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Abstract: The changes in channel geometry downstream of Hapcheon Dam, South Korea, are closely examined. Daily pulses of water
from peak hydropower generation and from sudden sluice gate operations affect the 45-km reach of the Hwang River between the
Hapcheon Reregulation Dam and the Nakdong River. From 1983 to 2003, the median bed-material size, ds,, increased from 1.0 to 5.7
mm, and the bed slope of the reach decreased from 94 to 85 cm/km. The vertical riverbed degradation averaged 2.6 m for a distance of
20 km below the reregulation dam. A simple analytical model is developed to predict the increase in sediment transport and the river bed
adjustments from flow pulses in comparison with steady flow discharges. Numerical model simulations confirm the theoretical prediction
that sediment transport rates from daily pulses are 21% higher than for steady flow discharges. Unsteady sediment transport simulations
indicate that the channel bed degradation should extend mostly 20-25 km below the reregulation dam and should not change much after
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Introduction

Dams affect the downstream hydraulic geometry of rivers through
changes in bed elevation, channel width, flow depth, bed-material
sizes, armoring, and bank vegetation. The general issues of chan-
nel response to changes in water and sediment regimes are dis-
cussed in the literature on hydraulic geometry and regime theory
(Ferguson 1986; Hey 1979; Huang and Nanson 2000; Lamberti
1992; Miller 1991a,b; Simon and Thorne 1996; Yang 1992).
Hydraulic geometry relationships describe channel adjustments
either at a cross section (at-a-station) or in the downstream direc-
tion, in response to changes in imposed flows and sediment inputs
(Phillips et al. 2005). Leon et al. (2009) showed that wider river
reaches develop steeper slopes than narrower reaches of the same
river.

Dam construction induces river channel adjustments as sedi-
ment trapped above the dam results in clearer water immediately
downstream of the dam (Downs and Gregory 2004), and also
usually reduces the magnitude of flood peaks. For example, Wil-
liams and Wolman (1984) showed that flood peaks have been
reduced in magnitude as much as 90% at 21 reservoir sites in
central and southwestern United States. Page et al. (2005) re-
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cently reported on the effects of altered flow regimes on the fre-
quency and duration of bankfull discharge of the Murrumbidgee
River in Australia. Flood peaks significantly decreased and bank-
full discharge with return periods of 1.25 and 2 years have been
reduced by between 29 and 50% after dam completion. A com-
mon response to the release of clear water below dams is the
degradation of the channel bed, typically at rates much higher
than in natural rivers (Knighton 1998). When the sediment load is
less than the capacity of the flow, some degradation may occur if
the bed material is fine grained (Brandt 2000). Gregory and Park
(1974) showed cross section changes downstream of the Clath-
worthy Reservoir on the River Tone, U.K., after decreased water
discharges. Channel capacity was reduced by 54% downstream
the reservoir. Channel changes also include bed degradation and
armoring (Williams and Wolman 1984; Simon et al. 2002; Grant
et al. 2003). Armoring refers to coarsening of the bed-material
size as a result of the degradation of well-graded sediment mix-
tures (Julien 2002). Channel changes downstream of Cochiti Dam
in New Mexico have been recently investigated by Richard and
Julien (2005) and Richard et al. (2005).

In South Korea, 20 years have passed since some multipurpose
dams were completed, motivating a study of the river changes of
the downstream reaches. The Hwang River experienced signifi-
cant changes and was selected for this analysis. The study reach
covers 45 km from the Hapcheon Reregulation Dam to the con-
fluence with the Nakdong River. Field surveys suggest that chan-
nel bed degradation, bed-material coarsening, channel narrowing,
and vegetation expansion may be in progress downstream of
the Hapcheon Reregulation Dam. The basic studies [Ministry of
Construction and Transportation (MOCT) of Korea 1983, 1993,
2003] were conducted by the Korean government (MOCT) and a
governmental agency [Korea Water Resources Corporation
(KOWACO)]. A river basin investigation studied climate and land
use changes, and also included river channel surveys and bed-
material sampling as part of a broader river channel management
plan. The report showed evidence of channel bed degradation and
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Fig. 1. Typical discharge hydrograph at Hapcheon Dam during flood
season from July 1, 2005 to July 8, 2005

bed-material coarsening during the 13-year period immediately
after the dam completion. In addition, several researchers inves-
tigated the effect of flow regime changes on the river morphology
and vegetation cover of the river reach downstream of Hapcheon
Dam (Choi et al. 2004; Woo et al. 2004a,b). They analyzed the
changes in bed elevation, channel cross sections, and vegetation
expansion by this flow regime change, but the effects of the flow
pulses by the operation of Hapcheon Reregulation Dam were not
considered.

The purpose of the reregulation dam is to dampen discharge
fluctuations released below the main power station during peak
hydropower generation. Although the reregulation dam attenuates
the daily 3-h flow pulses from the main dam, flow pulses still
exist during typical floods due to periodical flood gate opening
and closing. These daily flow pulses may accelerate the down-
stream channel changes by increasing sediment transport rate, but
the effects need to be quantified. The effects of flow pulses on
hydraulic geometry below dams have not been properly investi-
gated in the literature. The data available at Hapcheon dam offer
the possibility to quantify the effects of flow pulses compared
with steady flow releases. It is also important to predict the future
changes in hydraulic geometry and define where and when new
equilibrium and stability conditions may be reached. This study
aims at a better understanding of river regulation below dams, and
the response to varying flow discharges and sediment loads.

This paper focuses on the effect of flow pulses on the changes
in downstream hydraulic geometry of alluvial channels. Intu-
itively, the flow pulses should increase the stream sediment trans-
port capacity, and this effect will be quantified in this paper. The
analysis focuses on vertical degradation and is specifically ap-
plied to the 45-km reach of the Hwang River between Hapcheon
Dam and the confluence with the Nakdong River. After a descrip-
tion of the modeling tools and the study reach, an analysis of the
effects of flow pulses is presented, followed by a description of
the expected future changes below Hapcheon Reregulation Dam
in South Korea.

Modeling Channel Changes

Unsteady flow simulations are considered for this study because
of the variability in discharge and attenuating of the flow pulses
below the reregulation dam. Fig. 1 shows a typical discharge hy-
drograph at the Hapcheon Main Dam and reregulation dam during
the flood season. Because of the fluctuating nature of the dis-
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Fig. 2. Diagram of flow pulse

charge on a daily basis, a theoretical analysis of the pulse is first
discussed before a description of the numerical model used for
the entire reach. The main purpose is to predict future channel
changes and evaluate the effect of flow pulses due to the dis-
charge fluctuations from the Hapcheon Dam during flood season
and from daily surges in hydropower production. Two methods
are considered for this study: (1) the first method applies a simple
analytical model to develop an approximate relationship between
simplified flow pulse characteristics and the corresponding in-
crease in sediment transport and (2) the second method relies on
numerical models for predicting more detailed channel changes
and evaluating the effect of flow pulses. Many one-dimensional
mathematical models have been developed to simulate water and
sediment routing. Models considered for this analysis of steady
and unsteady flow simulation below Hapcheon Dam include
HEC-6 (U.S. Army Corps of Engineers 1993), FLUVIAL-12
(Chang 2006), CONCEPTS (Langendoen 2000), EFDIC1D (Tetra
Tech, Inc. 2001), CCHEID (Wu and Vieira 2002), GSTARS
(Molinas and Yang 1986; Yang and Simdes 2000, 2002), and
GSTAR-1D [U.S. Department of Interior, Bureau of Reclamation
(USBR) 2006].

Analytical Model for Flow Pulse

The following analytical model was developed and applied to
obtain a first approximation of the increase in sediment transport
caused by flow pulses. A simple rectangular flow pulse is consid-
ered as sketched in Fig. 2. The simplified analytical derivation
assumes a defined sediment rating curve of the form

0,=aQ’ (1)

where Q,=sediment discharge (m?/s) and Q=flow discharge
(m3/s).

The volume of sediment Vg (in m?) transported during the
flow pulse with a time period T is

T
V= f 0.di )
0

As sketched in Fig. 2, the flow pulse consists of a period of
high flow discharge Qp of unit duration followed by a period of
low flow Q; during a period of time n—1 times as long as the
duration of the peak flow pulse. The total pulse duration is 7, the
period of the flow pulse is n, and the discharge ratio is defined by
ras
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r=040; (3)

where Qp=peak pulse flow discharge (m*/s) and Q; =minimum
pulse flow discharge (m?/s).

The average flow discharge Q can then be simply calculated
by the following formula:

0=0,(r+n-1)n (4)

In the case of steady flow at a constant discharge Q over a flow
pulse duration 7, the sediment volume transported without the
flow pulse is

V. =al'T 5)

For the flow pulse shown in Fig. 2, the sediment volume trans-
ported with the flow pulse is

Y, putse = al(rQ)" + (n = 1)Q]1TIn = a(r’ + n = 1)Q;Tin  (6)

where V,.=sediment volume transported with the flow
pulse.

A sediment pulsing coefficient Kp is defined as the ratio of the
sediment volumes transported with and without the flow pulse

KP:V_YPU|56/‘$’AY:(rh+n— D Y(r+n-1)»% (7)

The sediment transported by a pulse is Kp times the volume of
sediment transported under steady flow. Hence, the pulsating na-
ture of the flow can be considered like the case of steady flow
with consideration of the sediment pulsing coefficient K defined
in Eq. (7). It is noticed from Eq. (7) that when b > 1, the sediment
pulsing coefficient is always greater than 1. This means that flow
pulses always increase the sediment transport capacity over that
of steady flow. As an example, if the daily flow pulses last 4 h,
n=6, and the ratio of high to low flows is r=10, the coefficient K »
for b=1.5 would be 1.54 from Eq. (7). This means that the sedi-
ment transport capacity of pulsing flows would be approximately
50% greater than the sediment transport of the same volume of
water under steady flow.

Ephemeral flow pulses can also be considered as rivers can
possibly dry out during part of the year and the minimum pulse
flow thus reduces to zero. In this case of ephemeral flow pulses,
the sediment pulsing coefficient K, asymptotically approaches
Kp:n’"1 when r—>%. The sediment pulsing coefficient for
ephemeral flow pulses is always greater than 1 when b>1.

Numerical Model for Bed Elevation Changes

GSTAR-1D was selected for this study reach as it is suited for the
simulation of bed elevation changes below the dam after con-
struction. The model has been verified using experimental and
field data by Greimann and Huang (2006) and Huang et al.
(2006). GSTAR-1D is a one-dimensional hydraulic and sediment
transport numerical model developed by the U.S. Bureau of Rec-
lamation (USBR 2006). It can simulate water surface profiles
in single channels, dendritic, and looped network channels. It
has also both steady and unsteady flow model capability and uses
the standard step method to solve the energy equation for steady
gradually varied flows. It can solve the Saint-Venant equations
for unsteady rapidly varied flows. For simulation of sediment
transport, GSTAR-1D uses two methods. For a long-term simula-
tion, the unsteady terms of the sediment transport continuity
equation are ignored, and the nonequilibrium sediment transport
method is used. For a short-term simulations, the governing equa-
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tion for sediment transport is the convection diffusion equation
with a source term arising from sediment erosion/deposition
(Huang et al. 2006).

GSTAR-1D has limitations (Huang and Greimann 2006), per-
taining to its one-dimensional formulation. It should not be ap-
plied to situations where a two-dimensional or three-dimensional
model is required for detailed simulations of local hydraulic con-
ditions. It ignores secondary currents, lateral diffusion, and super
elevation in bends. Input data to GSTAR-1D include cross section
data, river length, slope, river network configuration, movable
bed definition, Manning’s roughness coefficient, discharge and
water surface elevation at the upstream or downstream end, and
bed-material gradation. The output of GSTAR-1D are water sur-
face elevations, cross section elevation changes due to erosion or
deposition, changes to riverbed material, sediment concentrations
and sediment load, and bed shear stress.

Study Reach and Available Data

Six multipurpose dams have been constructed in the Nakdong
River basin since 1970. These dams provide flood control, water
supply, and hydroelectric power generation. The Hapcheon Main
Dam, constructed in the narrow canyon of the Hwang River in
1989, and located about 16 km west of Hapcheon City, Korea,
serves several purposes including flood control, peak hydropower
generation, and water supply. It has a reservoir storage capacity of
790 X 10° m?3. In addition, a reregulation dam located 6.5 km
downstream of the main dam regulates the discharge from the
main hydropower station. The main power station is located 2 km
upstream from the reregulation dam and operates only 3-8 h per
day, except during flood season. The Hwang River flows east to
the Nakdong River as shown in Fig. 3. The total river length is
107.6 km and the drainage area covers 1,329 km?. The study
reach downstream of Hapcheon Dam is 45 km long, with a sub-
basin area of 327.4 km2. The maximum discharge of the main
power station is 119 m?/s and the reregulation dam regulates this
3-h discharge to approximately 15 m?/s on a daily basis. Fig. 4
shows a plan view of the Hapcheon Main Dam and the Reregu-
lation Dam. Table 1 provides detailed configuration of the Hap-
cheon Main Dam and Reregulation Dam.

Most of the data collection on the Hwang River began in 1983
with the national river channel maintenance plan to protect prop-
erties from flood damage by the Ministry of Construction of
Korea, which is since 1996 known as the MOCT with the purpose
to reduce flood damage. Data are generally collected every 10
years and focused on maintenance and construction of levee along
the channel especially downstream of the Hapcheon Reregulation
Dam. Available data included cross section surveys, bed-material
size surveys, flow discharge, meteorological data, water quality,
and environmental conditions such as distribution of animals and
plants. There are three major data sets for this study reach (1983,
1993, and 2003). The study reach was subdivided into three sub-
reaches as shown in Fig. 5. The locations along the channel are
measured with reference to the confluence with the Nakdong
River.

Discharge Records

Discharge data were gathered from the MOCT and KOWACO
gauging stations (from 1969 to 2005). Daily discharge data along
the study reach were available from 1969 to present at both gaug-
ing stations. The flow discharge data were collected at the
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Fig. 3. Study reach of the Hwang River below Hapcheon reregula-
tion dam

Changri Station, which changed its name to the Hapcheon Re-
regulation Dam gauging station operated by KOWACO after
1989 (after the dam completion). In addition, hourly and 30-min
data are available since 1996. There are two water level gauging
stations downstream of the Hapcheon Reregulation Dam, Hap-
cheon and Jukgo gauging stations operated by MOCT since 1962.

Main
Reservoir

Re-Regulation Dam
2 km

I~ 6.5 km

Fig. 4. Plan view of the Hapcheon main dam and reregulation dam

Table 1. Configuration of the Hapcheon Main Dam and Reregulation
Dam

Configuration

1.

General
Location: Hwang River (tributary of the Nakdong River in Korea)
Catchment area: 925 km?

Annual mean inflow: 911.4 million m?

. Main dam

Height: 96 m

Length: 472 m

Dam crest elevation: EL.181.0 m
Type: concrete gravity dam

. Reregulation dam

Height: 29 m

Length: 275.5 m

Type: concrete and rockfill dam

Location: 6.5 km downstream of the main dam

. Reservoir of main dam

Flood water level: EL.179.0 m
Gross storage capacity: 790 million m3
Flood control capacity: 80 million m3

Reservoir area: 25.0 km?

. Power generation (main dam)

Installed capacity: 101,000 kW
Maximum turbine discharge: 119 m?/s
Rated head: 95.0 m

. Power generation (reregulation dam)

Installed capacity: 1,200 kW
Maximum turbine discharge: 20 m3/s
Rated head: 7.3 m

. Water supply

Annual water supply: 599 million m?

Irrigation: 32 million m?
Municipal and industrial: 520 million m3

Environmental flow: 47 million m?

Aerial Photos

Aerial photos are available for 1982, 1993, and 2004 (Fig. 5). The
aerial photos were obtained from the National Geographic Infor-
mation Institute to quantify and compare the adjustment before
and after dam construction. These photos have been georefer-
enced to quantify and identify the location of the active channel
width, area, vegetated islands, and numerous other important fea-
tures. These aerial photos were digitized using the digital eleva-
tion model by ERDAS IMAGINE software to get x-y coordinates
to determine location site and measure lengths and areas. After
processing, the images, the active channel area, cross section sur-
vey lines, vegetated area, and island area were superposed to the
aerial photos by using ArcView 3.2 software.

Cross Section Surveys

Cross section survey data were measured in 1983, 1993, and 2003
for this study reach. The cross section survey data set from 1983
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Fig. 5. Aerial photos of Subreach 3 and nonvegetated active channel planform maps of the study reach for 1982-2004

was obtained from the National Water Management Information
System of Korea Web site. The cross section survey data sets
from 1993, were only available in a survey report, and thus only
thalweg elevation data were available in digital form. Finally, the
cross section survey data sets from 2003 contained HEC-RAS
geometric input file (MOCT of Korea 2003) and were directly
used in this study. The cross section surveys were collected ap-
proximately 500 m apart for a total of 100 cross sections in 1983
and 1993. However, in 2003, the cross section surveys were col-
lected 250 m apart, with a total of 210 cross sections. Resistance
to flow was determined using Manning’s n for the entire reach.
The calibration showed that n decreased in the downstream direc-
tion from 0.035 below the dam to 0.025 near the confluence with
the Nakdong River. The Manning’s n values reflect the gradual
decrease in grain size of the bed material in the downstream di-
rection for the study reach. More details on Manning’s n and the
calibration run can be found in Shin (2007).

Sediment Transport and Bed Material

Bed material samples were collected at the same time as cross
section surveys by MOCT of Korea (1983, 1993, 2003). Sam-
pling was conducted at 13 cross sections in 1983, 46 cross sec-
tions in 1993, and 25 cross sections in 2003. Suspended sediment
sampling was performed at the Changri gauging station (the Hap-
cheon Dam site) in 1969 and 1970 to provide sufficient data for
the construction of the Hapcheon Dam by Food and Agriculture

Organization of the United Nations (FAO) and KOWACO (1971).
The estimated total sediment loads from these suspended sedi-
ment data were 1,478 and 477 thousand tons per year in 1969 and
1970, respectively.

A survey of the reservoir sediment deposition of the Hapcheon
Main Dam was conducted in 2002 by KOWACO (2002) to evalu-
ate the change of the reservoir storage volume. As a result, the
estimated sediment volume was 8,279,000 m? for a 14-year pe-
riod (1989-2002). Therefore, the total sediment load was esti-
mated as 946,000 t/year at the Hapcheon Main Dam site (basin
area is 925 km?). From this result, we can estimate the total sedi-
ment load at the confluence with the Nakdong River as 381,000
t/year. Also, we estimated the sediment transport rates using sedi-
ment transport formulas and compared with measured data from
the survey of reservoir sediment deposition of the Hapcheon Main
Dam in 2002 (KOWACO 2002). The total sediment load esti-
mates from the formulas of Engelund and Hansen (1972), Ackers
and White (1973), Yang (1973, 1979), and van Rijn (1984) at the
confluence with the Nakdong River are listed in Table 2. The
estimated total sediment load was 440,000 t/year by Yang’s
(1973) method which was selected for estimation of sediment
transport in this study reach because it showed the closest value in
comparison with field measurements. The estimated sediment-
discharge relationship used in this study was therefore Q,
=9.77Q0"*° with both Q and Q, in m>/s. The value of b=1.49 can

Table 2. Estimated Total Sediment Load at the Confluence with the Nakdong River (1,000 t/year)

Survey Engelund and Hansen Ackers and White Yang Yang van Rijn
Unit (KOWACO 2002) (1972) (1973) (1973) (1979) (1984)
103 t/year 381 673 1,194 440 541 1,268
t/km?/year 1,022 1,806 3,207 1,181 1,452 3,405
m3/km2/ycar 639 1,129 2,004 738 908 2,128

Note: Survey: estimated from survey result of reservoir sediment deposition of the Hapcheon Dam.
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Fig. 6. Flow duration curves at the Hapcheon reregulation dam site
from 1969 to 2005

thus be used as a first approximation of the rating curve for the
calculation of the sediment pulsing coefficient defined in Eq. (7)
for the Hwang River.

Measured Channel Changes

The field measurements of this study reach were used to quantify
and analyze channel changes. The water discharge, bed material,
bed slope, and channel width were quantified and analyzed
to identify historic trends. Water discharge records since 1969
reveal a decline in annual peak discharge after the Hapcheon
Main Dam and Reregulation Dam construction. The impact of
both Hapcheon Main Dam and the Reregulation Dam on the an-
nual water discharge regime were examined. The dam attenuated
mean annual peak discharges greater than 528 m3/s (from 654.7
to 126.3 m?/s). The mean annual peak discharge of the postdam
period (1989-2005) was only 19% of the predam period (1969—
1981). The mean daily discharge was also greater during the pre-
dam period than during the postdam period (28.7 m*/s during
predam and 22.1 m?/s during postdam period). The decrease rate
was 23% at the Hapcheon Reregulation Dam gauge.

The bankfull discharge (1.58-year discharge frequency) was
estimated by using annual daily peak discharges for both the pre-
dam (1969-1981) and postdam (1989-2005) periods. The bank-
full discharge decreased from 510 m?/s for the predam compared
to 86.3 m?/s for the postdam period. From the flow duration
curves in Fig. 6, the peak discharges decreased and low discharge
increased. The bed material of the study reach changed following
construction of the Hapcheon Main Dam and Reregulation Dam.
Prior to the dam construction, the channel bed was somewhat
coarser in Subreach 1 than the downstream reaches. The median
bed-material size, ds,, of the entire study reach was 1.07 mm in
1983, but the riverbed coarsened to gravel size following dam
construction, especially in the 2-km reach immediately below the
reregulation dam. Armoring of the channel bed is noticeable in
this reach.

Overall, the bed slope of the entire reach declined from 94
cm/km in 1983 to 85 cm/km in 2003. During the postdam period,
the largest degradational changes occurred along the 15-km reach
below the reregulation dam. An average degradation of 2.6 m was
observed during 1983-2003 periods.

Channel width changes were measured in terms of the nonveg-
etated active channel digitized from aerial photos taken in 1982,
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Fig. 7. Nonvegetated active channel widths of the study reach in
1982, 1993, and 2004

1993, and 2004. All subreaches exhibited a decrease in channel
width with time since 1982. Subreach 3 exhibited the greatest
change with a 53% decrease between 1982 and 2004. Subreach 2
was the widest reach for the entire time period, and the channel
width decreased to only 54% of the width in 1982. Overall,
the active channel width decreased after the dam construction
along the entire study reach from 321 m in 1982 to 172 m in 2004
(Fig. 7). The rate of change in channel width between 1993 and
2004 was faster than between 1982 and 1993.

The width/depth ratios also decreased in most of the reaches
except Subreach 3. The width/depth ratio of the entire reach de-
creased from 279 to 258 from 1982 to 2004, respectively. The
sinuosity of all reaches slightly decreased after the dam construc-
tion. Also, the total sinuosity of the study reach remained over 1.8
from 1982 to 2004. Subreach 2 was the most sinuous reach
among the three subreaches. According to the planform maps of
the nonvegetated active channel (see Fig. 5), the planform geom-
etry was relatively unchanged from pre- to postdam period.

According to the field investigation and aerial photos, the
channel scour and narrowing has occurred at most of the cross
sections along the study reach. The reach immediately below the
dam showed the most scour. In the middle reach, approximately
between 38 and 15 km, the channel bed reached relatively stable
conditions after bed scour and channel narrowing. However, the
lower reach showed channel division into several subchannels
and island formation with establishment of perennial vegetation
such as willow following dam completion. The total active chan-
nel area for the entire reach declined over the 20 years.

Model Results

The simulation results are based on the measured cross section,
and the daily flow data at Hapcheon Reregulation Dam. Accord-
ing to Williams and Wolman (1984), large reservoirs trap more
than 99% of the incoming sediment load, and so the model as-
sumed a clear-water release as upstream boundary at the reregu-
lation dam. The study reach ends at the confluence with the
Nakdong River, where water surface elevations were measured.
The model consists of 210 cross sections starting at the reregula-
tion dam and ending at the confluence with the Nakdong River.
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Numerical Model Calibration 1983-2003

The GSTAR-1D model was first calibrated using the steady flow
conditions and by applying a bankfull discharge of 509.8 m?/s for
the predam period (1983-1988) and 86.3 m?/s for the postdam
period (1989-2003). A discharge rating curve from the Korea
Hydrological Survey Annual Report was used for the downstream
boundary condition. The time step for the simulation was 1 h in
this case. In the unsteady model described below, the time step
was then reduced to 0.01 h or 36 s. The reason for applying the
steady flow condition for the 20-year simulation is that the un-
steady flow model at a time step of 0.01 h would require too
much data and calculation time. The steady flow condition also
serves as the base level for the comparison with the unsteady flow
model described in the forthcoming section of the paper.

The steady flow condition could easily be used for model cali-
bration. The numerical model produces the cumulative erosion
and deposition in the main channel (Fig. 8). The measured cumu-
lative volume was determined by comparing the change in the
cross sections of 1983 and 2003, for each cross section. A minus
values indicate erosion and plus values indicate deposition. From
the reregulation dam to about 18 km from the confluence with the
Nakdong River (27 km downstream of the reregulation dam), the
field measurements show that the main channel experienced ero-
sion. The differences between the observed and simulated values
in the lower reach are due to dredging. The dredged depths ex-
ceeded 10 m in the reach between 5 and 2.5 km. Fig. 9 shows the

——1983-2003 measured
12 1 ....1983-2003 simulated

Thalweg elevation change (m)

45 40 35 30 25 20 15 10 5 0
Distance from the confluence with Nakdong River (km)

Fig. 9. Measured and predicted thalweg elevation changes from 1983
to 2003
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Fig. 10. Measured and predicted thalweg elevations from 1983 to
2003

measured and predicted thalweg elevation changes from the origi-
nal thalweg elevation measured in 1983. The results of the reach-
averaged RMS error analysis of the predicted versus measured
thalweg elevation changes is 0.93 m.

Fig. 10 shows measured and predicted thalweg elevation pro-
files along the study reach. Overall, the model reproduces the
thalweg elevation change with similar patterns. However, the
simulated thalweg elevation is slightly under estimated (less deg-
radation) compared with measured thalweg elevation from 45-
and 20-km reach from the confluence with the Nakdong River
and it is a little over estimated (more aggradation) compared with
measured thalweg elevation from 20 and 0 km.

Numerical Model Prediction from 2003-2023

After GSTAR-1D model calibration, the parameters were left un-
changed for a model application in a predictive mode for the
period from 2003 to 2023. In addition, the model used the 2003
measured cross section data, bed gradation, and the average dis-
charge data of the postdam period (86.3 m?/s). The predictive
discharge data were replicated from the historical record at the
reregulation dam after the dam construction from 1989 to 2005. It
is hypothesized that the discharge for the next 20 years (2003—
2023) will follow the same pattern and values as shown from the
previous recorded discharge (1989-2003) at the reregulation dam.

Fig. 11 shows the measured thalweg elevations in 1983, 2003,

60 ----1983 measured
50 | —— 2003 measured
R~y o e 2013 Simulated
— 40 \ —— 2018 Simulated
£ ——2023 Simulated
§ 30
g2
o
il
@ 10
\\’II\ /
o | Due to dredging before 1983 — \{V‘
_10 1 1 1 1

40 30 20 10 0
Distance from the confluence with Nakdong River (km)

Fig. 11. Measured (1983 and 2003) and predicted thalweg elevation
changes from 2003 to 2023 for 20 years
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Table 3. Cases of Unsteady Simulation

Maximum Minimum

Type of inflow discharge discharge
Case Flood type Period hydrograph (m3/s) (m3/s)
1 Typical July 2, 2005 7:00 a.m.— Daily pulse 92.9 13.2
2 July 6, 2005 10:00 a.m. Daily average 33.0 33.0
3 Extreme August 30, 2002 1:00 a.m.— Flood peak 504.0 74.9
4 September 3, 2002 4:00 a.m. Flood average 275.1 275.1

and predicted for 2013, 2018, and 2023. The channel eroded in
the 45- to 25-km reach after 1983. The predicted thalweg eleva-
tions are not expected to change significantly after 2013. There
were very few observable changes in the thalweg elevations from
2013 to 2023.

Flow Pulse Results from the Numerical Model

To evaluate the effect of flow pulses on the downstream channel,
four cases are considered: daily pulse (Case 1), daily average
(Case 2), flood peak (Case 3), and flood average (Case 4). The
discharge hydrographs were applied for unsteady simulation for
100 h along the study reach. The simulations results for the four
unsteady flow conditions from GSTAR-1D are presented in Table
3 and Fig. 12.

The model results in Table 4 showed that the sediment trans-
port rate (t/day) due to the daily pulse (Case 1) is 21% bigger than
the sediment load determined by the daily average (Case 2). Simi-
larly, the sediment transport rate (t/day) due to the flood peak
(Case 3) is 15% larger than the flood average (Case 4). Fig. 13
showed the difference in the cumulative sediment loads (t) from
the daily pulse (Case 1) minus the daily average (Case 2). A
positive value suggests that the cumulative sediment loads deter-
mined by the daily pulse are larger than for the daily average and
vice versa for the negative values. From this result, the daily pulse
(Case 1) below the reregulation dam affected the entire study
reach because the sediment volume of daily pulse (Case 1) is
larger than the sediment volume of daily average (Case 2) along
the study reach. This analysis in Fig. 13(a) also shows that the
effects of daily pulses are uniformly distributed over the 45-km
reach.

In the same manner, the differences of the cumulative sedi-
ment loads (t) of the flood peak (Case 3) minus the flood average
(Case 4) are shown in Fig. 13(b). The values are larger than zero

Discharge (m3ls)

Discharge (m3/s)

0 10 20 30 40 50 60 70 80 90 100

Time (hr)

along most of the study reach, especially downstream the dam
between 45 and 25 km, but the values are less than zero near the
confluence with the Nakdong River from 10 to O km. The results
in Fig. 13(b) show that the effects of flood peaks on sediment
transport are more pronounced in the 20-km reach immediately
below the dam, which is corroborated by the field measurements.

Flow Pulse Results from the Analytical Model

To estimate the effect of flow pulses on sediment transport, the
factor K, is calculated using Eq. (7) as follows. For the Hwang
River study reach, »=1.49 from the estimated sediment rating
curve, n=3 (period of pulse is 8 h daily), and the peak and low
discharges from Fig. 12 are, respectively, Qy=64.4m?/s, Q;
=14.4 m*/s, thus giving r=Qp/Q,;=4.47.

This corresponds to a value of Kp=V ./ V,~1.20 from
Eq. (7). This means that the sediment transport capacity from the
flow is expected to be approximately 20% larger than the sedi-
ment transport rate of the average pulse flow. This 20% increase
in sediment transport capacity from the analytical model is similar
to the 21% increase calculated from the GSTAR-1D model for
Case 1 and Case 2, as shown in Table 4.

Also, the general relationships for K, as a function of b and n
are developed by using Eq. (7) and are shown in Fig. 14. In
Fig. 14(a), the value of K, is plotted for n=3 at different values of
the discharge ratio and the exponent of the sediment rating curve.
It is observed that the coefficient K,>1.1 only becomes signifi-
cant when the exponent of the rating curve is greater than 1.25
and when the discharge ratio r is larger than 5. Fig. 14(b) also
shows different values of K, when the exponent of the rating
curve b=1.5. The results are then quite interesting in that the
relative duration of the low and high pulse then becomes far less
important than the discharge ratio. The value of K,> 1.1 are then

Case 3

0 10 20 30 40 50 60 70 80 90 100
Time (hr)

Fig. 12. Input hourly discharge hydrographs for four unsteady simulations
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Table 4. Simulated and Measured Sediment Transport Rate (t/day) for
the Four Cases

Sediment transport rate

(t/day)
Case 1 Case 2 Case 3 Case 4
Simulated 1,594 1,316 11,876 10,331

(121% of Case 2) (115% of Case 4)

observed when the discharge ratio is greater than 3. In summary,
this graph is quite instructive and a discharge ratio of about 3 is
required for the unsteady flow to increase the sediment discharge
by more than 10% compared to the steady flow case.

Discussion of the Results

Limitations of the Model Results

It is perhaps important to first discuss some of the limitations of
the numerical model results. This numerical analysis of the chan-
nel changes used a constant channel width for the long-term
simulations of the vertical degradation changes and riverbed ar-
moring. The recent analysis of Leon et al. (2009) showed that
channel narrowing over time in alluvial river reaches would result
in flatter slopes. Their Eq. (6) showed that the slope ratio is pro-
portional to the width ratio to the power 1/7. According to their
formula, a 50% decrease in channel width would result to a slope
that is 90% of the original slope. It is interesting to notice that
this exactly replicates the channel slope reduction from 94 to
85 cm/km observed in the Hwang River below Hapcheon Dam.
The GSTARS model has been here applied at channel widths that
varied in the downstream direction but remained constant in time.
It may be interesting in future research to carry out long-term
simulations of riverbed degradation below dams with channel
widths changing both in space and time.

Future modeling results may also expand upon the comparison
of steady versus unsteady flow model performance. There is no
doubt that 20+ year simulations of hourly unsteady flow in allu-
vial channels pose challenges in data availability as well as com-
puting limitations. Our conclusions are based on a relatively
limited comparison of steady versus unsteady model results. Fu-
ture improvements in the comparative performance of steady ver-
sus unsteady models should yield interesting results.
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One inherent model limitation for unsteady flow simulations is
the limited knowledge of sediment transport under unsteady flow.
The analysis presented in this paper assumes the existence of a
single sediment rating curve. A more complete analysis of the
effects of flow pulses should eventually incorporate the loop-
rating effect of sediment rating curves.

Nevertheless, these limitations do not overshadow the results
presented in this paper. Indeed, it is viewed that the results pre-
sented in Fig. 14 should be quite helpful in engineering practice.
It is clear that when the difference between the sediment transport
rates of flow pulses is less than 10% greater than that of steady
flow, the use of steady flow models should be sufficiently accurate
for engineering applications. In the case of the Hwang River, the
difference is already of the order of 20% and additional research
on unsteady flow calculations becomes increasingly interesting.

Morphological Observations

The morphological observations on the measurable channel
changes relate very well to the expected results from Lane’s
(1955) relationship. The results of the channel changes such as
the median bed-material size (ds), slope reduction are a result of
the Lane relationship given the primary effect of the dam in re-
ducing the sediment discharge downstream of the dam. In this
case study, the system degraded because the dam impact on hold-
ing so much sediment resulted in channel incision downstream of
the dam.

From the incision of longitudinal profile with an average of 2.6
m over a 20-year period, this study reach can also be character-
ized by the Schumm’s channel evolution model (CEM) (Schumm
1985). The channel reaches below Hapcheon Dam have changed
from Stages I to III. It will be interesting to monitor in the future
whether the system will eventually adjust to Stage III, IV, or V. If
later stages of the CEM exist, such as a Stage V, which means the
system would eventually tend toward another dynamic equilib-
rium. Immediately below the dam, it has become clear that the net
degradation trend combined with coarsening of the bed-material
results in riverbed armoring which would remain stable for a wide
range of flow conditions except at very high flows where the bed
can be remobilized.

The gravel-bed stream below the dam also results in a different
aquatic habitat favoring clear-water fish species. Comparatively,
the lower reach closer to the Nakdong River has remained a sand-

[
(3]

. (b) Case 3 minus Case 4

NN W
S a o
L
.
0"
.
0
.
.
‘0
.

(10° tons)

-
[3,]
T
.

e

‘.
o,
.,
I

-
o
T
.
.
-
.

o (3]
-

]

(3]
T

‘
‘o

'
=Y
o

45 40 35 30 25 20 15 10 5 0

Distance from the confluence with the Nakdong River (km)
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bed channel with narrower channels and vegetated point bars.
This lower reach may also remain an important source for sand
mining that may also have an impact on the river morphology in
the coming years.

Summary and Conclusions

The effects of flow pulses on hydraulic geometry are examined

over a 45-km reach of the Hwang River between the Hapcheon

Reregulation Dam and the confluence with the Nakdong River.

During the postdam period (1989-2005) the peak flows decreased

to 19.3% of predam conditions and the sediment supply was es-

sentially eliminated. Historical time series data such as flow rate,
aerial photos, cross section surveys, sediment transport, and bed-
material data were analyzed. A theoretical analysis of the effects
of flow pulses led to the determination of the sediment pulsing
coefficient K, which is presented in Eq. (7). The coefficient de-
scribes the ratio of sediment transport for flow pulses in compari-
son with steady flow. The coefficient is tested with steady flow
sediment transport for the 45-km reach of the Hwang River below

Hapcheon Dam from 1983 to 2003. The primary conclusions are

as follows:

1. The effect of flow pulses is examined and the sediment
pulsing coefficient K, in Eq. (7) defines the increase in
sediment transport due to flow pulse. The unsteady flow ef-
fects become nonnegligible (greater than 10% difference or
K,> 1.1) when the ratio of high to low flow discharge is
greater than 3. On the Hwang River, the sediment transport
rate (t/day) of daily pulses is about 20% larger than for av-
erage daily flow.

2. The channel bed material armored from sand to gravel (from
2.16 to 44 mm) over the 5-km reach below the reregulation
dam. The river channel bed elevation degraded an average of
2.6 m over the 20-km reach downstream of the reregulation
dam. The channel width also decreased by about 50% after
dam construction.

3. The numerical results with a calibrated GSTAR-1D model
predict armoring and a maximum channel scour depth as
high as 4 m (RMS error<1 m). The channel degradation
should extend about 20 km downstream from the reregula-
tion dam. Also, the thalweg elevation is predicted to become
relatively stable after 2013.

The numerical model results are based on a limited compari-

son of steady and unsteady flow models. The effects of unsteady
flow become more significant as K, increases. Future research
improvements may include more comprehensive comparisons of
steady versus unsteady model results as well as a better under-
standing of sediment transport in unsteady flows.
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Notation

The following symbols are used in this paper:
a = coefficient of the sediment rating curve;
b = exponent of sediment rating curve;

K, = sediment pulsing coefficient describing the ratio
of the sediment volume transported by a flow
pulse compared to the sediment volume transported
by the same volume of fluid under steady flow;

n = Manning’s resistance coefficient;
n = duration of the flow pulse;

Qy = peak pulse flow discharge (L*/T);

Q; = minimum pulse flow discharge (L*/T);

sediment discharge (L3/7);

S
Il

average pulse flow discharge (L3/7);
Qy/ Q; discharge ratio for the pulse;
period of time for the sediment load calculation;

Y SN~
Il

= sediment volume transported under steady flow
(L%); and

Vs = sediment volume transported by the flow pulse

(L.
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