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Velocities and sand concentrations measured along 20 transects at the Field Research
Facility (FRF) at Duck, North Carolina during October 16-23, 1997 are analyzed to
examine the cross-shore and longshore suspended sand transport in the FRF pier
depression. The suspended sand volume per unit bottom area remains large outside the
swf zone in the depression. The depth integrated offshore and longshore suspended sand
transport rates are shown to be proporticnal to the products of the suspended sand
volume and the depth-averaged cross-shore and longshore currents. The offshore
suspended sand transport rate at the end of the pier is estimated to be as large as 3.5
m*/hr/m at the peak of a storm with an offshore significant wave height of 3.5 m. The
sand transported offshore appears to have been supplied by the longshore sand transport
toward the pier depression..

INTRODUCTION

A quantitative understanding of sediment transport processes on beaches is
required for coastal sediment management, beach nourishment, and dredging of
navigation channels. The US Army Corps of Engineers’ Field Research Facility
(FRF) at Duck, North Carolina produced valuable sediment transport data but
the data analyses were mostly limited to longshore sediment transport (e.g.,
Miller 1999; Bayram et al. 2001). The depression under the FRF pier causes
wave refraction and modifies the wave-induced circulation in the vicinity of the
pier (Elgar et al. 2001; Johnson 2002). Furthermore, the pier pilings cause flow
separation and energy dissipation. Nevertheless, the FRF pier provides a
platform to measure the detailed cross-shore variations of suspended sediment
transport during storms. The aim of this study is to analyze the FRF data and
quantify the cross-shore and longshore sediment transport rates.

The velocities and sand concentrations measured along the FRF pier during
the Sandy-Duck’97 experiment are analyzed here to examine the spatial and
temporal variations of the current and suspended sand transport rate in the
depression under the FRF pier. In the following, the velocity and sand
concentration data for a storm in October 1997 are analyzed in detail. Previous
studies addressed the wave field, circulation, concentration measurement and
longshore sand transport (Elgar et al. 2001; Johnson 2002; Miller 1998). First,
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the tide, waves, wind and bathymetry data during October 16-23, 1997 are
presented. Second, the cross-shore and longshore velocities measured along the
FRF pier are analyzed to examine the vertical, cross-shore and temporal
variations of the mean and standard deviation of the measured velocities. Third,
the measured sand concentrations are analyzed and coupled with the velocity
data to estimate the cross-shore and longshore transport rates of suspended sand.
The offshore suspended sand transport along the FRF pier is shown to be
appreciable in comparison with a 100-year dune erosion event on the US
Atlantic and Gulf Coast.

o 1 23 4 5 6 78 91011121314 151617 1818 . 20
5 2| Tide ,\ -
= PN o4 & A NI\ A AL S
AT A AT AW AVAVAAVAVAVA QL. 2
R R VAVAVAY, VAR GAVAVAS LN YAV
o \
= ...‘I 1 1 1 I} L 1 0
" 16 : ; :

1
w 12p 5 A IR s
-E)/Q_ \ ,;f\ T ~
- 8_u ‘(_7.!_ - 4 \ /__\-/',

/ P

4 L L
5:? 15_'f ‘rn,_ l'\d r.\.ﬁf\- A~
— L v o Wty 7y
2 121—’ Mool l‘/,r\/ 5 .
g 1 AV <¥W10| 1 1 ! | \—\ A
10117 10/19 10/21 10/23

Figure 1. Storm tide, offshore significant wave height Hmo, spectral peak period Tp,
predominant wave direction 8, wind speed Wy and direction 6, during October 16—

23, 1997.

FIELD DATA
The following field data are obtained from the FRF web site

(www.frf.usace.army.mil) and personnel. Fig. 1 shows the water level measured
by the tide gauge at the seaward end of the FRF pier during October 16-23,
1997. The FRF datum is the 1929 National Geodetic Vertical Datum (NGVD).
The offshore significant wave height H,,, spectral peak period 7, and
predominant wave angle 0 were measured by the 240-m pressure gauge array in
8-m water depth for the duration of 8,192 s. The wave angle 6 is zero for
normally incident waves and positive counterclockwise. The wind speed W), at
10 m above the water level and its direction 6,. are based on the anemometer data
at the seaward end of the FRF pier. The wind direction 0,, is defined in the same
way as the wave direction 8. The Sensor Insertion System (SIS) was deployed
along the FRF pier within 1.5 hr of high or low tide during daylight hours (Miller
1999). The SIS is essentially a track-mounted crane without a lifting hook with
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instrumentation mounted on the lower boom. The SIS can place instrumentation
on the bottom in 9-m depth, 15 m away from the pier. Each of the 20 shaded
columns in Fig. | indicates the duration of the SIS deployment along the FRF
pier, which was referred to as a transect. Each transect included nine to eleven
positions along the FRF pier. )

Bathymetric surveys were conducted on September 16 and October 23,
1997. Fig. 2 shows the contours of 0, 2, 4, 6, and 8§ m depths on these survey
dates together with the pilings of the FRF pier. The piling diameter is 1 m. The
cross-shore and longshore spacings of the pilings are 12 m and 5 m, respectively.
The FRF cross-shore and longshore coordinates are positive offshore and
northward, respectively. The incident wave angles for the 20 transects in Fig. 1
were within approximately 20 degrees mostly from the north of shore-normal.
The wind angles for the 20 transects in Fig. 1 indicate that the wind exceeding 10
m/s blew roughly parallel to the shoreline from the north during the peak of the
storm on October 19, 1997 when the significant wave height reached 3.5 m. The
bathymetric change between the two survey dates was less than 0.6 m.
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Figure 2. Depth contours measured on September 16 and October 23, 1997 in the
vicinity of FRF pier where the pier is oriented 69.78 deg clockwise from true north
and normal to the shoreline.

The beach profiles were measured at 41 m and 48 m north of the pier
centerline on September 16 and October 23, 1997. The cross-shore coordinate x
is taken to be positive landward with x = 0 in the 8-m depth where the offshore
waves shown in Fig. 1 were measured. The vertical coordinate z is taken to be
positive upwards with z = 0 at NGVD. The values of x at the seaward end of the
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FRF pier and the mean shoreline are x, =318 m and x, = 789 m, respectively. The

normalized onshore coordinate is defined as x, = (x- x,J/(x; - x.) where x, =0

atx=x,andx, =1 atx=x,.
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Figure 3. Significant wave height Hno measured along pier normalized by offshore
significant wave height for 20 transects.

The instrumentation frame attached to the SIS was held up drift on the north
side of the pier during October 16-23, 1997. The instrumentation included a
pressure gauge, electromagnetic current meters and optical backscatter sensors
for sediment concentration measurements for the duration of 512 s with a
sampling rate of 16 Hz (Miller 1999). An acoustic sonar measured the vertical
distance to the local bottom at a sampling rate of 1 MHz. The mean water level
was obtained from the measured mean pressure together with the assumption of
hydrostatic pressure. The mean water depth h is the vertical distance between the
mean water level and the local bottom.

The temporal variation of the measured pressure was converted to the wave-
induced free surface variation using linear wave theory. The significant wave
height H,, is defined as = 4s, where s,= standard deviation of the free
surface variation. The measured values of /,, for each transect are normalized
by the value of H,, in the 8-m depth shown in Fig. 1. The ratio H,,4/(H,.)sm Was

in the range of 0.5-0.9 as shown in Fig. 3 and varied little in the zone of x, =

0.2-0.8 except for transects 11 and 12 during the peak of the storm (see top
panel of Fig. 1). The degree of irregular wave breaking at the position of the SIS
was inferred by computing the fraction O of breaking waves using the formula
by Battjes and Stive (1985) and the hourly 10 min-averaged images taken from
the camara C1 located at the 43-m high FRF observation tower. The estimated ¢



is practically zero except for the most landward location near x, = 0.8 where o

is less than 10%. Among a total of 82 daylight images, only 8 images (3 during
the peak of the storm) suggested wave breaking. Consequently, the
measurements have been conducted at the edge and seaward of the breaker zone.

CROSS-SHORE AND LONG-SHORE CURRENT VELOCITIES
The 512-s time series of the cross-shore velocity u and longshore velocity v
measured at approximately 0.2, 0.4, 1.6 and 2.6 m above the local bottom are

used to calculate the mean ¢ and v, which represent currents induced by waves,
tide and wind, and the standard deviation s, and s,, which represent wave
velocities in the 512-s record. The wave velocities are presented first because the
analysis of s, and s, is simpler. The measured velocities are positive onshore
and southward, respectively.

The measured standard deviations did not change much vertically and the
vertically averaged values s, and s, are denoted as s and s, which may be
regarded as the standard deviations of the depth-averaged cross-shore and
longshore velocities U and ¥, respectively. A linear regression analysis yields s
" 0.4 sy with a correlation coefficient of 0.65. If the predominant linear wave
direction 0 is estimated as 7an|0|= s /s ;,, the corresponding wave angle would be
[6}= 22° along the FRF pier. The measured s is compared with the standard
deviation sy of the depth-averaged wave velocity based on linear finite-depth
wave theory (Kobayashi et al. 2008) where s ;= C,s,/h with C, = linear wave
phase velocity based on the mean water depth /4 and the offshore period 7, » The
measured values of s, s, and % at the same location are used for the comparison
which indicates that s, ~ 1.1s; as shown in Fig. 4. The local use of linear
progressive wave theory is adequate for the estimation of s, within an error of
approximately 20%.
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Figure 4. Standard deviation oy of cross-shore velocity measured along pier
normalized by standard deviation or of linear wave velocity for 20 transects,



® Measured (12) — Parabolic Bottom profile (9/16/1997)
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Figure 5. Offshore current 1 fitted to a parabolic profile at each cross-shore
location for transect 12.
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Figure 6. Vertically averaged offshore current U along pier normalized by return
current U, based on linear wave theory for 20 transects.



@ Measured: (12) —— Logarithmic Bottom profile (9/16/1897)
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Figure 7. Longshore current Vv fitted to a logarithmic profile at each cross-shore

location for transect 12.

The mean cross-shore current v was negative and offshore. The offshore

current u is fitted to the parabolic profile given by u = (a2’ + bz, + ¢,) where
z,, = elevation above the local bottom; and a,, b, and ¢, = fitted coefficients for

each parabolic profile. The offshore current u in the pier depression was of the
order of 0.5 my/s during the peak of the storm. The fitted parabolic profile of ; is
integrated analytically in the region of ; < 0 between the bottom and the
elevation of ; = 0 to obtain the vertically averaged offshore velocity 5

(Kobayashi et al. 2005). The measured offshore velocity U is compared with
the return current U, based on linear finite-depth wave theory under the
assumption of alongshore uniformity (Kobayashi et al. 2008) where U, =

(- 85,8 szp) where g = gravitational acceleration. The ratio U /U, was as large
as a factor 5 as shown in Fig. 6 when the offshore significant wave height H,,, in

Fig. 1 was large and the measured offshore current U was strong. This implies
that the strong offshore flow in the pier depression was fed laterally by the
longshore current.

The longshore current v measured north of the pier was toward the south

and the pier depression. The longshore current v is fitted to the logarithmic

profile given by v= a.n(z,/z,) as shown in Fig. 7 where a, and z, = fitted
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coefficients for each logarithmic profile. The longshore current in the pier
depression was of the order of 1 m's during the peak of the storm. The fitted

logarithmic profile of v is integrated analytlcally from z,, = z, to z,, = A to obtain

the depth-averaged longshore current V as shown in Fig. 8. The measured v
along each of the 20 transects has been compared with the longshore current
model by Kobayashi et al. (2007) under the unrealistic assumption of alongshore
uniformity. This model underpredicts the strong longshore current by a factor
exceeding 2. This comparison suggests that the pier depression increases the
longshore current updrift of the depression as expected from the relatively strong
offshore current in the depression.

— e ————— T T

> > Tranzect No.

> ’ 010

02

| 2 ® ° : 03

<4 04
1 > q v < o5 1

| [ ] v AA 06

4 4 "y o7

® LA v 03

) DL L Ao v o9
=05 x * ¢ s 010
E 2 EE g ¥ kn
“—/ v B > o 4 12
S g 5 o % 2
) < g < ¥ X g }g ¥ g 15
Or o > ¥ % 17

< 18

A 19

v 20

=055 0.2 0.4 0.6 0.8 '

X

Figure 8. Depth-averaged longshore current V" along pier for 20 transects.

SUSPENDED SEDIMENT TRANSPORT RATES

The sediment size on the beach at Duck decreases seaward. The median
diameter is approximately 0.17 mm in the bar and trough region and 0.12 mm
seaward of the bar (Miller 1999). Suspended sediment concentrations were
measured using eight optical backscatter sensors (OBS) at eight elevations in the
range of approximately 0.03-1.6 m above the local bottom. The bottom
elevation measurement by the sonic altimeter may have an uncertainty of +3 cm
in the surf zone (Gallager et al. 1996). The 512-s record of the measured sand
concentration ¢ is analyzed in lhe following.

The mean concentration ¢ is fitted to the power-law profile given byc =
cza/zy)" as shown in Fig. 9 where z, = reference elevation above the lccal
bottom which is taken as z, = 3 cm corresponding to the lowest elevation of the
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concentration measurement; and ¢, and m = fitted coefficients for each power-
law profile. It is noted that an exponential profile could not be fitted well for the
present data. The suspended sand volume ¥, per unit bottom area is obtained by
integrating the fitted profile analytically from z,, = Z, =3 cm 1o z, = h. The
measured ¥; was in the range of 0.04-0.63 cm®/cm? as shown in Fig. 10. The
suspended sand volume remained large after the storm peak. It is noted that the
degree of the fit for the power-law profile does not change much for z, = 3, 5 and
10 cm. The uncertainty of the estimated suspended sediment volume per unit

horizontal bottom area is less than 20%.
@ Measured: {12) —— Power Bottom profile (9/16/1997)
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Figure 9. Mean concentration ¢ of suspended sand fitted to a power-law profile at
each cross-shore location for transect 12.
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Figure 10. Suspended sand volume per unit area, Vs, along pier for 20 transects.
The 512-s records of ¢, u and v measured simultaneously are analyzed to
obtain the time-averaged suspended sand transport rates expressed as

cu=ci+(c—-2)u—-u) (H
cv=ev+(c-)v—7) @)

where the overbar indicates time averaging. The elevations of the concentration
and velocity measurements were not matched exactly. The measured u and v at
z,” 0.2,0.4 and 1.6 m are paired with the measured ¢ at the closest elevation.
The three pairs do not yield a sufficient resolution for the vertical integration of

cu and cv. Consequently, an alternative approach is adopted to estimate the
depth-integrated transport rates.

The terms cu and ¢ u in Eq. (1) are negative and indicate offshore
suspended sand transport. The third term in Eq. (1) is positive and indicates
onshore suspended sand (ransport due to the positive correlation of ¢ and u

(Kobayashi et al. 2005). Use is made of the relation of cu = 0.42 ; although
the correlation coefficient (CC) is 0.57 and relatively low. The depth-integrated

offshore suspended sand transport rate g, is obtained by integrating cu = 0.4 ¢
u analytically from z,, = z, = 3 cm to the upper limit of the region of u <0
where u and ¢ are given by the fitted profiles. The concentration ¢ above the

region of 1 < 0 was very small and neglected.

The terms ¢v and ¢ v in Eq. (2) are positive and indicate longshore
suspended sand transport toward the pier depression. The third term in Eq. (2) is
very small due to the negligible correlation between ¢ and v. The depth-
integrated longshore suspended sand transport rate gy, is obtained by integrating

¢cv= ¢ v analytically from z,, = z, to z,, = h using the fitted profiles of ¢ and

V.
The depth-integrated offshore suspended sand transport rate g, is compared

with the product of the average offshore current U and the suspended sand

volume ¥, per unit bottom area. The ratio g,/ U ¥ is plotted as a function of x,

for the 20 transects. The following simple formula was used by Kobayashi et al.
(2008) to estimate the offshore suspended sand transport rate for the case of
alongshore uniformity

q,. =aUV (3)

5
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where the empirical parameter & was 0.2, with an uncertainty of a factor of 2, for
the small scale surf-zone experiments in a wave flume conducted by Kobayashi
etal. (2005). The parameter a for the present field data is in the range of 0.1-0.4
outside the surf zone in the pier depression.

The depth-integrated longshore suspended sand transport rate g, is
compared with FP; where I/ is the depth-averaged longshore current. The ratio

qs',,’?Vs is plotted as a function of x. for the 20 transects. The following simple
formula was used by Kobayashi et al. (2007) to estimate the longshore
suspended sand transport rate mostly in the surf zone in the Large-scale
Sediment Transport Facility at the US Army Engineer Research and
Development Center '

q, =VV, 4)

s

Eq. (4) overpredicts g,, slightly outside the surf zone in the pier depression. In
short, Egs. (3) and (4) may not be very accurate but allow one to estimate G5 and

g5y using U, ¥ and ¥, which may be predicted using horizontally two-
dimensional nearshore wave, current and suspended sand transport models.

Finally, the offshore suspended sand transport rate ds per unit longshore
length at the most seaward location (x+~0.2) is plotted as a function of time for
each of the 20 transects. The largest value of - gsx is 3.5 m*/hr/m for transect 11
at the peak of the storm. The temporal integration of - g, vields 130 m*/m for the
duration of 174 hours during October 16—23, 1997. This large sand volume must
have been supplied mostly by the longshore sand transport toward the pier
depression because the bathymetry did not change much as shown in Fig. 9.

CONCLUSIONS
Velocities and sand concentrations measured along 20 transects at the Field

Research Facility (FRF) during October 16-23, 1997 are analyzed to examine the
cross-shore and longshore suspended sand transport in the FRF pier depression.
The depth-integrated offshore suspended sand transport rate g, is simply

expressed as g, = aUV, where U is the average offshore current, V, is the

suspended sand volume per unit bottom area, and the empirical parameter a is in
the range of 0.1-0.4 in the pier depression. The onshore transport of suspended
sand due to the correlation between the time-varying concentration and cross-
shore velocity explains the reduction of @ from unity. On the other hand, the
correlation between the time-varying concentration and longshore velocity is
negligible and the depth-integrated longshore suspended sand transport rate gy,

may simply be estimated as gy, = V'V, where V' is the depth-averaged longshore
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current. These simple formulas are useful for morphological modeling using
horizontally two-dimensional wave and circulation models.

The offshore suspended sand transport rate per unit longshore length at the
end of the FRF pier is estimated to be as large as 3.5 m’/hr/m. The sand volume
transported offshore during October 16-23, 1997 is estimated to be 130 m’/m
and exceeds the dune erosion volume of 50 m*/m for a 100-year event on the US
Atlantic and Gulf coasts estimated by Hallermeier and Rhodes (1988). However,
the corresponding bathymetric change was small, indicating the longshore sand
supply toward the pier depression,
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