0.594 2.400




hskc01 129.59 13.92 0.509 2.094




hskc0 1ju 129.63 13.91 0.516 2.029




hskc0 1jl 129.63 13.60 0.000 0.000




hskc0 1jd 141.57 13.60 0.838 2.941




hskc02 141.94 13.52 0.800 2.668




hskc03 142.42 13.31 0.820 2.684




hskc03b 142.42 13.21 0.919 2.975




hskc03b1 142.71 13.11 0.995 3.100




hskc03b2 142.71 13.02 0.906 3.125




hskc04 142.86 12.85 0.863 3.132




hskcO4d 143.00 12.76 0.769 3.090




hskc05 143.05 12.92 0.782 1.964




hskc06u 143.11 12.71 0.760 2.713




hskc06ub 143.1I 12.60 . 0.789 3.017




hskc06b 143.13 12.58 0.788 2.768




hskc06b1 143.13 12.48 0.831 3.008




hskc06 144.30 12.40 0.890 3.160




hskc06b2 144.30 10.85 1.048 3.750




hskcO6d 143.36 9.89 1.363 5.089




hskc07 143.43 9.57 0.869 3.739




hskc07b 143.43 9.19 0.988 4 470




hskcO8u 143.45 9.37 0.604 2.927




hskc08 143.55 8.98 0.696 3.261




hskc09 143.59 8.65 0.795 3.614




hskc 10 143.67 8.13 0.960 4.103




cpr-us 143.69 8.18 0.590 3.239




cpr-ds 165.54 8.19 0.595 3.243




hskc 11 165.54 8.01 0.791 3.675




hskc 12u 165.53 7.52 0.964 4.267




hskcI2 165.50 7.20 1.221 4.793




hskcI2m 165.50 7.11 1.014 4 593




hskc 12d 165.46 6.73 1.281 4 851




hskc 13u 165.45 6.65 0.961 4 271




hskcI3 165.41 6.27 1.448 4.890




hskc I3d 165.40 6.21 0.953 4.251




hskc14 165.37 5.79 1.029 4.493




hskc 15 165.50 5.24 1.270 5.127




•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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Table 15 Original design flow simulated using the calibrated hydraulic model.

a ow
(m3s1

age
(m PD

rou e
Number

e oa y
(ms•t)

amage
(m) (m PD)

ylun-us- 70.00 13.59 0.74 2.75 0.00 16.33

yltm-01 70.00 13.55 0.49 1.99 28.80 16.63

yltm-02 70.00 13.38 0.58 2.35 46.00 15.75

yltm-03 70.00 13.45 0.31 1.42 78.60 16.11

yltm-04 70.00 13.37 0.34 1.67 102.60 13.14

yhm-ds 70.00 13.37 0.00 000 102.60 13.00

hskc0 1u 70.00 13.15 1.01 2.76 102.60 13.00

hskcOlub 70.00 12.67 0.50 2.11 102.60 13.00

hskc01 70.00 12.59 0.47 192 182.60 11.48

hskc0 1ju 70.00 12.57 0.46 1.87 201.60 11.45

hskc0 1jl 70.00 12.10 0.00 0 00 201.60 11.42

hskc0 1jd 76.00 12.10 0.67 2.15 201.60 11.42

hskc02 76.00 11.96 0.64 1.98 282.60 11.15

hskc03 76.00 11.64 0.53 1.94 402.60 10.75

hskc03b 76.00 11.41 0.67 2.28 402.60 10.75

hskco3b1 76.00 11.20 0.67 2.27 486.60 10.47

hskc03b2 76.00 10.97 0.74 2.53 486.60 10.47

hskc04 76.00 10.76 0.74 2 69 542.60 10.28

hskc04d 76.00 10.64 0.66 2 45 622.60 10.01

hskc05 76.00 10.87 0.36 1.4I 642.60 9.95

hskcO6u 76.00 10.62 0.61 2.37 666.60 9.87

hskcO6ub 76.00 10.39 0.71 2.70 666.60 9.87

hskc0613 76.00 10.37 0.67 2.55 702.60 9.75

hskc0661 76.00 10.14 0.77 2.92 702.60 9.75

hskc06 76.00 9.81 0.86 3 20 762.60 9.55

hskc0662 76.00 9.58 1.07 3.79 762.60 9.55

hskcO6d 76.00 8.62 0.86 4 64 862.60 9.21

hskc07 76.00 8.41 0.85 3.53 902.60 9.47

hskc07b 76.00 8.25 0.95 3 86. 902.60 9.47

hskc08u 76.00 8.43 0.54 2 36 922.60 9.61

hskc08 76.00 8.10 0.63 2.63 1062.60 9.47

hskc09 76.00 7.79 0.73 2.97 1142.60 9.94

hskc10 76.00 7.27 0.91 3.54 1276.60 9.39

cpr-us 76.00 7.39 0.48 2.30 1324.60 11.10

cpr-ds 87.00 7.40 0.45 2.26 1381.35 10.50

hskcll 87.00 7.19 0.71 2 93 1397.35 10.50

hskc12u 87.00 6.72 0.89 3 50 1522.35 8.67

hskc 12 87.00 6.41 1.07 4.03 1578.35 8.59

hskc12m 87.00 6.32 0.92 3.69 1593.35 9.15

hskc I2d 87.00 5.97 1.07 4.03 1656.35 8.13

hskc 13u 87.00 5.89 0.87 3.42 1671.33 7.80

hskc 13 87.00 5.55 1.05 3.97 1734.33 7.69

hskc 13d 87.00 5.51 0.82 3.28 1749.33 7.36

hskc14 87.00 5.22 0.80 3.23 1928.33 7.05

hskcI5 87.00 4.99 0.74 3.01 2108.33 6.59

hskc 15d 87.00 5.04 0.58 2.40 2219.33 5.66
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Table 16 41.25 nr's-glow simulated using the calibrated hydraulic model.

a e ow

nt3s1)

tage

(m PD)

rou e
Number

e on y

(ms-I)

am-
age
(m)

a

(m PD)

ree-
board

(m)

yltm-us 38.00 12.97 0.88 2.59 0.00 16.33 3.36
yltm-01 38.00 12.55 0.77 2.35 28.80 16.63 4.08
yltm-02 38.00 12.29 0.93 2.90 46.00 15.75 3.46
yltm-03 38.00 12.07 0.48 1.73 78.60 16.11 4.05
ylmt-04 38.00 11.91 0.53 1.96 102.60 13.14 1.24
yltm-ds 38.00 11.91 0.00 0.00 102.60 13.00 1.10
hskcOlu 38.00 11.61 1.01 2.76 102.60 13.00 1.39
hskcOlub 38.00 11.54 0.36 2.06 102.60 13.00 1.46
hskc01 38.00 11.45 0.33 1.96 182.60 11.48 0.03
hskcOlju 38.00 11.43 0.33 1.95 201.60 11.45 0.02
hskc0 1jl 38.00 10.79 0.00 0.00 201.60 11.42 0.63
hskc0 1jd 41.25 10.79 0.48 2.56 201.60 11.42 0.63
hskc02 41.25 10.61 0.45 2.48 282 .60 11.15 0.54
hskc03 41.25 10.19 0.46 2.50 402.60 10.75 0.56
hskc03b 41.25 10.09 0.49 2.59 402.60 10.75 0.66
hskc03b1 41.25 9.75 0.57 2.89 486.60 10.47 0.72
hskc03b2 41.25 9.63 0.53 2.75 486.60 10.47 0.84
hskc04 41.25 9.47 0.52 2.72 542 .60 10.28 0.81
hskc04d 41.25 9.31 0.49 2.62 622 .60 10.01 0.70
hskc05 41.25 9.52 0.30 1.51 642 .60 9.95 0.43
hskcO6u 41.25 9.29 0.46 2.51 666.60 9.87 0.58
hskc06ub 41.25 9.19 0.49 2.60 666.60 9.87 0.68
hskc06b 41.25 9.15 0.47 2.54 702.60 9.75 0.61
hskc06b1 41.25 9.04 0.50 2.63 702 .60 9.75 0.71
hskc06 41.25 8.78 0.51 2.68 762.60 9.55 0.77
hskc06b2 41.25 8.66 0.55 2.80 762 .60 9.55 0.89
hskc06d 41.25 7.85 0.73 3.40 862 .60 9.21 1.36
hskc07 41.25 7.63 0.84 3.14 902.60 9.47 1.85
hskc07b 41.25 7.57 0.88 3.27 902.60 9.47 1.91
hskcO8u 41.25 7.73 0.50 1.93 922 .60 9.61 1.88
hskc08 41.25 7.45 0.57 2.14 1062 .60 9.47 2.02
hskc09 41.25 7.22 0.65 2.37 1142 .60 9.94 2.72
hskc10 41.25 6.70 0.84 2.89 1276 .60 9.39 2.69
cpr•us 41.25 6.85 0.39 1.63 1324 .60 11.10 4.25
cpr-ds 52.25 6.86 0.38 1.71 1381 .35 10.50 3.64
hskcIl 52.25 6.70 0.63 2.37 1397 .35 10.50 3.81
hskc12u 52.25 6.23 0.84 2.96 1522.35 8.67 2.44
hskc12 52.25 5.90 1.10 3.63 1578 .35 8.59 2.69
hskc12m 52.25 5.82 0.86 3.10 1593.35 9.15 3.34
hskc12d 52.25 5.46 1.11 3.64 1656.35 8.13 2.67
hskcl3u 52.25 5.38 0.82 2.91 1671.33 7.80 2.42
hskc13 52.25 5.01 1.12 3.67 1734 .33 7.69 2.68
hskc13d 52.25 4.96 0.80 2.86 1749.33 7.36 2.40
hskc14 52.25 4.67 0.78 2.81 1928.33 7.05 2.38
hskc15 52.25 4.44 0.71 2.60 2108 .33 6.59 2.15
hskcIsd 52.25 4.44 0.56 2.10 2219 .33 5.66 1.22
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Table 17 Model results - I in 2 year rain storm event.

a e

-

ow

(m3s1)

ge

(m PD)

rou e
Number

e on y

(ms-')

am-
age
(m)

a

(mPD)

ree-
board
(m)

yltm-us 59.11 13.36 1.00 2.76 0.00 16.33 2.97

yltm-01 58.99 13.19 0.97 2.27 28.80 16.63 3.45

yltm-02 58.91 12.91 1.12 2.80 46.00 15.75 2.84

yltm-03 58.74 12.99 0.61 1.73 78.60 16.11 3.12

yltm-04 58.77 12.90 1.05 2.15 102.60 13.14 0.24

yltm-ds 62.97 12.90 0.00 0.W 102.60 13.00 0.10

hskcOlu 62.97 12.64 1.01 2.76 102.60 13.00 0.36

hskcOlub 62.97 12.49 0.56 2.19 102.60 13.00 0.51

hskc01 62.64 12.41 0.49 1.94 182.60 11.48 -0.93

hskcOlju 62.56 12.39 0.50 1.92 201.60 11.45 -0.94

hskc01j1 62.56 11.87 0.00 0.W 201.60 11.42 -0.45

hskcOljd 68.42 11.87 0.82 2.94 201.60 11.42 -0.45

hskc02 67.86 11.70 0.74 1W 282.60 11.15 -0.55

hskc133 67.73 11.35 0.75 2.50 402.60 10.75 -0.60

hskc03b 69.33 11.16 0.91 2.94 402.60 10.75 -0.41

hskc03b1 69.20 10.92 0.98 3.08 486.60 10.47 -0.45

hskc03b2 69.20 10.73 0.90 3.21 486.60 10.47 -0.26

hskc04 69.11 10.55 0.85 3.19 542.60 10.28 -0.27

hskc04d 68.96 10.40 0.79 3.10 622.60 10.01 -0.39

hskc05 68.91 10.65 0.77 1.96 642.60 9.95 -0.70

hskcO6u 68.87 10.40 0.76 2.71 666.60 9.87 -0.53

hskc136ub 68.87 10.21 0.81 3.02 666.60 9.87 -0.34

hskc06b 68.83 10.20 0.79 2.76 702.60 9.75 -0.45

hskcoal 68.83 10.01 0.84 3.01 702.60 9.75 -0.26

hslcc06 68.78 9.71 0.88 3.15 762.60 9.55 -0.16

hskc06b2 68.78 9.50 0.61 3.56 762.60 9.55 0.05

hskc06d 68.75 8.48 0.84 4.41 862.60 9.21 0.73

hslcc07 68.73 8.26 0.87 3.49 902.60 9.47 1.21

hskc07b 68.73 8.12 0.95 3.78 902.60 9.47 1.35

hskcO8u 68.72 8.30 0.55 2.31 902.60 9.47 1.18

hskc08 68.72 7.98 0.62 2.54 1062.60 9.47 1.49

hskc09 68.76 7.68 0.72 2.88 1142.60 9.94 2.26

hskc10 68.81 7.12 1.04 3.56 1276.60 9.39 2.27

cpr-us 68.84 7.22 0.49 2.25 I 324.60 11.10 3.88

cpr-ds 75.27 7.22 0.43 2.09 1381.35 10.50 3.28

hskcll 75.27 7.03 0.69 2.77 1397.35 10.50 3.48

hskc12u 75.26 6.56 0.89 3.37 1522.35 8.67 2.11

hskc 12 75.26 6.24 1.44 3.91 1578.35 8.59 2.35

hskcI2m 75.25 6.16 0.91 3.52 1593.35 9.15 2.99

hskc I2d 75.25 5.81 1.44 3.90 1656.35 8.13 2.32

hskc13u 75.24 5.73 0.87 3.29 1671.33 7.80 2.07

hskc 13 75.23 5.39 1.66 3.86 1734.33 7.69 2.30

hskc 13d 75.23 5.35 0.84 3.15 1749.33 7.36 2.01

hskc14 75.23 5.05 0.82 3.12 1928.33 7.05 2.00

hskc15 75.25 4.81 0.75 2.91 2108.33 6.59 1.78

hskc I5d 75.26 4.85 0.57 2.32 2219.33 5.66 0.81
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Table 18 Model results - I in 10 year rain storm event,

a ow

(mY)

ge

(m PD)

rou e
Number

e oci y

(ins-1)

am-
age
(m) (m PD)

ree-
board

(m)

yltm-us 88.84 13.98 1.00 2.75 0.00 16.33 2.35
yltm-01 88.76 13.97 0.97 2.29 28.80 16.63 2.66
ylcm-02 88.71 13.83 1.12 2.82 46.00 15.75 1.92
yltm-03 88.70 13.90 0.60 1.72 78.60 16.11 2.22
yltm-04 88.72 13.80 1.05 2.09 102.60 13.14 -0.66
yltm-ds 95.45 13.80 0.00 0.00 102.60 13.00 -0.80
hskcOlu 95.45 13.51 1.01 2.76 102.60 13.00 -0.51
hskc01ub 95.45 13.33 0.57 2.26 102.60 13.00 -0.33
hskc01 95.27 13.26 0.49 1.99 182.60 1L48 -1.78
hskc0 1ju 95.22 13.24 0.50 L94 201.60 11.45 -1.79
hskc0 ljl 95.22 12.92 0.00 0.(X) 201.60 11.42 -1.50
hskc0 ljd 103.87 12.92 0.83 2.89 201.60 11.42 -1.50
hskc02 103.48 12.84 0.74 2.58 282.60 11.15 -1.69
hskc03 10115 12.62 0.77 2.54 402.60 10.75 -1.87
hskc036 106.41 12.49 0.91 2.95 402.60 1035 -1.74
hskc03b1 106.59 12.38 0.99 109 486.60 10A7 -1.91
hskc0362 106.59 12.25 0.88 3.17 486.60 10.47 -1.78
hskc04 105.97 12.10 0.89 116 542.60 10.28 -1.82
hskc04d 105.89 12.03 0.81 3.12 622.60 10.01 -2.02
hskc05 105.86 12.17 0.77 1.96 642 .60 9.95 -2.22
hskc06u 105.83 12.00 0.76 2.73 666.60 9.87 -2.13
hskc06ub 105.83 11.85 0.81 3.05 666.60 9.87 -1.98 .
hskc066 105.79 11.83 0.78 2.78 702.60 9.75 -2.08
hskc06b1 105.79 11.67 0.87 3.03 702.60 9.75 -1.92
hskc06 105.71 11.55 0.90 3.21 762.60 9.55 -2.00
hskc06b2 105.71 10.27 1.08 179 762.60 9.55 -0.72
hskcaid 105.65 9.32 1.41 5.17 862.60 9.21 -OA1
hskc07 105.63 8.98 0.86 3.63 902.60 9.47 0.49
hskc0713 105.63 8.71 0.97 4.15 902.60 9.47 0.76
hskc08u 105.62 8.88 0.58 2.63 902.60 9.47 0.59
hskc08 105.53 8.53 0.65 2.90 1062.60 9.47 0.94
hskc09 105.56 8.20 0.76 330 1142.60 9.94 1.74
hskc 10 105.64 7.66 1.04 3.88 1276.60 9.39 1.73
cpr-us 105.68 7.75 0.54 2.77 1324.60 11.10 3.35
cpr-ds 118.14 7.76 0.51 2.67 1381.35 10.50 2.75
hskcl I 118.15 7.54 0.75 3.27 1397.35 10.50 2.96
hskc12u 118.15 7.07 0.92 3.85 1522.35 8.67 1.60
hskc12 118.14 6.77 1.44 4.36 1578.35 8.59 1.82
hskc 12m 118.14 6.68 0.95 4.06 1593.35 9.15 2.47
hskc 12d 118.12 6.34 1.44 4.33 1656.35 8.13 1.79
hskc13u 118.12 6.26 0.89 3.74 1671.33 7.80 1.54
hskc13 118.08 5.95 1.66 4.21 1734.33 7.69 1.75
hskc 13d 118.07 5.91 0.84 3.58 1749.33 7.36 1.45
hskc 14 117.91 5.62 0.82 3.52 1928.33 7.05 1.44
hskc 15 117.82 5.37 0.77 3.31 2108.33 6.59 1.22
hskc 15c1 117.86 5.45 0.59 2.61 2219.33 5.66 0.21
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Table 19 Model results - I in 50 year rain storm event.

a e ow

m3S-I

age

(InPD)

rou e
Number

e on am-
age
(rn) (m PD

ree-
board

(m)(ms")

yltm-us 114.41 14.53 1.00 2.77 0.00 16.33 1.80
yltm-01 114.38 14.55 0.97 2.28 28.80 16.63 2.08
yltrn-02 114.38 14.42 1.12 2.80 46.00 15.75 1.33
yltm-03 114.44 14.49 0.60 1.75 78.60 16.11 1.63
yltm-04 114.49 14.39 1.05 2.22 102.60 13.14 -1.25
yltm-ds 123.34 14.39 0.00 0.00 102.60 13.00 -1.39
hskcOlu 123.34 14.05 1.01 2.76 102.60 13.00 -1.05
hskcOlub 123.34 13.92 0.58 2.34 102.60 13.00 -0.92
hskc01 123.44 13.85 0.49 2.04 182.60 11.48 -2.37
hskcOlju 123.46 13.84 0.50 1.98 201.60 11.45 -2.39
hskc01j1 123.46 13.53 0.00 0.00 201.60 11.42 -2.11
hskcOljd 134.50 13.53 0.84 2.87 201.60 11.42 -2.11
hskc02 134.95 13.46 0.76 2.57 282.60 11.15 -2.31
hskc03 135.58 13.28 0.74 2.53 402.60 10.75 -2.53
hskc03b 140.06 13.19 0.92 2.97 402.60 10.75 -2.44
hskc03b1 140.50 13.11 0.96 3.12 486.60




10.47
hskc03b2 140.50 13.03 0.91 3.14 486.60 10.47 -2.56
hskc04 140.75 12.88 0.87 3.12 542.60 10.28 -2.60
hskc04d 141.00 12.80 0.78 3.06 622.60 10.01 -2.79
hskc05 141.08 12.94 0.79 1.98 642.60 9.95 -2.99
hskc06u 141.17 12.76 0.75 2.66 666.60 9.87 -2.89
hskcO6ub 141.17 12.64 0.82 2.88 666.60 9.87 -2.77
hskc06b 141.24 12.61 0.80 2.78 702.60 9.75 -2.86
hskc06b1 141.24 12.48 0.83 3.02 702.60 9.75 -2.73
hskc06 141.27 12.38 0.87 3.21 762.60 9.55 -2.83
hskc06b2 141.27 10.83 1.08 3.81 762.60 9.55 -1.28
hskc06d 141.52 9.87 1.39 5.12 862.60 9.21 -0.66
hskc07 141.60 9.55 0.87 332 902.60 9.47 -0.08
hskc07b 141.60 9.17 0.98 4.42 902.60 9.47 0.30
hskc08u 141.61 9.34 0.59 2.88 902.60 9.47 0.13
hskc08 141.58 8.95 0.68 3.21 1062.60 9.47 0.52
hskc09 141.56 8.62 0.79 3.59 1142.60 9.94 1.32
hskc 10 141.55 8.10 1.04 4.10 1276.60 9.39 1.29
cpr-us 141.54 8.15 0.59 3.22 1324.60 11.10 2.95
cpr-ds 160.85 8.15 0.59 3.18 1381.35 10.50 2.35
hskcll 160.83 7.98 0.78 3.62 1397.35 10.50 2.52
hskc12u 16031 7.50 0.94 4.18 1522.35 8.67 1.17
hskc12 160.63 7.20 1.44 4.66 1578.35 8.59 1.40
hskc 12m 160.61 7.11 0.98 4.46 1593.35 9.15 2.04
hskcl2d 160.50 6.76 1.44 4.64 1656.35 8.13 1.37
hskc13u 160.46 6.68 0.90 4.06 1671.33 7.80 1.12
hskc13 160.28 6.37 1.66 4.50 1734.33 7.69 1.32
hskc13d 160.23 6.34 0.85 3.89 1749.33 7.36 1.02
hskc14 159.42 6.05 0.83 3.82 1928.33 7.05 1.00
hskc15 158.46 5.81 0.78 3.61 2108.33 6.59 0.78
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Table20 Model results - I in 200 year rain storm event.

a e ow

m's-1)
age


m PD)

rou e
Number

e oct y

(ms-')

am-
age
(m) (m PD)

ree-
board 

m

yltm-us 135.81 14.89 1.00 2.76 0.00 16.33 1.44
yltm-01 135.78 14.92 0.92 2.26 28.80 16.63 1.71
yltm-02 135.80 14.79 1.12 2.80 46.00 15.75 0.95
yltm-03 135.83 14.87 0.60 1.74 78.60 16.11 1.25

yltm-04 135.85 14.75 1.00 2.21 102.60 13.14 -1.61
yltm-ds 146.19 14.75 0.00 0.00 102.60 13.00 -1.75

hskcOlu 146.19 14.37 1.01 2.76 102.60 13.00 -1.37

hskcOlub 146.19 14.23 0.60 2.52 102.60 13.00 -1.23

hskc01 146.00 14.17 0.49 2.18 182.60 11.48 -2.69

hskc01ju 145.95 14.15 0.48 2.11 201.60 11.45 -2.70

hskc01j1 145.95 13.82 0.00 0.00 201.60 11.42 -2.40

hskcOljd 158.98 13.82 0.82 2.95 201.60 11.42 -2.40

hskc02

hskc03

158.62

158.66

13.73

13.50

0.76

0.75

2.57
2.52

-2.58
-2.75

282.60

402.60

11.15

10.75




hskc03b 163.63 13.38 0.93 3.00 402.60 10.75 -2.63

hskc03b1 163.72 13.28 0.99 3.11 486.60 10.47 -2.81

hskc03b2 163.72 13.17 0.87 3.29 486.60 10.47 -2.70

hskc04 163.77 12.95 0.91 3.10 542.60 10.28 -2.67

hskcO4d
hskc05

163.82

163.84

12.85

13.06

0.77

0.70

3.03
1.97

-2.84
-3.11

622.60

642.60

10.01
9.95




hskcG6u 163.86 12.80 0.76 2.69 666.60 9.87 -2.93

hskc06ub
hskc06b

163.86

163.88

12.62

12.61

0.80

0.78

2.96
2.74

-2.75
-2.86

666.60

702.60

9.87

9.75




hskc06b1 163.88 12.50 0.83 2.98 702.60 9.75 -2.75

hskc06
hskc06b2

163.91

163.91

12.43

11.12

0.88

1.07

3.19
3.80

-2.88
-1.57

762.60

762.60

9.55

9.55




hskc06d 163.93 10.10 1.44 5.21 862.60 9.21 -0.89

hskc07 163.93 9.76 0.87 3.95 902.60 9.47 -0.29

hskc07b 163.93 9.42 0.99 4.56 902.60 9.47 0.05

hskc08u 163.93 9.59 0.61 3.02 902.60 9.47 -0.12

hskc08 163.93 9.19 0.69 3.35 1062.60 9.47 0.28

hskc09 163.93 8.86 0.79 3.73 1142.60 9.94 1.08

hskc10 163.96 8.34 0.98 4.24 1276.60 9.39 1.05

cpr-us 163.99 8.35 0.62 3.50 1324.60 11.10 2.75

cpr-ds 185.59 8.36 0.62 3.43 1381.35 10.50 2.14

hskcll 185.58 8.21 0.80 3.77 1397.35 10.50 2.30

hskcl2u 185.56 7.72 0.96 4.34 1522.35 8.67 0.95


hskc12 185.58 7.43 1.20 4.79 1578.35 8.59 I .16

hskcI2m 185.58 7.35 1.00 4.62 1593.35 9.15 1.80

hskcl2d 185.61 7.01 1.26 4.75 1656.35 8.13 1.12

hskc I3u 185.61 6.94 0.92 4.19 1671.33 7.80 0.86

hskc13 185.64 644 1.46 4.59 1734.33 7.69 1.05

hskcl3d 18544 6.60 0.87 4.00 1749 .33 7.36 0.76

hskc14 185.68 6.31 0.85 3.95 1928.33 7.05 0.74

hskc15 185.69 6.06 0.79 3.76 2108.33 6.59 0.53

hskc15d 185.70 6.15 0.60 3.03 2219.33 5.66 -0.49
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Table 21 Existing remedial measures - I in 2 year rain storm event.

a

_

ow

(m's-`)

ge

(m PD)

rou e
Number

e oa y

(ms-')

am-
age
(m)

a

(m PD)

ree-
board

(m)

yltm-us 59.11 13.38 1.00 2.71 0.00 16.33 2.95

yltm-01 59.02 13.26 0.97 2.26 28.80 16.63 3.37

yltm-02 58.96 13.07 1.12 2.81 46.00 15.75 2.68

yltm-03 58.87 13.13 0.61 1.74 78.60 16.11 2.98

yltm-04 58.79 13.05 1.05 2.17 102.60 13.14 0.09

yltm-ds 63.19 13.05 0.00 0.00 102.60 13.00 -0.05

hskcOlu 63.19 12.82 1.01 2.76 102.60 13.00 0.18

hskcOlub 63.19 12.72 0.54 2.54 102.60 13.00 0.28

hskc01 61.56 12.64 0.45 2.38 182.60 12.48 -0.16

hskcOlju 60.27 12.64 0.45 2.31 201.60 12.45 -0.19

hskc01j1 60. 27 11.86 0.00 0.00 201.60 12.42 0.56

hskc0 1jd 67.66 11.86 0.81 2.95 201.60 12.42 0.56

hskc02 67.42 11.68 0.74 2.61 282.60 11.15 -0.53

hskc03 67.24 11.33 0.75 2.49 402.60 10.75 -0.58

hskc03b 68.84 11.14 0.91 2.94 402.60 10.75 -0.39

hskc03b1 68.71 10.90 0.98 3.08 486.60 10.47 -0.43

hskc03b2 68.71 10.71 0.89 3.19 486.60 10.47 -0.24

hskc04 68.62 10.53 0.85 3.17 542.60 10.28 -0.25

hskc04d 68.48 10.39 0.79 3.10 622.60 10.01 -0.38

hskc05 68.44 10.63 0.77 1.96 642.60 9.95 -0.68

tiskc0641 68.40 10.38 0.76 2.11 666.60 9.87 -0.51

hskc06ub 68.40 10.19 0.81 3.02 666.60 9.87 -032

hskc06b 68.35 10.19 0.79 2.75 702.60 9.75 -0.44

hskc06b1 68.35 10.00 0.85 3.02 702.60 9.75 -0.25

hskc06 68.31 9.70 0.88 3.15 762.60 9.55 -0.15

hskc06132 68.31 9.49 0.61 3.55 762.60 9.55 0.06

hskcO6d 68.28 8.47 0.84 4AO 862.60 9.21 0.74

hskc07 68.30 8.25 017 3.48 902.60 9.47 1.22

hskc0713 68.30 8.12 0.95 3.77 902.60 9.47 1.35

hskc08u 68.31 8.29 0.55 2.30 902.60 9.47 1.18

hskc08 68.35 7.97 0.61 2.53 1062.60 9.47 1.50

hskc09 68.37 7.67 0.72 2.88 1142.60 9.94 2.27

hskc10 68.41 7.11 1.04 3.55 1276.60 9.39 2.28

cpr-us 68.43 7.21 0.49 2.25 1324.60 11.10 3.89

cpr-ds 74 .86 7.22 0.43 2.09 1381.35 10.50 3.28

hskcll 74.86 7.02 0.69 2.77 1397.35 10.50 3.48

hskc12u 74.87 6.56 0.89 3.36 1522.35 8.67 2.12

hskc 12 74 .87 6.24 1.44 3.91 1578.35 8.59 2.35

hskc I2m 74.87 6.15 0.91 3.51 1593.35 9.15 3.00

hskc I2d 74 .87 5.80 1.44 3.90 1656.35 8.13 2.33

hskc13u 74 .87 5.72 0.87 3.28 1671.33 7.80 2.08

hskc13 74 .86 5.39 1.66 3.86 1734.33 7.69 2.30

hskc 13d 74.86 5.35 0.84 3.15 1749.33 7.36 2.01

hskc 14 74.84 5.04 0.81 3.12 1928.33 7.05 2.01

hskc 15 74.82 4.80 0.75 2.91 2108.33 6.59 1.79

hskcI5c1 74.83 4.84 0.57 2.31 2219.33 5.66 0.82
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Table 22 Existing remedial measures - 1 in 10year rain storm event.

a e

-

ow

(m3s-1)

ge

(m PD)

rou e
Number

e oci y

ms1)

am-
age
(m)

a


(m PD

ree-
board

m

yltrn-us 88.84 14.02 1.00 2.81 0.00 16.33 2.31
yltm-01 88.71 14.02 0.97 2.31 28.80 16.63 2.62
yltm-02 88.66 13.88 1.12 2.83 46.00 15.75 1.87
yltm-03 88.68 13.94 0.61 1.77 78.60 16.11 2.17

yltm-04 88.70 13.85 1.05 2.26 102.60 13.14 -0.71

yltm-ds 95.30 13.85 0.00 0.00 102.60 13.00 -0.85

hskcOlu 95.30 13.57 1.01 2.76 102.60 13.00 -0.57

hskc0Iub 95.30 13.35 0.54 3.42 102.60 13.00 -0.35

hskc01 89.05 13.33 0.45 2.99 182 .60 12.48 -0.85

hskcOlju 80.73 13.48 0.45 2.62 201.60 12.45 -1.03

hskceljl 80.73 12.91 0.00 0.00 201.60 12.42 -0.49

hskcOljd - 103.65 12.91 0.83 2.89 201.60 12.42 -0.49

hskc02 103.72 12.83 0.74 2.56 282 .60 11.15 -1.68

hskc03 103.21 12.62 0.77 2.54 402.60 10.75 -1.87

hskc03b 106.55 12.47 0.91 2.94 402.60 10.75 -1.72

hskc03b1 105.95 12.39 0.99 3.10 486.60 10.47 -1.92

hskc03b2 105.95 12.24 0.90 3.16 486.60 10.47 -1.77

hskc04 105.88 12.10 0.86 3.17 542.60 10.28 -1.82

hskc04d 105.79 12.03 0.80 3.12 622.60 10.01 -2.02

hskc05 105.76 12.17 0.77 1.96 642.60 9.95 -2.22

hskc06u 105.73 12.00 0.77 2.72 666.60 9.87 -2.13'

hskcO6ub 105.73 11.85 0.83 3.05 666.60 9.87 -1.98

hskc06b 105.69 11.83 0.77 2.78 702 .60 9.75 -2.08

hskc06b1 105.69 11.66 0.87 3.03 702 .60 9.75 -1.91

hskc06 105.60 11.55 0.89 3.18 762.60 9.55 -2.00

hskc06b2 105.60 10.27 1.07 3.76 762.60 9.55 -0.72

hskc06d 105.55 9.31 1.42 5.11 862.60 9.21 -0.10

hskc07 105.52 8.98 0.86 3.64 902.60 9.47 0.49

hskc07b 105.52 8.71 0.97 4.16 902 .60 9.47 0.76

hskc08u 105.51 8.88 0.58 2.64 902.60 9.47 0.59

hskc08 105.42 8.53 0.65 2.90 1062 .60 9.47 0.94

hskc09 105.45 8.20 0.77 3.30 1142.60 9.94 1.75

hskc10 105.53 7.66 1.04 3.88 1276.60 9.39 1.73

cpr-us 105.56 7.75 0.54 2.77 1324.60 11.10 3.35

cpr-ds 117.97 7.75 0.51 2.67 1381.35 10.50 2.75

hskcll 117.96 7.54 0.75 3.28 1397 .35 10.50 2.96

hskc12u 117.94 7.07 0.92 3.84 1522 .35 8.67 1.60

hskc12 117.91 6.76 1.44 4.36 1578.35 8.59 1.83

hskc12m 117.91 6.68 0.95 4.06 1593.35 9.15 2.47

hskcI2d 117.87 6.33 1.44 4.33 1656.35 8.13 1.80

hskc13u 117.86 6.26 0.89 3.73 1671.33 7.80 1.54

hskcI3 117.80 5.94 1.66 4.21 1734.33 7.69 1.75

hskcI3d 117.78 5.91 0.84 3.57 1749.33 7.36 1.45

hskcI4 117.59 5.61 0.82 3.51 1928.33 7.05 1.44

hskc15 117.64 5.37 0.77 3.31 2108.33 6.59 1.22

hskcIsd 117.67 5.45 0.59 2.61 2219.33 5.66 0.21
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Table 23 Existing remedial measures - I in 50 year rainstorm event.

a e

-

ow

(m3s-')

age

(m PD)

rou e
Number

e oci ,

(ms4)

am-

age

in) (m PD)

ree-
board

(m)

yltm-us 114.42 15.08 1.00 2.79 0.00 16.33 1.26
yltm-01 114.35 15.09 0.97 2.29 28.80 16.63 1.54
yltm-02 114.30 15.02 1.12 2.81 46.00 15.75 0.72
yltm-03 114.20 15.06 0.60 1.76 78.60 16.11 1.05
yltm-04 114.14 14.99 1.05 2.24 102.60 13.14 -1.85
yltm-ds 123.16 14.99 0.00 0.00 102.60 13.00 -1.99
hskcOlu 123.16 14.75 1.01 2.76 102.60 13.00 -1.75

hskcOlub 123.16 13.93 0.56 4.14 102.60 13.00 -0.93

hskc01 119.05 13.81 0.49 3.68 182.60 12.48 -1.33
hskc0 1ju 109.53 14.02 0.45 3.20 201.60 12.45 -1.57

hskcOljl 109.53 13.56 0.00 0.00 201.60 12.42 -1.14

hskcOljd 134.42 13.56 0.83 2.87 201.60 12.42 -1.14

hskc02 135.19 13.47 0.75 2.57 282.60 11.15 -2.32

hskc03 136.32 13.26 0.74 2.53 402.60 10.75 -2.51

hskc03b 140.80 13.16 0.91 2.96 402.60 10.75 -2.41

hskc03b1 141.67 13.08 0.96 3.12 486.60 10.47 -2.61

hskc03b2 141.67 13.01 0.91 3.13 486.60 10.47 -2.54

hskc04 142.20 12.88 0.87 3.12 542.60 10.28 -2.60

hskc04d 142.76 12.81 0.78 3.06 622.60 10.01 -2.80

hskc05 142.93 12.94 0.79 1.98 642.60 9.95 -2.99

hskc06u 143.12 12.78 0.75 2.66 666.60 9.87 -2.91

hskc06ub 143.12 12.68 0.82 2.88 666.60 9.87 -2.81

hskc06b 143.30 12.66 0.79 2.77 702.60 9.75 -2.91

hskc06151 143.30 12.55 0.87 3.02 702.60 9.75 -2.80

hskc06 143.55 12.46 0.89 3.21 762.60 9.55 -2.91

hskc06152 143.55 10.85 1.08 3.81 762.60 9.55 -1.30

hskc06d 143.71 9.89 1.43 5.08- 862.60 9.21 -0.68

hskc07 143.76 9.57 0.87 3.74 902.60 9.47 -0.10

hskc07b 143.76 9.18 0.98 4.45 902.60 9.47 0.29

hskc08u 143.73 9.35 0.60 2.91 902.60 9.47 0.12

hskc08 143.26 8.95 0.69 3.24 1062.60 9.47 0.52

hskc09 142.96 8.63 0.79 3.62 1142.60 9.94 1.31

hskc10 142.61 8.10 1.04 4.13 1276.60 9.39 1.29

cpr-us 142.51 8.15 0.59 3.25 1324.60 11.10 2.96

cpr-ds 161.70 8.15 0.59 3.21 1381.35 10.50 2.35

hskcll 161.63 7.98 0.79 3.65 1397.35 10.50 2.53

hskcl2u 160.97 7.49 0.94 4.21 1522.35 8.67 1.18

hskc12 160.65 7.19 1.44 4.68 1578.35 8.59 1.40

hskc12m 160.57 7.10 0.98 4.48 1593.35 9.15 2.05

hskc12d 160.21 6.76 1.44 4.65 1656.35 8.13 1.37

hskc13u 160.12 6.68 0.91 4.08 1671.33 7.80 1.12

hskc13 159.70 6.38 1.66 4.53 1734.33 7.69 1.31

hskc13d 159.59 6.34 0.86 3.91 1749.33 7.36 1.02

hskc14 158.69 6.06 0.84 3.83 1928.33 7.05 0.99

hskc15 159.07 5.81 0.79 3.60 2108.33 6.59 0.78

hskc15d 159.32 5.90 0.60 2.87 2219.33 5.66 -0.24
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Table14 Existing remedial measures - I in 200 year rain storm event.

a

-

ow

(un-')

ge

(m PD)

rou e
Number

e on y

(ms-')

am-
age
(m)

an


(m PD)

ree-
board
(m)

ylim-us 135.82 15.18 1.00 2.83 0.00 16.33 1.16
yhm-01 135.79 15.20 0.97 2.25 28.80 16.63 1.43
yltm-02 135.76 15.11 1.12 2.81 46.00 15.75 0.64
yltm-03 135.74 15.17 0.60 1.74 78.60 16.11 0.95
ylim-04 135.79 15.06 1.05 2.21 102.60 13.14 -1.92
yltrn-ds 146.31 15.06 0.00 0.00 102.60 13.00 -2.06
hskcOlu 146.31 14.78 1.01 2.76 102.60 13.00 -1.78
hskcOlub 146.31 14.22 0.62 4.74 102.60 13.00 -1.22
hskc01 142.46 14.03 0.56 4.28 182.60 12.48 -1.55
hskcOlju 132.18 14.29 0.47 3.69 201.60 12.45 -1.84
hskcOljI 132.18 13.82 0.00 0.00 201.60 I2.42 -1.40
hskcOljd 159.01 13.82 0.81 2.96 201.60 12.42 -1.40
hskc02 158.67 13.73 0.75 2.58 282.60 11.15 -2.58
hskc03 158.75 13.50 0.75 2.51 402.60 10.75 -2.75
hskc03b 163.76 13.38 0.93 3.00 402.60 10.75 -2.63
hskc03b1 163.76 13.28 0.99 3.10 486.60 10.47 -2.81
hskc03b2 163.76 13.17 1.01 3.27 486.60 10.47 -2.70
hskc04 163.81 12.95 0.90 3.11 542.60 10.28 -2.67
hskc04d I 63.86 12.85 0.77 3.04 622.60 10.01 -2.84
hskc05 163.88 13.06 0.70 1.98 642.60 9.95 -3.11
hskcO6u 163.90 12.80 0.76 2.69 666.60 9.87 -2.93..
hskc06ub 163.90 12.61 0.80 2.97 666.60 9.87 -2.74
hskc066 163.91 12.58 0.77 2.73 702.60 9.75 -2.83
hskc0661 163.91 12.47 0.83 2.99 702.60 9.75 -2.72'
hskc06 163.92 12.40 0.87 3.20 762.60 9.55 -2.85
hskc06b2 163.92 11.12 1.07 3.81 762.60 9.55 -1.57
hskcO6d 163.94 10.10 1.43 5.21 862.60 9.21 -0.89
hskc07 163.95 9.76 0.87 3.95 902.60 9.47 -0.29
hskc07b 163.95 9.42 0.99 4.56 902.60 9.47 0.05
hskc08u 163.95 9.59 0.61 3.02 902.60 9.47 -0.12
hskc08 163.97 9.19 0.69 3.35 1062.60 9.47 0.28
hskc09 164.00 8.86 0.79 3.73 1142.60 9.94 1.08
hskcIO 164.05 8.34 1.04 4.24 1276.60 9.39 1.05
cpr-us 164.08 8.35 0.62 3.50 1324.60 11.10 2.75
cpr-ds 185.95 8.36 0.62 3.44 1381.35 10.50 2.14
hskcll 185.95 8.21 0.80 3.78 1397.35 10.50 2.29
hskcI2u 185.94 7.73 0.95 4.35 1522.35 8.67 0.95
hskcI2 185.94 7.43 1.44 4.80 1578.35 8.59 1.16
hskcI2m 185.94 7.35 0.99 4.63 1593.35 9.15 1.80
hskcI2d 185.93 7.01 1.44 4.75 1656.35 8.13 1.12
hskcI3u 185.93 6.94 0.91 4.21 1671.33 7.80 0.86
hskcI3 185.91 6.64 1.66 4.60 1734.33 7.69 1.05
hskc13d 185.91 6.61 0.86 4.02 1749.33 7.36 0.75
hskcI4 185.88 6.31 0.84 3.95 1928.33 7.05 0.74
hskcI5 185.95 6.06 0.79 3.76 2108.33 6.59 0.53
hskcI5d 185.98 6.16 0.60 3.03 2219.33 5.66 -0.50
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Table 25 Option IA - I in 2 year rain storm event.

a

-

ow

Ws')

age

(m PD)

rou e
Number

e oa

(ms4)

am-
age
(m) (rnPD)

ree-
board

(m)

yltm-us 59.11 13.27 1.00 2.96 0.00 16.33 3.06
yltm-01 59.01 12.90 0.92 2.63 28.80 16.63 3.73
yltm-02 58.96 12.66 1.12 3.25 46.00 15.75 3.09
yltm-03 58.85 12.41 0.61 2.12 78.60 16.11 3.71
yltrn-04 58.77 12.13 1.05 2.63 102.60 13.14 1.01
yltm-ds 63.17 12.13 0.00 OM 102.60 13.00 0.87
hskcOlu 63.17 10.89 1.01 2.76 102.60 13.00 2.12
hskcOlub 63.17 10.89 0.77 2.03 102.60 13.00 2.12
hskc01 62.95 10.83 0.58 1.87 182.60 12.48 1.65
hskcOlju 62.90 10.82 0.61 1.86 201.60 12.45 1.63
hskc0 1j1 62.90 10.28 0.00 0.00 201.60 12.42 2.14
hskcOljd 68.76 10.28 0.75 2.16 201.60 12.42 2.14
hskc02 68.62 10.19 0.56 2.29 282.60 12.15 1.96
hskc03 68.45 10.00 0.41 2.12 402.60 11.75 1.75
hskc03b 70.41 10.00 0.41 2.17 402.60 11.75 1.75
h.skc03b1 70.30 9.88 1.14 2.45 486.60 11.47 1.59
hskc03b2 70.30 9.12 0.84 2.76 486.60 11.47 2.35
hskc04 70.31 9.02 0.81 2.66 542.60 11.28 2.26
hskcO4d 70.44 8.93 0.68 2.16 622 60 11.01 2.08
hskc05 70.49 9.05 0.62 1.85 642.60 10.95 1.90
hskcO6u 70.54 8.92 0.54 2.34 666.60 10.87 1.95
hskcO6ub 70.54 8.81 0.57 2.45 666.60 10.87 , .06

hskc06b 70.54 8.80 0.47 2.35 702.60 10.75 1.95
hskc06b1 70.54 8.80 0.47 2.35 702.60 10.75 1.95
hskc06 70.54 8.69 0.44 2.27 762.60 10.55 1.86
hskc06b2 70.54 8.69 0.44 2.27 762.60 10.55 1.86
hskcO6d 70.52 8.54 0.40 212 862.60 10.21 1.67
hskc07 70.52 8.30 0.87 3.50 902.60 9.47 1.17
hskc0713 70.52 8.15 0.95 3.80 902.60 9.47 1.32
hskcO8u 70.52 8.33 0.55 2.32 902.60 9.47 314

hskc08 70.50 8.01 0.62 2.56 1062.60 9.47 1.47
hskc09 70.47 7.71 0.73 2.90 1142.60 9.94 2.24
hskc10 70.46 7.15 0.95 3.56 1276.60 9.39 2.24
cpr-us 70.48 7.25 0.49 2.27 1324.60 11.10 3.85
cpr-ds 77.40 7.26 0.43 2.12 1381.35 10.50 3.24
hskc 11 77.40 7.06 0.69 2.80 1397.35 10.50 3.44
hskcl2u 77.44 6.59 0.89 3.40 1522.35 8.67 2.08
hskc12 77.45 6.28 1.25 3.93 1578.35 8.59 2.32
hskc12m 77.45 6.19 0.91 3.55 1593.35 9.15 2.96
hskc12d 77.46 5.84 1.30 3.92 1656.35 8.13 2.29
hskc 13u 77.46 5.76 0.87 3.32 1671.33 7.80 2.04
hskc13 77.46 5.42 1.51 3.87 1734.33 7.69 2.27
hskc13d 77.46 5.38 0.85 3.18 1749.33 7.36 1.98
hskc14 77.44 5.08 0.82 3.15 1928.33 7.05 1.97
hskc15 77.38 4.84 0.75 2.93 2108.33 6.59 1.75
hskc 15d 77.33 4.88 0.57 2.33 2219.33 5.66 0.78
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Table 26 Option IA - I in I0 year rain storm event.

a

-

ow

(m3s-')
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(m PD)

rou e
Number

e on y

(ms4)

am-
age
(m)

a

(m PD)

ree-
board

(m)

yltm-us 88.84 13.68 1.00 3.28 0.00 16.33 2.65
yltm-01 88.76 13.34 0.92 2.88 28.80 16.63 3.29
yltm-02 88.71 13.12 1.12 3.50 46.00 15.75 2.63
yltrn-03 88.66 12.99 0.61 2.28 78.60 16.11 3.12
yltm-04 88.69 12.70 1.05 2.88 102.60 13.14 0.44
yltm-ds 95.44 12.70 0.00 0.00 102.60 13.00 0.30
hskcOlu 95.44 11.81 1.01 2.76 102.60 13.00 1.19
hskallub 95.44 11.81 0.76 2.29 102.60 13.00 1.19

hskc01 95.31 11.76 0.58 2.16 182.60 12.48 0.72
hskc0 1ju 95.28 11.74 0.60 2.15 201.60 12.45 0.71
hskc0 01 95.28 11.03 0.00 0.00 201.60 12.42 1.39

hskc0 ljd 103.93 11.03 0.74 2.84 201.60 12.42 1.39
hskc02 103.86 10.93 0.56 2.70 282.60 12.15 1.22
hskc03 103.79 10.69 0.44 2.58 402.60 11.75 1.06
hskc036 107.13 10.69 0.45 2.66 402.60 11.75 1.06
hskc03b1 107.10 10.52 1.14 2.77 486.60 11.47 0.95
hskc0362 107.10 9.93 0.83 3.08 486.60 11.47 1.54
hskc04 107.05 9.83 0.81 2.98 542.60 11.28 1.45

hskc04d 106.97 9.75 0.68 2.82 622.60 11.01 1.26

hskc05 106.95 9.93 0.62 2.03 642.60 10.95 1.02
hskc06u 106.92 9.74 0.54 2.71 666.60 10.87 1.13

hskc06ub 106.92 9.64 0.57 2.80 666.60 10.87 1.23
hskc066 106.86 9.62 0.47 2.71 702.60 10.75 1.13

hskc06131 106.86 9.62 0.47 2.71 702.60 10.75 1.13.

hskc06 106.79 9.50 0.45 2.65 762.60 10.55 1.05
hskc06132 106.79 9.50 0.45 2.65 762.60 10.55 1.05.

hskcO6d 106.89 9.33 0.42 2.53 862.60 10.21 0.88
hskc07 106.93 9.01 0.86 3.62 902.60 9.47 0.46

hskc137b 106.93 8.73 0.97 4.16 902.60 9.47 0.74

hskcO8u 106.94 8.90 0.57 2.64 902.60 9.47 0.57
hskc08 107.03 8.55 0.65 2.91 1062.60 9.47 0.92

hskc09 107.08 8.22 0.76 3.31 1142.60 9.94 1.72

hskc 10 107.18 7.68 0.95 3.88 1276.60 9.39 1.71

cpr-us 107.23 7.78 0.54 2.78 1324.60 11.10 3.32

cpr-ds 120.47 7.78 0.51 2.70 1381.35 10.50 2.72

hskc 11 120.47 7.57 0.75 3.28 1397.35 10.50 2.93

hskc 12u 120.47 7.10 0.92 3.86 1522.35 8.67 1.57

hskc 12 120.47 6.79 1.24 4.35 1578.35 8.59 1.80

hskcl2m 120.47 6.71 0.95 4.07 1593.35 9.15 2.44

hskc 12d 120.46 6.37 1.29 4.32 1656.35 8.13 1.77

hskcl3u 120.45 6.29 0.89 3.74 1671.33 7.80 1.51

hskc 13 120.44 5.98 1.49 4.19 1734.33 7.69 1.71

hskc13d 120.43 5.94 0.85 3.58 1749.33 7.36 1.42

hskc14 120.36 5.65 0.82 3.53 1928.33 7.05 1.40

hskc 15 120.41 5.41 0.77 3.33 2108.33 6.59 1.18

hskc15d 120.44 5.49 0.59 2.63 2219.33 5.66 0.17
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Table 17 Option IA - I in 50 year rain storm event.

a ow

(m3s4)

ge

(m PD)

rou e
Number

e ea y

ms-')

am-
age
(m)

a

(m PD)

ree-
board

(m)

yltm-us 114.41 14.W 1.W 3.43 0.00 16.33 2.33

yltm-01 114.33 13.76 0.92 2.90 28.80 16.63 2.87

yltm-02 114.34 13.51 1.12 3.59 46.00 15.75 2.24

yltm-03 114.36 13.47 0.61 2.31 78.60 16.11 2.64

yltm-04 114.38 13.17 1.05 2.98 102.60 13.14 -0.03

yltm-ds 123.10 13.17 0.00 0.00 102.60 13.00 -0.17

hskcOlu 123.10 12.31 1.01 2.76 102.60 13.00 0.69

hskcOlub 123.10 12.31 0.76 2.60 102.60 13.00 0.69

hskc01 122.96 12.24 0.58 2.47 182.60 12.48 0.24

hskc0 1ju 122.93 12.22 0.60 2.47 201.60 12.45 0.23

hskc01j1 122.93 11.35 0.00 0.00 201.60 12.42 1.07

hskc01jd 133.97 11.35 0.74 3.33 201.60 12.42 1.07

hskc02 133.91 11.20 0.56 3.22 282.60 12.15 0.95

hskc03 133.86 10.81 0.54 3.21 402.60 11.75 0.94

hskc03b 138.34 10.81 0.56 3.32 402.60 11.75 0.94

hskc03b1 138.35 10.57 1.14 3.61 486.60 11.47 0.90

hskc03b2 138.35 10.43 0.83 3.41 486.60 11.47 1.04

hskc04 138.30 10.32 0.81 3.33 542.60 11.28 0.96

hskcO4d 138.22 10.22 0.68 3.18 622.60 11.01 0.79

hskc05 138.20 10.46 0.62 2.23 642.60 10.95 0.49

hskcO6u 138.17 10.22 0.54 3.07 666.60 10.87 0.65

hskc06ub 138.17 10.22 0.57 3.07 666.60 10.87 0.65

hskc06b 138.14 10.20 0.48 2.99 702.60 10.75 0.55

hskc06b1 138.14 10.20 0.48 2.99 702.60 10.75 0.55

hskc06 138.09 10.06 0.47 2.94 762.60 10.55 0.49

hskc06b2 138.09 10.06 0.47 2.94 762.60 10.55 0.49

hskcO6d 138.02 9.86 0.44 2.85 862.60 10.21 0.35

hskc07 137.98 9.52 0.87 3 68 902 60 9.47 -0.05

hskc07b 137.98 9.13 0.97 4.39 902.60 9.47 0.34

hskc08u 137.96 9.31 0.59 2.84 902.60 9.47 0.16

hskc08 137.97 8.92 0.68 3 17 1062.60 9.47 0.55

hskc09 138.06 8.59 0.78 3.56 1142.60 9.94 1.35

hskc10 138.22 8.06 0.95 4 08 1276.60 9.39 1.33

cpr-us 138.28 8.13 0.58 3.18 1324.60 11.10 2.97

cpr-ds 156.99 8.13 0.58 3 13 1381.35 10.50 2.37

hskcll 156.99 7.95 0.77 3 58 1397.35 10.50 2.55

hskc12u 157.03 7.47 0.94 4.14 1522.35 8.67 1.20

hskc 12 157.04 7.17 1.24 4.61 1578.35 8.59 1.42

hskcl2m 157.05 7.09 0.97 4.41 1593.35 9.15 2.06

hskc 12d 157.06 6.75 1.29 4.57 1656.35 8.13 1.39

hskcl3u 157.06 6.67 0.90 4.01 1671.33 7.80 1.13

hskc 13 157.06 6.36 1.49 4.45 1734.33 7.69 1.33

hskc 13d 157.06 6.32 0.85 3 83 1749.33 7.36 1.04

hskc 14 157.04 6.03 0.83 3.77 1928.33 7.05 1.02

hskc 15 157.00 5.79 0.78 3.59 2108.33 6.59 0.80

hskc 15d 156.97 5.88 0.60 2.86 2219.33 5.66 -0.22
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• Table 28 Option IA - I in 200 year rain storm event.

a ow

(m3s-')

age

(m PD)

rou e
Number

e oa y

(ms-')

am-
age
(m) m PD)

ree-
board

(m)

ylirn-us 135.82 14.27 1.00 3.52 0.00 16.33 2.06
yltm-01 135.77 14.11 0.92 2.89 28.80 16.63 2.52
yltm-02 135.78 13.82 1.12 3.60 46.00 15.75 1.93
yltm-03 135.81 13.86 0.61 2.33 78.60 16.11 2.25
yhm-04 135.84 13.57 1.05 3.01 102.60 13.14 -0.43
yltm-ds 146.26 13.57 0.00 0.03 102.60 13.00 -0.57
hskcOlu 146.26 12.70 1.01 2.76 102.60 13.00 0.30
hskcOlub 146.26 12.70 0.76 2.81 102.60 13.00 0.30
hskc01 146.13 12.63 0.57 2.70 182.60 12.48 -0.15
hskcOlju 146.10 12.61 0.60 2.69 201.60 12.45 -0.16
hskc01j1 146.10 11.75 0.00 0.00 201.60 12.42 0.67
hskcOljd 159.13 11.75 0.74 3.55 201.60 12.42 0.67
hskc02 159.02 11.59 0.56 3.45 282.60 12.15 0.56
hskc03 158.88 11.15 0.56 3.48 402.60 11.75 0.60
hskc03b 164.31 11.15 0.58 3.60 402.60 11.75 0.60
hskc03b1 164.22 10.78 1.14 3.94 486.60 11.47 0.69
hskc0362 164.22 10.78 0.83 3.69 486.60 11.47 0.69
hskc04 164.17 10.65 0.81 3.63 542.60 11.28 0.64
hskc04d 164.10 10.53 0.68 3.49 622.60 11.01 0.48
hskc05 164.08 10.83 0.62 2.41 642.60 10.95 0.12
hskc06u 164.05 10.52 0.54 3.38 666.60 10.87 0.35
hskc06ub 164.05 10.52 0.57 3.38 666.60 10.87 0.35
hskc06b 164.02 10.50 0.51 3.31 702.60 10.75 0.25
hskc06131 164.02 10.50 0.51 3.31 702.60 10.75 0.25 -
hskc06 163.98 10.33 0.50 3.28 762.60 10.55 0.22 -
hskc06b2 163.98 10.33 0.50 3.28 762.60 10.55 0.22
hskcO6d 163.91 10.07 0.49 3.22 862.60 10.21 0.14
hskc07 163.91 9.76 0.87 3.95 902.60 9.47 -0.29
hskc07b 163.91 9.42 0.98 4.56 902.60 9.47 0.05
hskc08u 163.93 9.60 0.61 3.02 902.60 9.47 -013
hskc08 164.06 9.19 0.69 3.35 1062.60 9.47 0.28
hskc09 164.14 8.86 0.79 3.73 1142.60 9.94 1.08
hskc10 164.29 8.34 0.97 4.24 1276.60 9.39 1.05
cpr-us 164.35 8.36 0.62 3.51 1324.60 11.10 2.74
cpr-ds 186.93 8.37 0.62 3.44 1381.35 10.50 2.13
hskcll 186.93 8.22 0.79 3.78 1397.35 10.50 2.28
hskcl2u 186.95 7.73 0.95 4.35 1522.35 8.67 0.94
hskc12 186.96 7.44 1.24 4.78 1578.35 8.59 1.15
hskc12m 186.96 7.36 0.99 4.63 1593.35 9.15 1.79
hskc12d 186.96 7.02 1.29 4.73 1656.35 8.13 1.11
hskc13u 186.96 6.95 0.91 4.19 1671.33 7.80 0.85
hskc13 186.95 6.65 1.49 4.56 1734.33 7.69 1.04
hskc13d 186.95 6.62 0.86 4.00 1749.33 7.36 0.75
hskc14 186.91 6.32 0.84 3.96 1928.33 7.05 0.73
hskc15 186.85 6.07 0.79 3.77 2108.33 6.59 0.52
hskcl5d 186.81 6.17 0.60 3 03 2219.33 5.66 -0.51
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Table 29 Option I B - I in 50 year rain storm event.

a ow

(es')

age

m PD)

rou e
Number

e au y

(ms1)

am-
age
(m)

a

(m PD)

ree-
board

(m)

yhm-us 114.42 14.04 1.00 3.35 0.00 16.33 2.29
yllm-01 114.33 13.88 0.92 2.82 28.80 16.63 2.76
yltm-02 114.34 13.58 1.12 3.46 46.00 15.75 2.17
yltm-03 114.37 13.62 0.61 2 23 78.60 16.11 2.49
yltm-04 114.40 13.38 1.05 2.78 102.60 13.14 -0.24
yltm-ds 123.06 13.38 0.00 0.00 102.60 13.00 -0.38
hskcOlu 123.06 12.69 1.01 2.76 102.60 13.00 0.31
hskcOlub 123.06 12.69 0.71 2.60 102.60 13.00 0.31
hskc01 122.90 12.62 0.56 2.49 182.60 12.48 -0.14
hskc0 1ju 122.87 12.60 0.58 2.48 201.60 12.45 -0.15
hskc01j1 122.87 11.57 0.00 0.00 201.60 12.42 0.85
hskcOljd 133.91 11.57 0.70 3 43 201.60 12.42 0.85
hskc02 133.79 11.40 0.56 3.34 282 60 12.15 0.75
hskc03 133.63 10.95 0.56 3.38 402.60 11.75 0.80
hskc03b 138.11 10.95 0.58 3.49 402.60 11.75 0.80
hskc03b1 138.01 10.56 1.23 3.87 486.60 11.47 0.92
hskc03b2 138.01 10.56 0.77 3.60 486.60 11.47 0.92
hskc04 137.95 10.41 0.81 3.55 542.60 11.28 0.87
hskcO4d 137.87 10.29 0.70 3A2 622.60 11.01 0.72
hskc0.5 137.85 10.59 0.65 2.31 642.60 10.95 0.36
hskc06u 137.82 10.28 0.57 3.31 666.60 10.87 0.59
hskcO6ub 137.82 10.28 0.57 3.31 666.60 10.87 0.59
hskc06b 137.78 10.25 0.51 3.23 702.60 10.75 0.50
hskc06b1 137.78 10.25 0.51 3.23 702.60 10.75 0.50
hskc06 137.78 10.08 0.51 3.21 762.60 10.55 0.48
hskc06b2 137.78 10.08 0.51 3.21 762.60 10.55 0.48
hskcO6d 137.84 9.79 0.50 3.17 862.60 10.21 0.42
hskc07 137.86 9.52 0.87 3.68 902.60 9.47 -0.05
hskc07b 137.86 9.13 0.97 4.39 902.60 9.47 0.34
hskc08u 137.87 9.31 0.59 2.84 902.60 9.47 0.17
hske08 137.97 8.92 0.68 3.17 1062.60 9.47 0.55
hskc09 138.03 8.59 0.78 3.56 1142.60 9.94 1.35
hskc10 138.14 8.06 0.95 4.08 1276.60 9.39 1.33
cpr-us 138.19 8.12 0.58 3.18 1324.60 11.10 2.98
cpr-ds 156.53 8.13 0.58 3.12 1381.35 10.50 2.37
hskcll 156.53 7.95 0.77 3.57 1397.35 10.50 2.55
hskc 12u 156.55 7.47 0.94 4.14 1522.35 8.67 1.20
hskc 12 156.56 7.17 1.24 4.60 1578.35 8.59 1.42
hskc12m 156.56 7.09 0.97 4.40 1593.35 9.15 2.07
hskcl2d 156.56 6.74 1.29 4.57 1656.35 8.13 1.39
hskc 13u 156.56 6.67 0.90 4.00 1671.33 7.80 1.14
hskc13 156.56 6.36 1.49 4.44 1734.33 7.69 1.33
hskcl3d 156.56 6.32 0.85 3.83 1749.33 7.36 1.04
hskc14 156.53 6.03 0.84 3.77 1928.33 7.05 1.02
hskc15 156.47 5.79 0.78 3.59 2108.33 6.59 0.80
hskcIsd 156.44 5.87 0.60 2.86 2219.33 5.66 -0.21
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Table30 Option 2 - I in 10year rain storm event.

a ow

(mY)

age


(m PD)

rou e
Number

e oa

(ms-1)

am-
age
(m

an


(m PD

ree-
board

(m)

yltm-us 88.84 14.18 1.00 2.79 0.00 16.33 2.16
yltm-01 88.68 14.18 0.97 2.44 28.80 16.63 2.45
yltm-02 88.72 14.07 1.12 2.98 46.00 15.75 1.68
yltm-03 88.79 14.12 0.61 1.86 78.60 16.11 1.99
yltm-04 88.85 14.05 1.05 2.34 102.60 13.14 -0.91
yltm-ds 95.04 14.05 0.00 0.00 102.60 13.00 -1.05
hskcOlu 95.04 13.80 1.01 2.76 102.60 13.00 -0.80
hskcOlub 95.04 13.80 0.58 3.09 102.60 13.00 -0.80
hskc01 95.06 13.61 0.52 3.04 182.60 14.48 0.87
hskcOlju 95.07 13.55 0.54 3.05 201.60 14.45 0.90
hskc01j1 95.07 13.35 0.00 0.00 201.60 14.42 1.07
hskc01jd 103.53 13.35 0.58 3.43 201.60 14.42 1.07
hskc02 103.40 13.09 0.53 3.42 282.60 14.15 1.06
hskc03 103.39 12.39 0.54 3.62 402.60 13.75 1.36
hskc03b 106.57 12.39 0.58 3.74 402.60 13.75 1.36
hskc03b1 106.46 11.83 1.01 4.18 486.60 13.47 1.64
hskc03b2 106.46 11.83 0.65 3.94 486.60 13.47 1.64
hskc04 106.42 11.54 0.69 4.03 542.60 13.28 1.74,.

hskcO4d 106.46 11.20 0.67 4109 622.60 13.01 1.81

hskc05 106.48 11.79 0.78 2.11 642.60 12.95 1.16

hskcO6u 106.50 11.15 0.59 4.00 666.60 12.87 1.72

hskcO6ub 106.50 11.15 0.59 4.00 666.60 12.87 1.72
hskc06b 106.51 11.05 0.58 3.99 702.60 12.75 1.70

hskc06b1 106.51 11.05 0.58 3.99 702.60 12.75 1.70
hskc06 106.54 10.45 0.66 4.35 762.60 12.55 2.11
hskc06b2 106.54 10.45 0.66 4.35 762.60 12.55 2.11

hskc06d 106.58 9.30 0.89 5.31 862.60 10.21 0.91
hskc07 106.60 9.00 0.87 3.62 902.60 9.47 0.47

hskcOlb 106.60 8.72 0.97 4.16 902.60 9.47 0.75
hskcO8u 106.61 8.90 0.57 2.64 902.60 9.47 0.57

hskc08 106.65 8.55 0.65 2.91 1062.60 9.47 0.92

hskc09 106.68 8.22 0.76 3.30 1142.60 9.94 1.73
hskcIO 106.75 7.68 1.04 3.87 1276.60 9.39 1.71

cpr-us 106.79 7.77 0.54 2.78 1324.60 11.10 3.33

cpr-ds 119.82 7.77 0.51 2.69 1381.35 10.50 2.73

hskcI 1 119.82 7.56 0.75 3.28 1397.35 10.50 2.94
hskc12u 119.81 7.09 0.92 3.85 1522.35 8.67 1.58

hskc12 119.81 6.79 1.44 4.35 1578.35 8.59 1.80

hskcl2rn 119.80 6.70 0.95 4.06 1593.35 9.15 2.45

hskc I2d 119.79 6.36 1.44 4.31 1656.35 8.13 1.77

hskc13u 119.79 6.28 0.89 3.74 1671.33 7.80 1.52

hskc13 119.77 5.97 1.66 4.19 1734.33 7.69 1.72

hskc I3d 119.77 5.94 0.85 3.57 1749.33 7.36 1.43

hskc14 119.84 5.64 0.82 3.52 1928.33 7.05 1.41

hskc15 119.87 5.40 0.77 3.32 2108.33 6.59 1.19

hskcIsd 119.88 5.48 0.59 2.62 2219.33 5.66 0.18
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Table 31 Option 4 - I in 2 year rain storm event.

	

ow ge rou e e era am- a ree-

	

Number age board

	

(m3s-') (m PD ins-`) m) (m PD) (n) 411
yltm-us 59.11 13.27 1.00 2.96 0.00 16.33 3.06
yltm-01 59.02 12.90 0.92 2.63 28.80 16.63 3.73
yltm-02 58.96 12.66 1.12 3.25 46.00 15.75 3.09
yltm-03 58.85 12.41 0.61 2.12 78.60 16.11 3.71
ylun-04 58.77 12.13 1.02 2.63 102.60 13.14 1.01
yhm-ds 63.17 12.13 0.00 0.00 102.60 13.00 0.87
hskcOlu 63.17 10.52 1.01 2.76 102.60 13.00 2.48
hskcOlub 63.17 10.52 1.09 4.17 102.60 13.00 2.48
hskc01 63.09 10.31 1.01 4.05 170.60 12.48 2.17
hskcOlju 63.07 10.26 1.07 4.09 186.75 12.45 2.19
hskc0 1jl 63.07 10.26 0.00 0.00 186.75 12.42 2.16
hskc0 Ijd 68.93 10.26 1.02 4.42 186.75 12.42 2.16
hskc02 68.85 10.01 0.94 4.37 255.60 12.15 2.14
hskc03 68.75 9.67 0.87 4.26 357.60 11.75 2.08
hskc03b 70.71 9.67 0.92 4.38 357.60 I 1.75 2.08
hskc03b1 70.64 9.38 1.83 4.93 429.00 I 1.47 2.09
hskc03b2 70.64 9.38 1.08 4.39 429.00 11.47 2.09
hskc04 70.60 9.22 1.04 4.33 476.60 11.28 2.06
hskcO4d 70.53 9.01 0.96 4.23 544.60 11.01 2.00
hskc05 70.51 8.96 0.95 4.22 561.60 10.95 1.99
hskc06u 70.49 8.90 0.91 4.17 582.00 10.87 1.97
hskc06ub 70.49 8.90 0.91 4.17 582.00 10.87 1.97
hskc06b 70.46 8.83 0.85 4.10 612.60 10.75 1.92
hskc06b1 70.46 8.83 0.85 4.10 612.60 10.75 1.92
hskc06 70.41 8.73 0.76 3.95 663.60 10.55 1.82
hskc06b2 70.41 8.73 0.76 3.95 663.60 10.55 1.82
hskc06d 70.34 8.42 0.88 4.61 748.60 10.21 1.79
hskc07 70.29 8.29 0.87 3.51 788.60 9.47 1.18
hskc07b 70.29 8.15 0.95 3.80 788.60 9.47 1.32
hskc08u 70.26 8.33 0.55 2.32 788.60 9.47 1.15
hskc08 70.25 8.00 0.62 2.55 948.60 9.47 1.47
hskc09 70.33 7.71 0.72 2.90 1028.60 9.94 2.23
hskc10 70.47 7.16 0.94 3.56 1162.60 9.39 2.23
cpr-us 70.54 7.27 0.49 2.26 1210.60 11.10 3.83
cpr-ds 78.30 7.27 0.43 2.14 1267.35 10.50 3.23
hskc II 78.31 7.07 0.70 2.82 1283.35 10.50 3.43
hskc 12u 78.34 6.61 0.89 3.41 1408.35 8.67 2.07
hskc 12 78.35 6.29 1.20 3.95 1464.35 8.59 2.30
hskc 12m 78.35 6.20 0.91 3.57 1479.35 9.15 2.95
hskc12d 78.36 5.85 1.26 3.93 1542.35 8.13 2.28
hskc 13u 78.36 5.77 0.87 3.34 1557.33 7.80 2.03
hskc 13 78.37 5.43 1.42 3.89 1620.33 7.69 2.26
hskc I3d 78.37 5.39 0.85 3.20 1635.33 7.36 1.97
hskcI4 78.35 5.09 0.82 3.16 1814.33 7.05 1.96
hskc 15 78.29 4.86 0.75 2.94 1994.33 6.59 1.73
hskc 15d 78.27 4.90 0.57 2.34 2105.33 5.66 0.76
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Table 32 Option 4 - 1 in 10year rain storm event.

a e ow

(m3s-')

age


(m PD)

rou e
Number

e oci y

(ms-1)

am-
age
m (m PD)

ree-
board

m)

yltm-us 88.84 13.68 1.00 3.28 0.00 16.33 2.65
ylun-01 88.76 13.34 0.92 2.89 28.80 16.63 3.30
yltm-02 88.71 13.12 1.12 3.50 46.00 15.75 2.63
yltm-03 88.66 12.98 0.61 2.29 78.60 16.11 3.14
yltm-04 88.68 12.67 1.02 2.90 102.60 13.14 0.47
yltm-ds 95.45 12.67 0.00 0.00 102.60 13.00 0.33
hskcOlu 95.45 11.36 1.01 2.76 102.60 13.00 1.64
hskcOlub 95.45 11.36 1.09 4.63 102.60 13.00 1.64
hskc01 95.38 11.17 1.02 4.51 170.60 12.48 1.31
hskcOlju 95.36 11.11 1.09 4.56 186.75 12.45 1.34
hskc01j1 95.36 11.11 0.00 0.00 186.75 12.42 1.31
hskcOljd 104.01 11.11 1.02 4.92 186.75 12.42 1.31
hskc02 103.94 10.86 0.95 4.88 255.60 12.15 1.29
hskc03 103.84 10.52 0.87 4.79 357.60 11.75 1.23
hskc03b 107.18 10.52 0.91 4.94 357.60 11.75 1.23
hskc03b1 107.12 10.24 1.89 5.37 429.00 11.47 1.23
hskc03b2 107.12 10.24 1.10 4.94 429.00 11.47 1.23
hskc04 107.08 10.08 1.06 4.90 476.60 11.28 1.20
hskc04d 107.02 9.86 0.97 4.83 544.60 11.01 1.15
hskc05 107.00 9.80 0.96 4.82 561.60 10.95 1.15
hskc06u 106.99 9.74 0.92 4.79 582.00 10.87 1.13
hskcO6ub 106.99 9.74 0.92 4.79 582.00 10.87 1.13
hskc06b 106.96 9.66 0.86 4.74 612.60 10.75 1.10
hskc06b1 106.96 9.66 0.86 4.74 612.60 10.75 1.10
hskc06 106.92 9.52 0.79 4.66 663.60 10.55 1.03
hskc06b2 106.92 9.52 0.79 4.66 663.60 10.55 1.03
hskc06d 106.86 9.18 0.93 5.50 748.60 10.21 1.03
hskc07 106.82 9.00 0.87 3.62 788.60 9.47 0:47
hskc07b 106.82 8.73 0.97 4.16 788.60 9.47 0.74
hskcO8u 106.79 8.90 0.57 2.64 788.60 9.47 0.57
hskc08 106.66 8.55 0.65 2.90 948.60 9.47 0.92
hskc09 106.75 8.22 0.76 3.30 1028.60 9.94 1.72
hskc10 106.91 7.69 0.94 3.87 1162.60 9.39 1.70
cpr-us 106.98 7.78 0.54 2.78 1210.60 11.10 3.32
cpr-ds 120.85 7.79 0.51 2.71 1267.35 10.50 2.71
hskcll 120.86 7.57 0.75 3.29 1283.35 10.50 2.93
hskcl2u 120.89 7.11 0.92 3.87 1408.35 8.67 1.57
hskc12 120.90 6.80 1.22 4.36 1464.35 8.59 1.79
hskcl2m 120.91 6.72 0.95 4.08 1479.35 9.15 2.43
hskcl2d 120.91 6.37 1.28 4.32 1542.35 8.13 1.76
hskc13u 120.92 6.30 0.89 3.75 1557.33 7.80 1.51
hskc13 120.92 5.98 1.47 4.20 1620.33 7.69 1.71
hskc13d 120.92 5.95 0.85 3.58 1635.33 7.36 1.41
hskc14 120.90 5.65 0.82 3.53 1814.33 7.05 1.40
hskc15 120.87 5.41 0.77 3.33 1994.33 6.59 1.18
hskcl5d 120.84 5.49 0.59 2.63 2105.33 5.66 0.17
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Table 33 Option 4 - I in 50 year rain storm event.

a e ow

(mV)

age

(m PD)

rou e
Number

e on y

(ms1)

am-
age
(m) (m PD)

ree-
board

(m)

yltm-us 114.42 13.99 1.00 3.46 0.00 16.33 2.35
yltm-01 114.33 13.72 0.92 2.96 28.80 16.63 2.92
yltm-02 114.33 13.48 1.12 3.64 46.00 15.75 2.27
yltm-03 114.36 13.42 0.60 2.37 78.60 16.11 2.70
yltm-04 114.38 13.09 1.01 3.09 102.60 13.14 0.06
yltm-ds 123.10 13.09 0.00 0.00 102.60 13.00 -0.09
hskcOlu 123.10 12.03 1.01 2.76 102.60 13.00 0.97
hskcOlub 123.10 12.03 1.09 4.93 102.60 13.00 0.97
hskc01 123.03 11.85 1.02 4.81 170.60 12.48 0.63
hskcOlju 123.01 11.78 1.09 4.86 186.75 12.45 0.67
hskc01j1 123.01 11.78 0.00 0.00 186.75 12.42 0.64
hskc0 1jd 134.05 11.78 1.03 5.26 186.75 12.42 0.64
liskc02 133.98 11.54 0.95 5.22 255.60 12.15 0.61
hskc03 133.90 11.19 0.88 5.15 357.60 11.75 0.56
hskc03b 138.38 11.19 0.93 532 357.60 11.75 0.56
hskc03b1 138.32 10.90 1.87 5.71 429.00 11.47 0.57
hskc03b2 138.32 10.90 1.09 5.33 429.00 11.47 0.57
hskc04 138.29 10.73 1.06 5.30 476.60 11.28 0.55
hskc04d 138.24 10.49 0.97 5.26 544.60 11.01 0.52
hskc05 138.23 10.43 0.96 5.26 561.60 10.95 0.52
hskc06u 138.22 10.36 0.92 5.24 582.00 10.87 0.51
hskcO6ub 138.22 10.36 0.92 5.24 582.00 10.87 0.51
hskc06b 138.20 10.26 0.86 5.22 612.60 10.75 0.49
hskc06b1 138.20 10.26 0.86 5.22 612.60 10.75 0.49
hskc06 138.17 10.10 0.82 5.17 663.60 10.55 0.46
hskc06b2 138.17 10.10 0.82 5.17 663.60 10.55 0.46
hskc06d 138.13 9.71 0.98 6.19 748.60 10.21 0.50
hskc07 138.10 9.52 0.87 3.68 788.60 9.47 -0.05
hskc07b 138.10 9.13 0.97 4.39 788.60 9.47 0.34
hskc08u 138.07 9.31 0.59 2.85 788.60 9.47 0.17
hskc08 137.91 8.92 0.68 3.17 948.60 9.47 0.55
hskc09 137.93 8.59 0.78 3.56 1028.60 9.94 1.35
hskc10 138.08 8.07 0.95 4.08 1162.60 9.39 1.33
cpr-us 138.14 8.13 0.58 3.18 1210.60 11.10 2.97
cpr-ds 157.09 8.13 0.58 3.13 1267.35 10.50 2.37
hskc II 157.10 7.95 0.77 3.58 1283.35 10.50 2.55
hskc12u 157.14 7.48 0.94 4.14 1408.35 8.67 1.20
hskc 12 157.15 7.18 1.21 4.61 1464.35 8.59 1.42
hskcI2m 157.16 7.09 0.97 4.41 1479.35 9.15 2.06
hskc12d 157.17 6.75 1.27 4.58 1542.35 8.13 1.38
hskc13u 157.17 6.67 0.90 4.01 1557.33 7.80 1.13
hskc13 157.18 6.36 1.46 4.45 1620.33 7.69 1.33
hskc13d 157.18 6.33 0.85 . 3.83 1635.33 7.36 1.03
hskc14 157.18 6.04 0.83 3.77 1814.33 7.05 1.01
hskc15 157.17 5.79 0.78 3.59 1994.33 6.59 0.80
hskc 15d 157.16 5.88 0.60 2.86 2105.33 5.66 -0.22

•

•
•
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Table 34 Option 4 - 1 in 200 year rain storm event.

a e ow

m3s-`)

age

(m PD)

rou e
Number

e oci y

ms-')

am-
age
m)

a

(m PD)

ree-
board
(m)

yltm-us 135.82 14.25 1.00 3.55 0.00 16.33 2.08
yltm-01 135.77 14.06 0.92 2.96 28.80 16.63 2.57
yltm-02 135.78 13.79 1.12 3.66 46.00 15.75 1.96
yltm-03 135.81 13.80 0.60 2.39 78.60 16.11 2.31
yltm-04 135.84 13.49 1.00 3.12 102.60 13.14 -0.35
yltm-ds 146.27 13.49 0.00 0.00 102.60 13.00 -0.49
hskcOlu 146.27 12.55 1.01 2.76 102.60 13.00 0.45
hskcOlub 146.27 12.55 1.08 5.16 102.60 13.00 0.45
hskc01 146.20 12.36 1.02 5.06 170.60 12.48 0.12
hskc0 1ju 146.18 12.29 1.09 5.11 186.75 12.45 0.16
hskc01,11 146.18 12.29 0.00 0.00 186.75 12.42 0.13
hskc0 1jd 159.21 12.29 1.02 5.52 186.75 12.42 013
hskc02 159.15 12.04 0.94 5.50 255.60 12.15 0.11
hskc03 159.06 11.67 0.87 5.46 357.60 11.75 0.08
hskc03b 164.49 11.67 0.93 5.65 357.60 11.75 0.08
hskc03b1 164.44 11.37 1.86 6.04 429.00 11.47 0.11
hskc03b2 164.44 11.37 1.09 5.68 429.00 11.47 0.11
hskc04 164.41 11.18 1.05 5.67 476.60 11.28 0.10
hskcO4d 164.37 10.91 0.97 5.67 544.60 11.01 0.10
hskc05 164.36 10.84 0.96 5.68 561.60 10.95 0.11
hskc06u 164.34 10.76 0.92 5.68 582.00 10.87 0.11
hskcO6ub 164.34 10.76 0.92 5.68 582.00 10.87 0.11
hskc06b 164.33 10.64 0.86 5.68 612.60 10.75 0.11
hskc06b1 164.33 10.64 0.86 5.68 612.60 10.75 0.11
hskc06 164.30 10.43 0.86 5.68 663.60 10.55 0.12
hskc06b2 164.30 10.43 0.86 5.68 663.60 10.55 0.12
hskcO6d 164.26 9.97 1.06 6.91 748.60 10.21 0.24
hskc07 164.24 9.76 0.88 3.96 788.60 9.47 -0.29
hskc07b 164.24 9.43 0.98 4.56 788.60 9.47 0.05
hskcO8u 164.22 9.60 0.61 3.02 788.60 9.47 -0.13
hskc08 164.05 9.19 0.69 3.34 948.60 9.47 0.28
hskc09 164.01 8.86 0.79 3.73 1028.60 9.94 1.08
hskc10 164.18 8.35 0.96 4.24 1162.60 9.39 1.04
cpr-us 164.24 8.37 0.62 3.50 1210.60 11.10 2.74
cpr-ds 187.34 8.37 0.62 3.45 1267.35 10.50 2.13
hskcll 187.35 8.22 0.79 3.79 1283.35 10.50 2.28
hskc12u 187.39 7.74 0.95 4.35 1408.35 8.67 0.93
hskc 12 187.40 7.44 1.20 4.79 1464.35 8.59 1.15
hskc 12m 187.40 7.36 0.99 4.63 1479.35 9.15 1.79
hskc 12d 187.41 7.03 1.26 4.73 1542.35 8.13 1.10
hskcl3u 187.41 6.95 0.91 4.19 1557.33 7.80 0.85
hskc13 187,42 6.66 1.46 4.57 1620.33 7.69 1.03
hskcl3d 187.42 6.62 0.86 4.01 1635.33 7.36 0.74

hskc 14 187.41 6.33 0.84 3.96 1814.33 7.05 0.72
hskc15 187.40 6.08 0.79 3.77 1994.33 6.59 0.51
hskc 15d 187.39 6.17 0.60 3.04 2105.33 5.66 -0.51
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Table35 Option5 - 1 in 10 year rain storm event. •
a ow ge

(m PD)

rou e
Number

eociy

(ms1

am-
age
m)

a

(m PD)

ree-
board

(m)




yltm-us 66.33 13.69 1.00 2.70 0.00 16.33 2.64
•yltm-01 66.33 13.67 0.92 2.35 28.80 16.63 2.97




yltm-02 66.34 13.56 1.13 2.90 46.00 15.75 2.19




yltm-03 66.34 13.61 0.62 1.80 78.60 16.11 2.51
•yltm-04 66.34 13.55 1.05 2.22 102.60 13.14 -0.41




yllm-ds 72.47 13.55 0.00 0.00 102.60 13.00 -0.55




hskcOlu 72.47 13.35 1.01 2.76 102.60 13.00 -0.35
•hskcOlub 72.47 13.35 0.58 2.55 102.60 13.00 -0.35




hskc01 72.42 13.24 0.52 2.48 182.60 12.48 -0.76




hskc01ju 72.41 13.21 0.53 2.48 201.60 12.45 -0.76
•hskc01jl 72.41 12.51 0.00 0 00 201.60 12.42 -0.09




hskcOljd 80.37 12.51 0.59 3.15 201.60 12.42 -0.09




hskc02 80.37 12.28 0.52 3.12 282.60 12.15 -0.13
•hskc03 80.39 11.70 0.53 3.26 402.60 11.75 0.05




hskc03b 85.52 11.70 0.58 346 402.60 11.75 0.05




hskc03b1 85.53 11.18 1.03 389 486.60 11.47 0.29
•hskc03b2 85.53 11.18 0.66 3.64 486.60 11.47 0.29




hskc04 85.54 10.93 0.70 3.70 542.60 11.28 0.35




hskcO4d 85.54 10.64 0.67 3.71 622.60 11.01 0.37
•hskc05 85.55 10.58 0.64 3.70 642.60 10.95 0.37




hskc06u 85.55 10.52 0.60 3.69 666.60 10.87 0.35




hskcO6ub 85.55 10.52 0.60 3.69 666.60 10.87 0.35
•hskc06b 85.55 10.44 0.57 3.66 702.60 10.75 0.31




hskc06b1 85.55 10.44 0.57 3.66 702.60 10.75 0.31




hskc06 85.55 9.92 0.64 3.96 762.60 10.55 0.63
•hskc06b2 85.55 9.92 0.64 3.96 762.60 10.55 0.63




hskcO6d 85.56 8.84 .0.87 4.87 . 862.60 10.21 1.37




hskc07 85.56 8.61 0.86 3.55 902.60 9.47 0.86




hskc07b 85.56 8.42 0.96 3.96 902.60 9.47 1.05




hskc08u 85.55 8.60 0.55 2.43 902.60 9.47 0.87




hskc08 85.51 8.29 0.63 2.66 1062.60 9.47 1.18
•hskc09 85.50 7.99 0.74 3.02 1142.60 9.94 1.95




hskc10 85.50 7.48 0.95 3.59 1276.60 9.39 1.91




cpr-us 85.52 7.64 0.49 2.36 1324.60 11.10 3.46




cpr-ds 107.68 7.64 0.49 2.54 1381.35 10.50 2.86




hskcll 107.68 7.42 0.74 3.17 1397.35 10.50 3.08




hskc12u 107.67 6.96 0.91 3.73 1522.35 8.67 1.71
•

hskc12 107.65 6.65 1.24 4.27 1578.35 8.59 1.94




hskcl2m 107.65 6.56 0.94 3.94 1593.35 9.15 2.59




hskc12d 107.62 6.21 1.29 4.25 1656.35 8.13 1.92
•

hskc13u 107.61 6.13 0.88 3.63 1671.33 7.80 1.67




hskc13 107.56 5.81 1.50 4.15 1734.33 7.69 1.88




hskc13d 107.54 5.77 0.84 3.48 1749.33 7.36 1.59
•

hskc14 107.31 5.48 0.82 3.42 1928.33 7.05 1.57




hskc15 107.06 5.24 0.76 3.23 2108.33 6.59 1.35




hskc15d 106.88 5.31 0.58 2.54 2219.33 5.66 0.35
•








•



Table36 Flood marksfor the 1993 and 1994 events.

Point

1993

Level
(mPD)

Remarks




A 20.11 Red mark on pig house




17.96 Top of dam




17.21 Red mark on rubble masonary




14.04 Red mark on a tree •




1994





A 1961. Red mark at housewall




1906. Red mark at dam wall




14.05 Red mark at wall




14.04 Red mark at a tree TheConcultants believe that
thismark is infact mark D
fromthe 1993event

F 13.47 Red mark at lamp post




C 13.06 Red mark at house wall




1 12.28 Red mark at lamp post




1 11.89 Red mark at lamp post




L 11.52 Red mark at lamp post




Table 37 Comparison of catchment areasfrom the original design andthe current study

Sub-catchment Original design

study

Current study Percentage
difference




Area (km2) Area (km 2) (%)

Catchments 1,2 and 3 4.61 4.24 -8.0

Catchments 1,2,3and 4 5.06 4 62 -8.7
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lsohyetal map for 22nd July 1994 (mm)
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Hourly rainfall for 22 July 1994
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Figure 10 Comparison of hourly rainfall with elevation - 22 July, 1994 event
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Figure 11 Comparison of total rainfall with elevation - 22 July, 1994 event
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Figure 14 5 November, 1993 - 15 minute catchment rainfall and stage.
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Figure 41 Maximum and minimum water levels for the 1 in 2 year rainfall event.
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Figure 42 Maximum and minimum water levels for the 1 in 10 year rainfall event.
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Figure 43 Maximum and minimum water levels for the 1 in 50 year rainfall event.
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Figure 44 Maximum and minimum water levels for the 1 in 200 year rainfall event.
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Figure 45 Max & min water levels 1 in 2 year rainfall event - Existing remedial works.
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Figure 47 Max & min water levels, 1 in 50 year rainfall event - Existing remedial works.
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Figure 48 Max & mM water levels, 1 in 200 year rainfall event - Existing remedial works.
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Figure 49 Max & min water levels, I in 2 year rainfall event - Option IA.



85 906 9 9 6

TO ICL 9EE'6

Z6 Z1 EZ IL 6 9L 991 	 !ZO-w114 9 01

89 EL LE ZL t E 9l 6 91 srl-LullA 	 6 Lco cv oc (D CV-

MIN.

WATER

LEVEL

LEFT

BANK

(m)

!,6_ 09 _k L 9 1,9102I8L1 _St

_9 9 9 9 _ 9 13)1s1-1_ It

99• LEE 	 I 1 11 410)1s11 ot

	

ias.s 0P EL L.L 10)1s4 9'C

ISP AG 18 pzial!ti ItH

	

5E9 16 69 6 8 gloNal Ct 


01'L OE'S E 9 . Li  nzpl_SLI fl

	

t L5/ 19 5 50 L 901 113ISLI St

I 94 L ZE9 _ 00 111-31c10 0'9

t 99 L PES V6 176 010)184 19

ZZ 9• 8Z 9 6 e 6 6 600)Isil C

95 9 0179 9 6 5 6 803>Isti __ PS

s n900)1sil 9•S

	

TOL P900)1a1 99

OS 6 1E19 991 9 01 990kal  0 9
Z9 6 69 9 891 901 ‘1900>151-1 Z 9

9E6 00 L 01 L CII PVCP)Istl r9

3901 9V L 911 91 LEIE00)194 6•9

_ 6901 16 L 91 C004s4

26 01 a 9 Zl Z003M-1 9 1

9111 VS 8 5 ZL StI L00)1s11 6 L

Figure 50 Max & min water levels,1 in 10year rainfall event - Option 1A.
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Figure 51 Max & min water levels, 1 in 50 year rainfall event - Option 1A.
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Figure 52 Max & min water levels, I in 200 year rainfall event - Option IA.
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Summary of data collected
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The H In ,ieal/h draulie inve i al n th u ui Ki • a e
of in rmati n data o lec

DSD/DP (94)

i) Design calculation and reports 18 items
Drawings:
Item (19): DDN/2ICD/0002 - Catchment plan - main drainage channel for

Tin Shun Wai Hinterland.
Item (20): DDN 8364C - Flood control worksof NWNT development.
Item (21): NDD 6380 - 6397 }

NDD 6416 - 6418 } Hung Shun Kiu drainage channel.
NDD 6421 - 6428

Item (22): NH 7710C }
NH7818A } YL - TM Eastern Corridor (TM section).
NH 7819A }

Item (23): 12 aerial photographs
'Development investigationof North Western New Territories- Base strategy study -
Working paper : Preliminary drainage & flooding protectiondesign'.

iv) 'Existing flood and low flow conditions and selection of drainage scheme'.

DSD/LD (94)

i) Ilydrometric Data of November 93 event, including :
15-minrainfalland 60-minmoving totals at Yuen Long R.G. Filters (No. 17).
5-min rainfalland 60-min moving totals at rain gauge stations Nos N07 and

NI2.
Hourly/Daily summary of 13 rain gauges in the New Territories.
Hourly/Daily summary of 13 river gauaes in the New Territories and a tidc

gage at Tsim Bei Tsui.
Flood marks.

0 Location of automatic reporting rain gauges.
Hydrometric Data ofJuly 94 event
a)I5-min rainfall at Yuen Long R.G. Filters (No 17).
I))Hourly/Daily summary of 13 rain gauges in the New Territories.

Hourly/Daily summary of all rain gauges in the Territory.
Hourly/Daily summary of 13river gauges in the New Territories
gage at Tsim I3eiTsui.
Flood marks.
Location of automatic reporting rain gauges.

1 copy of survey sheets of Tin Shun Wai drainage basin in 1:1000 and 1
3 additional copies of survey sheets of Tin Shun Wai drainage basin in 1
1:5000 scale.
TEL's BMP planning report no.8 - Tin Shun Wai.
Aerial photographs of the Flung Shun Hang Catchment taken in 11/93.
Initial report on flooding on 22/7/94.

and a tide

:5000.
:1000 and



viii) Newspaper cuttings.
ix) Record photos of the event on 22/7/94.
x) Flooding situation report from a resident siteoffice at Tin Shun Wai.
xi) RO's Monthly Weather Summary - 11/93.
xii) RO's Monthly Weather Summary - 7/94.
xiii) Rainfall frequency analysis on RO HQ. data(1884 - 1990) carried out by RO.
xiv) Rainfall frequencyanalysis on Yuen Long RGfilter and Tai Po Tau treatment works

(1980 - 1990) carried out by RO.
xv) Design flood for Hong Kong. Public WorksDepartment (1986).
xvi) Flood extent map on 22/7/94.
xvii) Monthly summary of daily rainfall of GEOand RO rain gauges.
xviii) Rain gauges in Hong Kong - location map.
xix) Memo : LD - DS, O&M

'FMRS3 - Initial flood report'.
- ref : LD 1/4/12 - 94 f (25/7/94)

xx) Memo : MN LD, DP.
'Flooding on 22/7/94 at TanKwai Tsuen, Yuen Long'
- ref : MN 5/14/6 - 4 (2/8/94)

xxi) Memo : CE/TSW LD
'Tin Shun Wai development,DSD, flood monitoring and reporting
system'.
- ref : HPFUTSW/S/1128(25/8/94)
'FMRS2(b) - Post incident flood report (other departments)'.
- ref : PH/TS\V/S/1128

xxii) Memo : HyD DP
'Contract /I HY/89/17 - YL- TM Eastern Corridor (TM section)'.
- ref : HNT 55/384-20/2 (5/9/94)

xxiii) Memo : CRE/TSW LD
'Comment on November 93and July 94 event'
- (ref : HPII/TSW/S/1128)

xxiv) 'Stormwater drainage manual - Planning,design and management'.
xxv) Colour site photographs.
xxvi) Newspaper cuttings.
xxvii) Drawings :

DUD 3000 (1:500)
DLD 3001 (1:500)
DLD 3002 (1:500)
DLD 3003 (not to scale)

xxviii) Relevant memos on the design of Hung Shun Kiu drainage channel.



	

3. DSD/MN (94)

i) As - built drawings :
A69R, W57R - W61R, W76R- W61R, W202R - W215R, W217R - W219R
RKI427, RK1427/1 - RK1427/11

Remedial measures implementedsince the July 94 floodingevent
- ref: MN 5/14/6 - 4A (29/11/94).

	

4. GEO (94)

Geology of Yuen Long. FIKGeologicalsurvey sheet reportNo.1
8" x 8" aerial photographs - 9 sheets
F1KGeological Survey 1988 -
Solid and superficial geology of Yuen Long sheet 6 1:20K.

	

5. Watt, W.E., Chow, K.C.A., Hogg, W.D. and Latthem, K.W.
'A 1-h urban design storm for Canada', can. J. civ .Eng. 13. 293-300(1986)

	

6. Watt, W.E. and Chow, K.C.A.
'A general expression for basin lag time', can. J. civ. Eng. 12. 294-300 (1985)

Note: All the information above except items 2(i), 2(11) and 300 will be returned to the

corresponding departments on completion of this study.
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Appendix 2

Comments from DSD and other Government departments and the corresponding

responses from Hydraulics and Water Research (Asia) Ltd
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• Appendix 3

Input and output ASCII data files

(listing of 3.5" floppy disk)
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Li of ut and e de.

0
Input file name (.dat) Result file name (.zir) Contents

ex2yn ex2yn Testing existing channel for 2 year storm

ex I Oyn exlOyn Testing existing channel for 10 year storm

ex50yn ex50yn Testing existing channel for 50 year storm

ex200yn ex200yn Testing existing channel for 200 year storm

exst lOy exst I Oy Detail tests of existing channel for 10 year

•  storm
exstcap exstcap




july94 july94 Simulating July 94 event

july94m july94m Detail simulation of July 94 event

nov93 nov93 Simulation of Nov 93 event

ol-2yn o I -2yn Testing RM option IA for 2 year storm

ol-lOyn o I-10yn Testing RM option IA for 10 year storm

o I -50yn o I -50yn Testing RM option IA for 50 year storm

o I -200yn o I -200yn Testing RM option I A for 200 year storm

olb5Oyn o I b5Oyn Testing RM option 1B for 50 year storm

o2-10yn o2- I Oyn Testing RM option I for 10 year storm

o4-2yn o4-2yn Testing RM option 4 for 2 year storm

o4- I Oyn o4- I Oyn Testing RM option 4 for 10 year storm

o4-50yn o4-50yn Testing RM option 4 for 50 year storm

o4-200yn o4-200yn Testing RM option 4 for 200 year storm

rm2yn rrn2yn Testing existing RM for 2 year storm

nnlOyn rinlOyn Testing existing RM for 10 ycar storm

rm50yit rin5Oyn Testing existing RM for 50 year storm

rm200yn rm200yn Testing existing RM for 200 year storm

I .

RM - remedial measures
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