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Conversion Factors,
Non-SI to SI Units of
Measurement

Non-SI units of measurement used in this report can be converted to SI units
as follows:

Multiply By To Obtain

cubic feet 0,02831685 cubic meters

cubic yards 0.7645536 cubic meters

feet 0.3048 meters

horsepower (550 foot- 745.6999 watts
pounds (force) per
second)

inches 25.4 millimeters

miles (U.S. statute) 1.609347 kilometers

pounds (force) per cubic 157.08774 newtons per cubic meter
foot

pounds (force) per square 47.88026 pascals
foot

pounds (force) per square 6.894757 kilopascals
inch

pounds (mass) 0.4535924 kilograms

square feet 0.09290304 square meters

square inches per square 69.444474 square centimeters per
foot square meter

tons (2,000 pounds, mass) 907.1847 kilograms

vii



1 Introduction

Background

Although payment under the majority of dredging contracts is based on
cubic yards dredged as determined by pre- and postdredging surveys, there
are circumstances such as rapid shoaling or changing weather conditions that
make payment based upon such surveys impractical. Such conditions are
common when dredging a coastal inlet. In such situations it is often
preferable to award a contract whereby payment to the contractor is based
upon measurement of the volume of in-place dredged material in the hopper as
determined by vessel displacement, commonly referred to as "bin measure."
Such a contract is awarded annually by the U.S. Army Engineer District,
Norfolk, for maintenance dredging of Chincoteague Inlet, Virginia.

Under a bin measure contract, the Government typically relies on records
provided by the contractor to determine the volume of material dredged in
each load, and thus the amount of payment due. While a Government quality
assurance representative, or inspector, is assigned to the project, he/she is not
present on the dredge at all times and cannot monitor every load and verify
the accuracy of all of the contractor's records. Additionally, when disputes
arise, the Government generally has very little information on which to judge
the merit of the contractor's claim, with the exception of the records and
information provided by the contractor. Therefore, a system is needed that
can automatically and fairly determine the volume of dredged material in th-z
hopper for payment under bin measure contracts and can provide a record of
the dredging operation in the event of disputes. Such a system would record
the necessary data for making bin measure calculations and provide a
complete and unbiased record of the entire dredging project for use by both
the Government and the contractor.

Determining the volume of in-place dredged material in the hopper during
each load requires knowledge of the volume of material in the hopper at the
start of each load, the volume of material added to the hopper during the
loading process, and the weight of the material added to the hopper during the
loading phase. Existing instrumentation on most dredges provides a continu-
ous record of the total displacement of the vessel from which the weight of
dredged material added to the hopper can be determined by subtracting the

1Chapter 1 Introduction



total weight of the vessel at the start cf a load from the total weight of the
vessel at the end of that load. Electronically monitoring and recording the
displacement of the dredge using pressure sensors to measure the draft was
successfully done under a previous study for the Norfolk District.' Addi-
tionally, under the Corps of Engineers' Dredging Research Program (DRP),
acoustic sensors nave been successfully installed on the Corps of Engineers
dredge Whe'er to continuously monitor the volume of material in the hopper
(Scott l1'1"2a). Thus, the technology to automatically monitor and record the
nacessary information for determining bin measure loads exists.

Another aspect of the dredging process that can be difficult to monitor or
analyze is the effectiveness of overflowing to increase the amount of solids in
the hopper. When coarse-grained sediments are being dredged, overflow is
typically effective; but in fine-grained sediments, the amount of additional
solids retained in the hopper during overflow is questionable. Where restric-
tions on the duration of overflow exist, monitoring strict compliance with that
restriction 24 hours a day can be difficult. Where restrictions on the amount
of overflow are being considered, some estimate of the amount of sediment
that is actually retained in the hopper versus the amount that flows overboard
is very beneficial. Thus, a monitoring system enabling both the duration and
the effectiveness of overflow to be determined would make the monitoring,
enforcement, and implementation of overflow restrictions much more feasible.

Objective

The two primary objectives of this study were to demonstrate an automated
monitoring system for (a) determining the bin measure production of a
contract dredge during the maintenance dredging of sandy material at
Chincoteague Inlet, Virginia, and (b) monitoring a contract dredge for the
amount of material retained in the hopper during the overflow process of a
dredging cycle while it performed maintenance dredging of fine-grained
material in the Norfolk Harbor Channel, Virginia. This report describes the
integration of the displacement and hopper volume measurements into a
computer-based data logging system for monitoring the dredge.

Approach

To meet these objectives, a monitoring system that would automatically
measure and record the volume of material in the hopper, the displacement of
the dredge, and the production meter data on a continuous basis was designed,
installed, and field tested. The volume of material in the hopper was

SJeffrey D. Jorgeson, 25 June 1992, Memorandum for Commander, U.S. Army Engineer

District, Norfolk, Subject: Calibration of the Hopper Load Monitoring System on the Contract
Dredge ATCHAFALAYA.
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determined through the use of acoustic sensors installed above the hopper, and
dredge displacement was determined from fore and aft draft measurements.
An additional component of the system also monitored and recorded the
dredge's production meters, which measure the density and velocity of materi-
al passing through the dredge pipes. The production meter data were used in
conjunction with the vessel displacement and hopper volume data to estimate
the total amount of material dredged and the amount of material that was
retained in the hopper diring the overflow process for each load.

Two separate dredging projects were monitored for this study. The first of
those was at Chincoteague Inlet, Virginia, where the hopper volume and
dredge displacement data were used to determine the bin measure production
for each load. The second project was in the Norfolk Harbor Channel, where
the hopper volume, dredge displacement, and production meter data were
incorporated into an analysis of the amount of solids retained in the hopper
during the overflow process. Each of these projects, the data collected, and
the results obtained are discussed in the following sections of this report.

3
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2 The Monitoring System

The Bin Measure Concept

The concept of determining dredge production using the bin measure
method involves indirectly measuring the average density of material in the
dredge hopper for each load. Measuring the displacement, or weight, of the
vessel and volume of material in the hopper at the beginning and end of the
loading process determines the weight of material in the hopper and the
volume of that material. Those values are then used to find the average
density of the material in the hopper. If the in-place density of the sediment
is known, then the in-place volume can be calculated for each load. The
following equations show how production calculations are made once the
hopper volume, vessel displacement, in-place sediment density, and water
density in the dredging area are measured.

a. Bin water weight BW, lb

BW= Vs * p. * 27fthyd3  (1)

b. Total weight in hopper TW, lb

7W = [(DE - DS) * 2,000 lb/ton] + BW (2)

c. Average density in hopper pH, lbffr'

pH (lb/ft) = TW / (VE * 27 ft/yd') (3)

d. In-place production P5, yd3

Pi= [(pH P.) / (Pi - p, * VE (4)

where

Vs= volume in hopper at start of load cycle, yd'
p.= density of water in dredging area, lb/ft

DE = displacement of dredge prior to dump, tons
Ds= displacement of dredge at start of load cycle, tons

4 Chapter 2 The Monitoring System



VE = volume in hopper prior to dump, yd&
pi = in-place density of dredged material, lb/ft3

In Equations 1 through 4, reference is made to the "bin water" in the
hopper. The bin water refers to that water which is present in the hopper just
prior to the commencement of dredging sediment for each load. Typically,
the hopper is not entirely empty or dry after dumping a load, and a certain
volume of water is in the bottom of the hopper. That volume of water is
referred to as the bin water. Calculation of the average density in the hopper,
as shown in Equation 3, requires dividing the total weight of material in the
hopper by the total volume of that material. If the bin water is neglected,
then the calculation will be incorrect.

System Components

The monitoring system designed for this project consisted of several instru-
ment systems, each of which monitored a different function of the dredge.
The dredge functions that were monitored included the level of material in the
hopper, the draft of the vessel, the density and velocity of material passing
through the production meters, the ship's position, and the depth of the port
and starboard dragheads. Each of these dredge functions are discussed in
greater detail in the following sections.

Level of material in the hopper

The level of material in the hopper was monitored by two programmable
ultrasonic sensors, one installed over each end of the hopper along the
longitudinal center line of the hopper. These sensors measured the distance
between the surface of the material in the hopper and the sensor. The ultra-
sonic sensors measure distance by using a piezoelectric transducer to send out
ultrasonic waves in a series of pulses. The sound waves are emitted in the
shape of a beam cone, are reflected off of the target surface (water or slurry
mixture surface in the hopper), and echo back to the sensor. The distance
between the sensor and the target is calculated from the time interval between
the transmission of the sound waves and the return of the echo to the sensor.
The sensors are fully programmable, are accurate to within ±0.2 percent of
the measuring range, compensate for temperature variations, and are capable
of measuring distances over a range of 0.3 to 70 ft' (Lundahl Instruments
1991).

The sensors were installed on specially designed brackets extending out
over each end of the hopper and were installed high enough over the
maximum water level in the hopper to minimize direct contact with splashing

SA table of factors for converting non-SI units of measurement to SI units is found on

page vii.
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or spraying slurry or water. The sensor at the aft end of the hopper was
mounted on a catwalk approximately 10 ft above the top of the hopper. Fig-
ures 1 and 2 show two perspectives of the ultrasonic sensor installed on the
dredge over the aft end of the hopper. The sensor at the forward end of the
hopper was mounted on a valve housing approximately 3 ft above the top of
the hopper. Figures 3 and 4 show two views of the ultrasonic sensor installed
over the forward end of the hopper. Figure 5 provides an overall view of the
hopper looking forward from near the aft end of the hopper.

If

Figure 1. Closeup view of acoustic sensor at aft end of hopper

Draft of vessel

The draft of the vessel was monitored by inserting pressure sensors into the
existing bubbler line system, which measured the draft at two bubbling points
located in the keel of the ship, one near the dredge's forward perpendicular
and one near the dredge's aft perpendicular. The bubbler system was
designed such that the draft of the ship at any time produced a pressure in the
bubbler lines equivalent to the hydrostatic pressure at the bubbling points in
the keel of the ship. A constant volume of air was forced down through the
bubbler lines. The pressure required to force that air through the system and
out the bubbling points was equal to the hydrostatic pressure at the bubbling
points below the water surface. Thus, the system measured the distance from
the keel of the ship to the water surface, or the draft of the vessel.

6 Chapter 2 The Monitoring System



Figure 2. Acoustic sensor at aft end of hopper
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Figure 3. Closeup view of acoustic sensor at forward end of hopper

1"

Figure 4. Acoustic sensor at forward end of hopper
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Figure 5. Hopper
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The pressure sensors in the forward and aft bubbler lines were placed
inside the load displacement recorder cabinet (Figure 6). In each air line, the
pressure was measured by connecting a Consolidated Electrcdynamics Cor-
poration Type 4-312 Pressure Pickup. This is shown in Figure 7, where the
two white cables with tags attached are leading from the pressure pickups.
The sensing elements of the pressure transducers were composed of unbonded
strain gauge windings connected in a four-arm bridge. Pressure against the
diaphragm produced a displacement of the sensing element, changing the
resistance of the active arms and causing an electrical output proportional to
the applied pressure (Consolidated Electrodynamics Corporation 1956). The
pressure transducers installed had a pressure range of 0-25 lbf/in.3 The draft
of the vessel at the forward and aft bubbling points was determined by con-
verting the measured pressure in the air lines from pounds per square inch to
feet of water using the density of the water in the location where the dredge
was operating. For example, if the pressure in the air line was measured at

S1W

Figure 6. Load displacement recorder cabinet
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Figure 7. Pressure cells in air lines

7.0 lbf/in.2 and the specific weight of the water was 63.7 lbf/ft3, then the draft
was determined as follows:

Pressure = 7.0 lbf/in.2 * 144.0 in.2/ft2  (5)
= 1,008.0 lbf/ft2

Draft = (1,008.0 lbf/ft2) / (63.7 lbf/ft3) (6)
= 15.8 ft

Production meters

The dredge was equipped with density and velocity meters on both the port

and starboard drag arms to measure the density and velocity of the slurry
mixture being pumped. The density of the slurry was measured with nuclear
density gauges, and the velocity was measured with magnetic flowmeters.
For the monitoring system, signals from those existing gauges and meters
were obtained, and the density and velocity of the slurry being pumped
through each drag arm were monitored and recorded.

Ship's position

The position of the dredge was provided by a Del Norte positioning sys-

tem. Output from this system provided northing and easting coordinates for
the position of the vessel, which were recorded by the monitoring system.

11
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Draghead depth

The dredge was equipped with depth indicators for the port and starboard
dragheads. The depth indicators for the dragheads consisted of a bubbler
system like the system used to measure the draft of the vessel, but with the
bubbling points located on each draghead. As with the draft measurement
system, pressure taps were placed in the air lines for the port and starboard
dragheads. The air pressure in those lines was measured using Consolidated
Electrodynamics Corporation Type 4-312 Pressure Pickups, and the depth of
the dragheads was calculated by converting the air pressure in the bubbler
lines into feet of water.

Data Acquisition

The output from all sensors was recorded continually every 5 seconds
using a laptop computer installed on the dredge specifically for this project.
The data acquisition software was configured such that a binary data file was
created at midnight each day that contained the data for the previous 24-hour
period. Ten channels of data were recorded, in addition to the time and the
location coordinates. Table 1 provides a list of the ten data channels.
Recording the time, location coordinates, and ten data channels every
5 seconds throughout the day resulted in a binary data file each day containing
933,120 bytes. The hard disk on the computer was capable of continuously
recording data for approximately 63 days before the storage capacity on the
disk was full.

A program was written to convert each binary data file into two ASCII
output files, one containing the location coordinates and another containing the
10 channels of data listed in Table 1. The program also converted the raw
data, which was typically recorded as a voltage or a 4-20 mA signal from the
various sensors in the monitoring system, into the appropriate engineering
units, also shown in Table 1.

Figures 8 through 17 are examples of the data recorded on each of the
channels listed in Table 1. The figures are plots of the data versus time for
one typical load from the Chincoteague Inlet project over a period of
approximately 2 hours, from 11.5 hours (11:30 a.m.) to just after 13.5 hours
(1:30 p.m.) on 16 March 1993. As can be seen in Figures 8, 9, 10, and 11,
the draft and level of material in the hopper were at minimums just after
11:30 a.m., indicating that a load had just been dumped. Immediately
thereafter, a small amount of bin water returned to the hopper, and dredging
commenced at approximately 11:45 a.m. Dredging continued until shortly
after 1:00 p.m., some water was then allowed to drain off the top of the
hopper, the load was dumped just after 1:30 p.m., and a new cycle started.
Figures 12 and 13 are plots of the starboard and port draghead depths showing
that the dragheads were raised and lowered several times during that load.
Figures 14 through 17 show the production meter data, slurry density, and

12 Chapter 2 The Monitoring System



Table 1
Data Acquisition Channels

Daft
AcqiLsition Data Englneering
Channel Acquired Units

1 Aft draft ft

2 Forward draft ft

3 Aft level in hopper ft

4 Forward level in hopper ft

5 Starboard draghead depth ft

6 Port draghead depth ft

7 Density in starboard drag arm g/cm3

a Velocity in starboard drag arm ft/sec

9 Density in port drag arm g/cm 3

10 Velocity in port drag arm ft/sec

velocity for the starboard and port drag arms. Figures 18 and 19 are plots of
the dredge's position during that same period. Indicated in Figure 18 are the
comers of the designated dump site for the Chincoteague Inlet project, and in
Figure 19 are several center-line stations along the channel being dredged.

Data Reduction

Calculating the bin measure load and analyzing the amount of solids
retained in the hopper during the overflow process require knowledge of the
volume of material in the hopper, the total displacement of the vessel, and the
cumulative weight of solids as indicated by the production meters. As seen in
Table 1, none of the data acquired by the monitoring system provides that
information directly. Therefore, the information on the level in the hopp,:r,
draft, and density and velocity in the drag arms must be converted from the
initial data into volume of material in the hopper, total displacement of the
vessel, and cumulative weight of solids pumped. The data conversion for
each of these is described in the following paragraphs.

Volume of material in hopper

As previously discussed, the acoustic sensors over the hopper measured the
distance from the sensor to the water or slurry surface in the hopper. That
distance needed to be converted into an average depth of material in the
hopper and then into volume of material in the hopper. To accomplish this,
the depth of material in the hopper below each sensor was determined by

13
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subtracting the measured distance between the sensor and the water surface

from the total distance between the sensor and the bottom of the hopper:

D = TD -MD (7)

where
D = depth of material in the hopper, ft

TD = total distance from acoustic sensor to hopper bottom, ft
MD = measured distance from sensor to water surface, ft

(Note that the data plotted in Figures 10 and 11 had already been converted
this way such that the plots show the level of material in the hopper as
opposed to the distance from the acoustic sensor to the top of the material in
the hopper.)

The resulting values were then converted into hopper volume through the
use of the ullage table for the dredge. The ullage table provides the capacity
of the hopper, in cubic yards, for any given depth of material in the hopper.
Using that ullage table information, a plot of hopper volume versus depth in
the hopper was made, a curve was fit to that plot, and the equation of the
curve was determined. That equation provided a value for hopper volume in
cubic yards for a given value of average hopper depth. Thus, the data from
the two acoustic sensors were converted into depth of material, the average
depth in the hopper was calculated, and a hopper volume was computed for
that average depth. Figure 20 is a plot of the volume of material in the
hopper versus time for the same period covered in Figures 8 through 19.

Vessel displacement

To determine the weight of material in the hopper for the bin measure load
calculation, the value required is not the draft of the ship, but the weight, or
displacement, of the ship. Thus, the draft values had to be converted into
displacement. This was accomplished through the use of the hydrostatic
curves of form for the vessel. The hydrostatic curves of form include many
curves that describe the characteristics of the vessel, among which is a data
curve that relates draft and displacement. A curve fit equation was deter-
mined for that draft versus displacement curve. The resulting equation pro-
vided displacement, in tons, for any given values of fore and aft draft. Fig-
ure 21 is a plot of the vessel displacement for the same period in Figures 8
through 20.

Cumulative weight of solids

To analyze the amount of solids retained in the hopper during the overflow
process, the weight of solids pumped during overflow was compared to the
weight of solids retained during overflow. The density meter provided the
density of material in the drag arm, and the flow meter provided the velocity
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of the material in feet per second. These data were recorded every 5 seconds.
The cumulative weight of solids was calculated as follows.

PM P.- - o , * 62 .4 * V * A * T (8)

where
M, = solids mass production, lb
p. = density of material in drag arm, g/cmk
p, = density of interstitial water, g/cm'
p, = density of solids, g/cme
V, = velocity of mixture in drag arm, ft/sec
A = cross-sectional area of drag arm suction pipe, ft
T = time interval between measurements, sec

For example, if the density of the interstitial water was measured as
1.007 g/cm', the density of the solids was 165.36 lb/ft, the cross-sectional
area of the suction pipe was 1.767 fe, the time interval between measurements
was 5 seconds, the average density of material in the drag arm measured by
the density meter over the 5-second interval was 1.3 g/cmr, and the average
velocity of material in the drag arm measured by the flow meter was
15.0 ft/sec, then the weight of solids over that 5-second interval would be:

W [1.3 g/cmr - 1.007 g/cm' •
w 2.658kM3- 1.00 gIcm' * (9)

*.165.35 lb/ft' * 15.0ft/sec * 1.767ft2 * 5.0 sec
= 3,908.0 lb

Figure 22 plots the cumulative weight of solids pumped during the same
period covered in the previous figures. Note that the weight of cumulative
solids in Figure 22 is expressed in tons to correspond with the unit of mea-
surement for the total displacement of the vessel.

22 Chapter 2 The Monitoring System



sea

E
•. 506
U) 00

S. oo20

11.5 12 12.5 13 13.5

Time, hr

Figure 22. Cumulative weight of solids pumped versus time

23
Chapter 2 The Monitoring System



3 Dredging Project Monitoring

Two dredging projects were monitored for this study, maintenance dredg-
ing at Chincoteague Inlet, Virginia, and maintenance dredging in the Norfolk
Harbor channel, Virginia. The contracts for those projects were awarded to
the North American Trailing Company (NATCO). The monitoring system
was installed aboard the NATCO dredge Northerly Island, which performed
the dredging work. The Northerly Island, a split hull dredge, has an overall
length of 205 ft with an overall beam of 48 ft and two 18-in. drag arms. The
dredge generally drafts from 5 to 15 ft. The pumping system consists of two
625-hp pumps, and the dredge has a hopper capacity of 2,178 yd3 (U.S. Army
Corps of Engineers 1985).

The Chincoteague Inlet and Norfolk Harbor projects were two separate
dredging projects, and each project presented very different conditions under
which to evaluate the usefulness and effectiveness of the monitoring system.
Although the monitoring system acquired the same type of information during
each project, the primary focus of the monitoring system on the Chincoteague
Inlet project was to calculate the bin measure production for each load, while
the retention of solids during the overflow process was of primary interest for
the Norfolk Harbor project.

Chincoteague Inlet

Chincoteague Inlet is located at the entrance to Chincoteague Bay between
Assateague Island and Chincoteague Island along the northern coast of
Virginia. Figure 23 is a vicinity map for Chincoteague Inlet showing its
location with respect to Norfolk, VA, and Chesapeake Bay, and Figure 24 is a
location map showing the dredging area (shown as "Location of Survey" on
the map) and disposal site (shown as "Placement Area" on the map) near
Chincoteague Inlet.

Chincoteague Inlet is subject to fairly rapid and unpredictable shoaling
conditions that make bathymetric surveys unreliable. Because of these
conditions, the maintenance dredging at Chincoteague is paid by bin measure.
A predredging survey is performed to provide an estimate of the extent of
shoaling, and a postdredging survey is performed to verify that the channel is
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navigable; but payment to the contractor is not based upon those surveys.
The material in the inlet is primarily fine sand with less than 5 percent fines
and has an average in-place specific weight of 121.9 lbf/ft, as determined by
a series of nuclear density measurements taken in the channel.

The monitoring system was installed aboard the dredge Northerly Island
during a 3-day period from 2 March through 4 March 1993. Dredging at
Chincoteague Inlet began on 6 March 1993, and was completed on 18 March
1993. The estimated volume of material removed from the channel was
approximately 112,000 yd3 as reported by the contractor.

Bin measure load calculations

As discussed previously, the process of calculating the bin measure load
requires the determination of several variables: the volume of material in the
hopper and the vessel displacement at the start of the load cycle, the volume
of material in the hopper and the vessel displacement at the end of the load
cycle, the density of the interstitial water, and the estimated in-place density of
the material being dredged. Once those values are determined, then the bin
measure load can be calculated using the procedures previously set forth.

For the Chincoteague Inlet project, the density of the interstitial water was
determined by measuring the density of five water samples that were
randomly taken through the duration of the project. The density of those
samples ranged from 1.019 g/cm3 to 1.021 g/cmý with the average being
1.020 g/cm.? A series of six nuclear density probe measurements of the
sediment were taken in the channel. The in-place sediment density measured
by the probe ranged from 1.939 g/cm3 to 1.964 g/cmn with the average being
1.953 g/crni Based upon those nuclear density probe measurements, the
average specific weight of the in-place material in Chincoteague Inlet was
taken as (1.953 g/cm3) * [(62.4 lbf/ft3)/(1 g/cm3)] = 121.9 lbf/ft?

The next step in calculating bin loads was to plot the data for both the
vessel displacement and for the volume of material in the hopper. From those
plots, the beginning and end of each load was identified and the corresponding
vessel displacement and volume of material in the hopper were determined.
Figure 25 is a plot of both the vessel displacement and volume of material in
the hopper versus time for a typical day during the Chincoteague Inlet project,
16 March 1993. Note that the vessel displacement is given in tons while the
volume of material in the hopper is given in cubic yards. Also indicated in
Figure 25 are two specific loads, "Load 120" and "Water Test." Load 120
was a typical load for which sample calculations were performed to determine
the bin measure production, and the water test will be discussed in the
following section.

The scale of Figure 25 makes it impossible to accurately determine where
each load starts and ends, so each load must be isolated to provide a plot with
the necessary detail. Such plots are shown in Figure 26, which is the volume

27
Chapter 3 Dredging Project Monitoring



40800.. 4800

3500 3588

3888 3888 '>1

U).

0 2588

Displacement 0

E 2888 Load 8128 Uater Test z888
0

1588 IS

218881 1888 02

C) 0)

> E
588 Sao 0

6 5

Time, hr

Figure 25. Volume of material in hopper and vessel displacement versus time over a
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of material in the hopper versus time for load 120, and Figure 27, which
shows the vessel displacement versus time for that same load. Note that this
is the same load presented previously in Figures 8 through 22, but Figure 26
shows the volume of material in the hopper at the start and end of the load
and Figure 27 shows the vessel displacement. Using those values along with
the densities of the water and in-place sediments as previously set forth, the
bin measure production for load 120 is calculated as follows:

a. Measured variables:

Vs = 580 yd3

VE = 1,200 yd3

Ds = 2,580 tons

DE = 3,630 tons

pi = 121.9 lb/ft3

p.= 63.7 lb/ft3
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b. Production calculations:

(1) Bin water weight:

BW= VS*P.
= (580 yd' * 27 ft/yd3 ) * 63.7 lb/f'e (10)
= 15,660fV * 63.7 lblft'

= 997,542 lb

(2) Total weight in hopper:

TW = (DI- D3 ) + BW (11)
- 1(3,630 - 2,580) ton * 2,000 lb/ton] + 997,542 lb
= (1,050 tons * 2,000 lb/ton) + 997,542 lb
- 2,100,0001lb + 997,542 lb
= 3,097,542 lb

(3) Average density in hopper:

Pf = TW/VE (12)
= 3,097,542 lbT (1,200 yd' * 27ft'/yd3)
= 3,097,542 lb /32,400ft
= 95.6 Wb$

(4) In-place production:

A, = l(Pq - P J/C,- pX] * VE (13)
= [(95.6 - 63.7)1(121.9 - 63.7)1 * ,200 yd'

(31.9/58.2) * 1,200 yd3)
= 0.55 * 1,200 yd'
= 660 yd'

A total of 147 loads were dredged during the Chincoteague Inlet project.
The procedure followed in the preceding example was used to calculate the
bin measure production for each of those loads. The cumulative in-place bin
measure production calculated was 84,110 yd' for an average load of
572.2 yd3 over the 147 loads. Table Al in Appendix A contains a complete
listing of all loads for the Chincoteague Inlet project and includes load num-
ber, start and stop time from which each load was calculated, start and ending
hopper volume and vessel displacement, the calculated bin water weight,
calculated total weight in the hopper, average density in the hopper, and the
in-place volume of material for each load. Those loads indicated by three
asterisks (***) were water tests, which are discussed in the following section.

System verification-water tests

A potential weakness in this method of calculating production is the

difficulty in verifying the accuracy of the data being measured. The total
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displacement of the vessel and the volume of material in the hopper at any
given time are difficult to verify. Thus, some method was needed to verify
that the production calculations based upon the data collected by the monitor-
ing system were accurate. No reasonable method of verifying each measure-
ment could be determined, so a method of verifying the result of the average
hopper density calculation was chosen. The water test method, adopted in this
case, consisted of filling the hopper with a material of known density, and
then calculating the average density of the material added to the hopper based
upon the change in vessel displacement and volume of material added to the
hopper as measured by the monitoring system. The hopper was filled with
seawater, the density of which was determined from samples taken during the
water tests. The vessel displacement and volume of material in the hopper
were determined for the beginning and end of each water test. Figures 28 and
29 show the volume of material in the hopper and vessel displacement, respec-
tively, for a water test. The values indicated in those. figures for volume of
material in the hopper and vessel displacement at the start and end of the test
are used in the following calculations. Note that the same measured variables
are used here as were used in the production calculation -(Equations 10
through '.).

a. Weight added to hopper:

WA =DE - Ds (14)
= (2,950 tons - 2,270 tons) * 2,000 lb/ton
= 1,360.000 lb

b. Volume added to hopper:

VA = VE- VS (15)
= (1,115 yd- 325 yd') * 27fVt/yd
= 21,330oV

c. Average sensity in hopper:

PH = WA / VA (16)
= 1,360,000 lb / 21,330fV
= 63.8 lb/

d. Measured density of ,vater:

p., = 63. 7 lbffl3 (17)

e. Percent difference:

PD = [(PH- P.) /pJ * 100 (18)
= [(63.8 - 63.7) / 63.7J * 100
= 0. 16 percent
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Water tests were conducted nearly every day of dredging on the
Chincoteague Inlet project. The tests were typically performed after a load
was dumped and the dredge was moving back to the dredging site. The data
for these tests were gathered under the prevailing conditions at the dredging
site. Therefore, the data should reflect the same degree of accuracy as the
data gathered during the actual dredging. The results consistently showed that
the calculated average density of the seawater in the hopper, was very close to
the actual density of the water. A summary of those tests is presented in
Table 2.

Table 2
Summary of Water Tests for Chincoteague Inlet

Start End Start End Average
Hopper Hopper Displace- Displace- Density
Volume Volume mert ment In Hopper

Date yd1  yd3  tons tons Ib/ft3

March 7 377 707 2,265 2,557 65.5

March 8 326 910 2,136 2,654 65.7

March 9 348 1,265 2,302 3,099 64.4

March 10 443 1,158 2,330 2,941 63.3

March 10 353 1,243 2,180 2,951 64.2

March 11 344 1,345 2,239 3,092 63.1

March 12 350 1,222 2,306 3,079 65.7

March 15 348 1,069 2,371 2,994 64.0

March 16 325 1,115 2,270 2,950 63.8

Average of Water Tests 64.4

As seen in Table 2, the average calculated density of the seawater added to
the hopper during the nine water tests based upon the data acquired by the
monitoring system was 64.4 lb/ft3. The actual density of that water, as deter-
mined by analyzing water samples taken during five of the water tests, was
63.7 lb/ft3. The percent difference between the density as determined by the
monitoring system and the density as determined from the water samples is as
follows.

a. Average density (monitoring system) = 64.4 lb/ftW

b. Average density (water samples) = 63.7 lb/ft3

c. Percent difference = [(64.4 - 63.7) / 63.7] * 100 = + 1.1 percent

Several important factors can influence the final in-place production calcu-
lation, perhaps the most important and most uncertain of which is the in-place
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density of the sediment. The very nature of the navigation channels where bin
measure may be necessary, due to the difficulty of performing accurate
surveys, often makes it difficult to obtain an accurate estimate of in-place
density. If the in-place density is not correct, then the final calculated in-place
production will obviously not reflect the actual amount of material removed
from the bottom. One way to avoid this problem would be to measure only
the weight of solids in the hopper, and not the in-place volume. This would
make the system independent of soil type and remove this source of potential
inaccuracies (Rokosch 1989).

Other data acquired

The data acquired from the production meters, draghead depth, and ship's
position were not thoroughly analyzed for the Chincoteague Inlet project.
These items were included to verify that the information could in fact be
measured and recorded, but a complete review of the data was beyond the
scope of this project. Included in Figures 12 through 19 were plots of these
data for a typical load during the Chincoteague Inlet project. The data could
be used for various purposes, such as verifying that a load was dumped in the
proper location, estimating the depth of dredging from the draghead depth
data, and calculating production by integrating the production meter density
and velocity data over time. However, the specific scope of the effort
reported herein was to determine the bin measure production, and this portion
of the report is limited to that scope.

Uncertainty analysis

The uncertainty of dredge production calculations based on data from the
instrumentation installed by the U.S. Army Engineer Waterways Experiment
Station'(WES) can be estimated using general uncertainty analysis calculations
(Scott 1993). This technique accounts for the uncertainty contributed by each
variable in the data reduction equation used to calculate production. The bin
measure production for the Northerly Island was calculated by the following
equation:

w,,
-Vfn-PW (19)

VHH
Pi -P

where
WHf = average slurry weight in hopper, lb
VH = average full hopper volume, ft3

p,, = interstitial water density lb/ft3

Pi = in-place sediment density, in lb/1f
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with the ratio WHN. representing the average density in the hopper. After
the uncertainty analysis method is applied to the production equation, it can be
used to calculate the percentage uncertainty in dredge production. The final
form of the production uncertainty equation is:

p 0. 
2 p .

i P - P .w W J Pi- P . P H --i P . (20)

•-u 12 1u-P

where
U( uncertainty in the in-place density measuirement

Uw= uncertainty in the slurry weight measurement
UO - uncertainty in the water density measurement
& = uncertainty in the hopper volume measurement

VH

The production equation contains four variables that contribute some uncer-
tainty to the final production calculation. The following describes each vari-
able and the estimated potential uncertainty associated with it.

a. Water density. During the dredging at Chincoteague Inlet, nine water
samples were taken between 8 March and 18 March 1993. The mean
density measured was 1.020 g/cm3 , with a maximum of 1.021 g/cm3

and a minimum of 1.019 g/cm3. Therefore the uncertainty value for the
water to be used in the calculation is ±0.001 g/cm3 .

b. In-place sediment density. The contractor, NATCO, provided data
describing in-place density measurements with a nuclear density probe.
Two stations were sampled in the project area, one at station 401+50,
range -15, and another at station 382 +25, range 67. Three density
readings were made at each station. For station 401 +50, the average
density was 1.946 g/cm&, with a maximum of 1.957 g/cm3 and a mini-
mum of 1.939 g/cm3. For station 382+25, the average density
measured was 1.960 g/cm3, with a maximum of 1.964 g/cn9 and a
minimum of 1.953 g/cm3. The overall average for both stations was
1.953 g/cm3 with an overall maximum of 1.964 g/cm3 and overall mini-
mum of 1.939 g/cr 3 . Because of the limited amount of data from the
two stations, a conservative determination of in-place sediment uncer-
tainty will be considered based on the potential in-place density found in
sand sediments. The in-place density of sandy sediments will generally
be within the approximate range of 1.9 to 2.0 g/cm&, depending on the
degree of compaction and fine sediment content. Therefore, for this
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application, the uncertainty of the in-place sediment density was
approximately ±0.05 g/cm3 .

c. Average slurry density. The average density of the slurry in the hopper
was indirectly measured by two instrumented systems. The volume that
the slurry occupies in the hopper was measured by acoustic transducers
located above the hopper. The weight of the slurry in the hopper was
measured by pressure transducers that measure the hydrostatic pressure
change due to the draft of the dredge. The average density was calcu-
lated by the following equation:

PH = WH / VH (21)

The average slurry density for all of the Chincoteague Inlet hopper loads
was 1.45 glcm3.

d. Hopper volume. The hopper volume measurement made with the
acoustic transducers has some error potential associated with it. The
average full hopper volume over the Chincoteague loads was 1,262 yd3.
The manufacturer's stated accuracy for the temperature compensated
acoustic transducers is 0.2 percent of the measurement range under
ideal conditions. Assuming an accuracy to within 0.5 percent of the
measurement range for a field application and a measurement range of
approximately 18 ft gives an uncertainty of 0.09 ft. The linear portion
of the hopper has an ullage of about 118 yd3 per ft; therefore, the
volume uncertainty was approximately ±110.62 yd3.

e. Slurry weight. The weight of the slurry in the hopper is measured by
pressure transducers, which measure the hydrostatic pressure change as
the dredge drafts under the slurry load. The pressure data are
converted to feet of water, which is used to calculate the dredge dis-
placement as a function of draft. The difference between the final and
initial dredge displacement during loading is the slurry load. The aver-
age slurry weight for the Chincoteague loads was 1,376 tons. Water
test data indicated an uncertainty in the load measurement of approxi-
mately 1.090; therefore, the uncertainty of the average load was
± 13.76 long tons.

With the variable uncertainties defined, the uncertainty in the average
production calculation can be calculated. Inserting the variable uncertainties
into Equation 20 results in an average production uncertainty of ±6.6 percent.
With an average production of 582 yd3 for the Chincoteague Inlet job, the
average load production uncertainty is therefore 582 yd3&± 38 yd3. Table 3
lists the average variables and their uncertainties used in the analysis.
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Table 3

Dredge Production Uncertainty Analysis Variables and Uncertainties

Variable Average Value Unceirtnty U

Water density - p,. 1.02 g/cm3  0.001 gicm 3

In-place density - p. 1.953 g/cm3 0.05 g/cm 3

Slurry weight - W, 1,376 tons 13.76 tons

Slurry density - p, 1.45 glcm 3  
_ -

Hopper volume - V. 1,262.0 yd3  10.62 yd3

Norfolk Harbor Channel

The second dredging project monitored during this $tudy was performed in
the Norfolk Harbor channel, which extends from deep Water in Hampton
Roads into the Elizabeth River. The outbound channel to the coal piers at
Lambert Point is maintained to a depth of 50 ft, while other portions of the
channel are maintained to depths of 40 and 45 ft. Figure 30 shows a vicinity
map of the Norfolk Harbor area, with the general location of this maintenance
dredging project noted near the Craney Island Disposal Area. The Norfolk
Harbor maintenance dredging is typically performed by a cutterhead dredge,
but the low bidder chose to perform a portion of the project with a hopper
dredge. The channel had not been dredged by a hopper dredge since 1986,
when a Government dredge was used. A contract hopper dredge had never
been used to perform the maintenance dredging in this portion of the channel.

Monitoring the maintenance dredging in Norfolk Harbor presented an
opportunity to analyze the data acquired by the monitoring system in a dredg-
ing environment much different from that found in the Chincoteague Inlet
project. The sediment in Norfolk Harbor is primarily fine-grained, as
opposed to the sandy sediment in Chincoteague Inlet. The dredging depth in
Norfolk Harbor was approximately 52 ft while that in Chincoteague Inlet was
approximately 15 ft, and dredged material was discharged from the hopper by
pumping into a confined disposal area at Craney Island whereas the
Chincoteague Inlet project used an unconfined ocean site for dumping. Addi-
tionally, no restrictions exist on overflow of sediment from the hopper in
Norfolk Harbor. For the Norfolk Harbor project, the data from the monitor-
ing system were used to analyze the retention rate of solids in the hopper
during the overflow period for each load.

The Norfolk Harbor dredging project commenced on 10 April 1993, and
the project was performed in two phases. One acceptance section was com-
pleted by the NATCO dredge Northerly Island on 20 April 1993, while the
remainder of the project was subcontracted and completed by cutterhead
dredge. The section completed by the Northerly Island was on the east toe of
the outbound channel, between center-line stations 138+00 and 196+00 for a
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length of 5,800 ft. The data described in this report refer only to that portion
of the project that was completed by the NATCO hopper dredge Northerly
Island. The monitoring system installed by WES remained on the Northerly
Island from the completion of the Chincoteague Inlet project in late March.
The entire system was removed from the dredge on 21 April 1993, after
Northerly Island had completed its work on the Norfolk Harbor project. The
main goal of using the monitoring system on the Norfolk Harbor project was
to analyze the amount of solids retained in the hopper during the overflow
process. Monitoring the overflow efficiency using hopper volume, vessel
displacement, and production meter data has previously been performed by
WES aboard the U.S. Army Corps of Engineers dredge Wheeler (Scott
1992b).

Bin measure load calculations

Bin measure load calculations for the Norfolk Harbor project were per-
formed in the same manner as for the Chincoteague Inlet project. However,
unlike the Chincoteague Inlet project, payment for the Norfolk Harbor project
was not based upon the in-place volume of material in the hopper, but upon
the amount of material removed from the channel as determined from pre- and
postdredging surveys. Note that the bin measure load calculations for this
project do not provide a measure of the total amount of material removed
from the channel, because the sediment lost during overflow is not retained in
the hopper and is thus not reflected in the bin measure figures. Although the
bin measure method does not reflect the total volume removed from the chan-
nel when overflow occurs, it does reflect that amount of material that remains
in the hopper and is transported to the disposal site and may therefore provide
an estimate of the volume of material added to the disposal area.

Table A2 in Appendix A is a summary of the bin measure load calculations
for the loads monitored for the Norfolk Harbor Channel Project. A total of
90 loads were dredged by the Northerly Island, and the average calculated bin
measure production was 734 yd3 per load. Note that the data from midnight
until approximately 2:30 p.m. on 17 April 1993 were missing from the data
file for that day; thus the data for loads 66 through 70.are missing from
Table A2.

Figý.res 31 and 32 show the volume of material in the hopper and the
vessel displacement for load 74, a typical load from the Norfolk Harbor
channel project. Using the values indicated in those figures for hopper
volume and vessel displacement, the bin measure load is calculated using the
same process as set forth previously. Note the difference between Figures 31
and 32 and Figures 26 and 27, which show the same type of data for a load
from the Chincoteague Inlet project. Once the hopper was full and overflow
began in the Norfolk Harbor project, the vessel displacement did not increase
significantly, whereas the vessel displacement continued to increase during
overflow in the Chincoteague Inlet project. This reflects the fact that very
little of the Norfolk Harbor fine-grained sediments was being retained in the
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hopper while greater retention was achieved with the sandy sediments in
Chincoteague Inlet. A more detailed analysis of the retention of sediments in
the hopper during the Norfolk Harbor Channel project is presented later in
this report.

System verification - water tests

Water tests were performed during the Norfolk Harbor project in the same
manner as previously discussed for the Chincoteague Inlet project, and calcu-
lation of the water density was also performed as outlined for the
Chincoteague Inlet project. Water tests were conducted on four occasions
throughout the Norfolk Harbor project, the results of which are summarized
in Table 4.

Table 4
Summary of Water Test Results for Norfolk Harbor Project

Start End Start End Average
"Hper Hopper Displace- Displc*- Density
Volume Volume met merit In Hopper

Datue yd' tons tons Nb)ft'

April 12 43 1,505 1,970 3,224 63.5

April 13 44 760 2,089 2,705 63.7

April 16 43 765 1,997 2,619 63.8

April 19 43 955 2,099 2,880 63.4

Average of Water Tests 63.6

From Table 4, the average density of seawater added to the hopper during
the water tests, calculated from data acquired by the monitoring system, was
63.6 lb/ft3 . The actual water density, from water samples taken during the
tests, was 62.8 lb/ft3, the percent difference between the calculated and actual
density being + 1.3 percent.

Overflow analysis

The primary focus of monitoring the Norfolk Harbor channel project was
to obtain some insight into the amount of solids retained in the hopper during
overflow. Overflow is that portion of the dredgin- cycle that starts when the
hopper is full and material is allowed to overflow back into the channel as
dredging continues. When coarse-grained sediments are dredged, the solids
will settle into the hopper while the overflow consists of relatively clear water.
However, when the dredged material consists of fine-grained sediments, which
take considerably longer to settle, the effectiveness of overflow in retaining
solids in the hopper is less certain.
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The beginning and ending of the overflow process for each load were
determined from the hopper volume data. Overflow started when the hopper
volume reached a maximum, and a relatively constant hopper volume was
maintained while dredging continued. Overflow stopped when the production
meters indicated that dredging had stopped for each load. Figure 33 shows a
plot of vessel displacement and volume of material in the hopper for load 74,
a typical load from the Norfolk Harbor project. Noted in that figure are the
start and stop times of the overflow process for that particular load.
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Figure 33. Volume of material in hopper and vessel displacement versus
time for overflow analysis on load 74, Norfolk Harbor project

The amount of solids retained in the hopper was determined by comparing
the total displacement, or weight, of the vessel at the start of overflow and the
total weight at the end of overflow. Since the total volume of material in the
hopper does not increase during overflow, any increase in the weight of the
vessel during overflow must be due to additional solids displacing water and
being retained in the hopper. Thus, the weight of solids retained during over-
flow was taken as the change in the total weight of the vessel during overflow,
as determined from the monitoring system displacement measurements. Fig-
ure 34 is a magnified view of the vessel displacement during overflow for
load 74, with the displacement of the vessel at the start and end of overflow
noted. For the values indicated in Figure 34, the weight of solids retained in
the hopper was calculated as follows:
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Figure 34. Vessel displacement versus time during overflow on load 74,
Norfolk Harbor project

a. Weight of vessel at start of overflow = 3,972 tons

b. Weight of vessel at end of overflow = 4,060 tons

c. Weight of solids retained during overflow = 88 tons

To determine the percentage of solids retained in the hopper during over-
flow, the total weight of solids pumped into the hopper during overflow must
be known. That value was determined from the production meter data. As
outlined in Chapter 2 of this report, the density and velocity of dredged
material in each drag arm were used to calculate the cumulative weight of
solids pumped. The total weight of solids pumped during overflow for each
load was taken as the cumulative weight of solids pumped from the start of
overflow through the end of overflow, as calculated from the production meter
data. Figure 35 shows the cumulative weight of solids pumped during load
74, the same load depicted in Figures 33 and 34. Note that the time scale in
Figure 35 has been adjusted such that the plot covers only that portion of the
load when overflow was occurring (from 1.27 hr to 2.25 hr). The cumulative
weight of solids pumped during overflow for that load, shown in Figure 35,
represents the total weight of solids available for retention in the hopper dur-
ing overflow. The weight of solids retained divided by the weight of solids
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Figure 35. Cumulative weight of solids pumped versus time during overflow
on load 74, Norfolk Harbor project

available provided the percentage of solids retained during overflow as

follows:

a. Weight of solids retained = 88 tons

b. Weight of solids available = 574 tons

c. Percentage of solids retained = (87 / 574) * 100 = 15.3 percent

Table A3 in Appendix A summarizes the overflow analysis for the entire

portion of the project that was monitored. As seen in that table, the average

percent of solids retained throughout the project was 15.5 percent, so that

during overflow an average of 84.5 percent of the solids pumped into the

hopper were returned directly overboard back into the channel.

Other data acquired

The data acquired for the draghead depth and ship's position were not

analyzed for the Norfolk Harbor channel project. As with the Chincoteague

Inlet project, the intent of including those items in the monitoring system was

to verify that the information could in fact be measured and recorded, but a

complete review of those was beyond the scope of this study. The specific
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scope of the effort for monitoring the Norfolk Hrbor channel project was to
analyze the amount of overflow retained in the hopper during overflow, as
discussed in the preceding section.

Uncertainty analysis

The uncertainty of dredge production calculations based on data from the
dredge Northerly Island production meters can also be approximated using the
general uncertainty analysis technique. The solids mass production through
the Northerly Island production meters was calculated using Equation 8.

After the uncertainty analysis method is applied to the solids mass produc-
tion equation, it can be used to calculate the percentage uncertainty. The final
form of the production uncertainty equation is:

M, _a______P. 1/ (3' w - P--+ (23)

+ __ - 1 + (UvfJ

where,
D = pipe diameter (in.)

rims uncertainty in the solids mass production measurement
U, = uncertainty in the slurry density measurement

=r- uncertainty in the sediment particle density measurement
&v= uncertainty in the slurry velocity measurement

UD: un.ertainty in the pipeline diameter

The solids mass production equation contains the following five variables
that contribute some uncertainty into the final production calculation.

a. Water density. Four water samples were taken during the Norfolk
Harbor project. Laboratory analysis of each of the samples indicated a
water density of 1.007 g/cm3. Although each sample had the same
measured density, an uncertainty value of ±0.001 g/cm3 will be used
for this analysis.

b. Sediment particle density. The sediments found in the Norfolk Harbor
area consisted mainly of silt, with an approximate in-place density
of 1.45 g/cm3 . To determine the uncertainty in the particle density
of the Norfolk Harbor sediments, test data were obtained from a soil
survey of Norfolk Harbor (Swean 1986). Test data for nine samples
were evaluated. The average particle density for the nine samples
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was 2.65 g/cm3, with a minimum of 2.57 g/cm3 and a maximum of
2.73 g/cm3. This indicates an approximate density range of 3.0 per-
cent; therefore the particle density uncertainty is 2.65 g/cm3 ,
±0.079 g/cm3 .

c. Slurry density. The density meter used to measure slurry density
is considered very accurate when used with homogeneous liquids.
The accuracy rating from the manufacturer in measuring density is
±0.001 g/cm3. For dredging applications with mixed sediment slurries
existing within varying phases of flow, the accuracy is potentially some-
what less. An estimate of the accuracy of density gauges used in dredg-
ing applications is ±0.005 g/cm3. The average density of the slurry
pumped during the Norfolk job was approximately 1.10 g/cm3 . There-
fore the slurry density uncertainty is 1.10 g/cmr3 ±0.005 g/cm3 .

d. Slurry velocity. The slurry velocity was measured using a magnetic
flowmeter. These meters are considered the most accurate method for
determining slurry velocities for dredging applications. The manu-
facturer's stated accuracy for a properly calibrated flowmeter is
±0.25 percent of full scale. For the purpose of this uncertainty cal-
culation, a conservative accuracy of ± 1.0 percent of full scale
was used. The full scale of the magnetic flowmeter was 32.80 ft/sec,
and the average pumping velocity during the Norfolk Harbor project
was approximately 13.0 ft/sec. Therefore, the uncertainty in the aver-
age velocity measurement was 13.0 ft/sec ±0.33 ft/sec.

e. Pipeline diameter. There is some assumed error in the measurement of
the diameter of the discharge pipe on a dredge, as well as uncertainty
due to eccentricity of the pipe. Because many makes of pipe are used
in dredging, an assumed uncertainty of 0.05 in. will be used for the
following error analysis.

With the variable uncertainties defined, the uncertainty in the average
calculation of solids mass production can be calculated. Inserting the variable
uncertainties into Equation 23 results in an average uncertainty of ±6.0 per-
cent. Table 5 lists the average variables and their uncertainties used in the
analysis.
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Table 5
Dredge Production Uncertainty Analysis Variables and
Uncertainties

Variable [Average Value JUncertainty U

Water density p, 1.007 g/cm3  0.001 g/cm 3

Particle density ps 2.65 g/cm3  0.079 g/cm3

Slurry density p. 1.100 g/cm 3  0.005 g/cm 3

Slurry velocity Vm 13.0 ft/sec 0.33 ft/sec

Pipe diameter D 18.0 in. 0.05 in.
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4 Summary and Conclusions

System Reliability and Accuracy

The automated dredge monitoring system provided accurate and reliable
data throughout both the Chincoteague Inlet and Norfolk Harbor projects.
The water test data confirmed the accuracy and reliability of the data, and the
uncertainty analyses revealed an average production uncertainty of ±6.2 per-
cent for the bin measure production calculation and an average uncertainty of
±6.0 percent for the solids mass production calculation. The major potential
limitation to the accuracy of the bin measure production calculation is accurate
measurement of in-place sediment and water densities. After the initial instal-
lation of the system, no additional maintenance or calibration was performed
during the 2 months that it was in place, so the system was reliable through
the course of this study. Therefore, the monitoring system does in fact
provide an accurate, simple, and reliable method of monitoring the dredge's
performance.

Uses for the System

As detailed in this report, producing data for bin measure production calcu-
lations and overflow analysis are two potential uses for the monitoring system.
For bin measure calculations, the volume of in-place sediment in the hopper
can be determined for each load, assuming that an accurate measurement of
the in-place sediment density is available. For overflow operations, the exact
point in time when overflow starts and stops can easily be determined; and if
production meter data are being recorded, then the amount of material that is
overflowed can be calculated. Thus, if overflow is not allowed on a project,
or if overflow is allowed only for a specified time, compliance with those
overflow parameters can be monitored and verified 24 hours per day.

Another potential use is for monitoring disposal operations. If dumping in
a specific location is critical, then the exact location where each dump occurs
can be determined if the ship's position is recorded. Therefore, dumping
short of the dump site or dumping out of the authorized dump area can be
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monitored, which may be particularly critical if contaminated sediments are
involved.

System Weaknesses

Two potential weaknesses of the system need to be addressed. One is that
the large volumes of data recorded require sufficient storage space. Record-
ing data every 5 seconds during the 24 hours of a day results in 17,280 data
points for each channel of data. For this project, 10 channels of data were
recorded, with the resulting data file for each 24-hour day stored in binary
format requiring 933,120 bytes of storage space. The amount of data
collected and the available space on the hard drive on this project allowed for
data to be collected every 5 seconds, 24 hours per day for 63 days before the
disk was full. If a project continues for any length of time, the volume of
data can quickly become difficult to store and manage. The feasibility of
recording data less frequently than 5-second intervals could be considered to
alleviate this problem.

The other potential weakness of the monitoring system involves analysis of
the data. Plotting the data to analyze each load to calculate the bin measure
production or overflow efficiency requires the proper computer hardware and
software. A very tedious process is required if the calculations are not auto-
mated in some manner. Thus, a menu-driven computer program should be
developed that would provide plots of the data, perform production calcula-
tions, allow for overflow analysis, and generate reports. Such a program
would enable the onsite engineer or inspector to easily retrieve the data from
the monitoring system, analyze the data as necessary, and produce pertinent
and useful information relative to the dredging project.

System Benefits

The benefits of installing an automated load monitoring system during a
dredging project are many. The ease, accuracy, and reliability with which bin
measure production, overflow, dredge location, and other dredge processes
can be monitored is a vast improvement over the methods typically used. The
ability to store data electronically for future use is also extremely helpful,
particularly if that information is needed in planning future projects or in
dealing with litigation that may arise from a dredging contract.

The focus to this point has been primarily on benefits to the Government.
There are, however, benefits to the contractor. The data gathered by this
system could be used by the contractor to analyze the performance of the
dredge and the crew during a project. Changes in operating procedures
aboard the dredge to improve efficiency could result. This load monitoring
system also eliminates the need for the contractor to perform a daily "light-
ship" test with the hopper dredge. Currently, a contractor often performs

49
Chapter 4 Summary and Conclusions



light-ship tests during which the hopper is filled with water to determine the
total displacement of the ship with only water in the hopper. When dredging
resumes, the weight of dredged material in the hopper is determined by com-
paring the total displacement of the ship when the hopper is full of dredged
material with the total displacement of the ship from the light-ship test. These
tests are often performed daily so that variations due to changes in the weight
of fuel, water, and other consumables aboard the ship can be accounted for.
With the implementation of an automated system, the need for the light-ship
test will be eliminated because the change in the weight of fuel, water, and
other consumables aboard the ship is almost always negligible during the time
required for one load cycle. Thus, the time and fuel previously required for
the light-ship tests could then be used by the contractor for productive
dredging.

Conclusions

When payment to the contractor in a dredging contract is to be based upon
measurement of the weight of the dredged material in the hopper as deter-
mined by vessel displacement, or "bin measure," it is imperative that a system
be developed that will allow simple, reliable, and unbiased verification of the
load measurements reported by the contractor (McDonnell and Tillman 1992).
Additionally, monitoring of the overflow process is becoming increasingly
important as environmental concerns are addressed, and a system for
automatically monitoring overflow is also critical.

A system that automatically monitored both the bin measure production and
the overflow process was designed and successfully field tested during this
project. Implementation of such a system for actual payment purposes is very
feasible. However, before payment to the contractor is made based solely
upon the information gathered by this system, additional evaluation of the
accuracy is recommended. This recommendation is based upon the possibility
of disputes arising over the production indicated by the monitoring system and
in the resulting need to be able to defend the accuracy of the system in a court
of law. Additionally, development of software to enable both the Government
and the contractor to more easily use the data collected by the system is neces-
sary. No matter how good the information may be from the load monitoring
system, it is of very little use if it cannot be analyzed relatively easily by
engineers in field offices. If the proper research and development is dedicated
to the automated dredge monitoring concept, then the result should be a sys-
tem in which both the Government and the contractor have trust and confi-
dence that an accurate and unbiased record of the dredge's performance is
being provided. This system can provide information that will be beneficial to
both the Corps of Engineers and the dredging industry.
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Table A3
Summary of Overflow Analysis Data, Norfolk Harbor Channel
Project

Vessel Weight Tons

Solids Solids
Retained Pumped Percent
During Durin of SO"ds

Load Start Of End of Overflow Overflow Retained
Number Overflow Overflow tons tons In Hopper

1 3860 3960 100 698 14.3

2 3920 3949 29 225 12.9

3 3981 3971 -10 302 -3.3

4 3874 3986 112 803 13.9

5 3900 3982 82 785 10.4

6 3978 4026 48 522 9.2

7 3989 4007 18 237 7.6

8 3980 4001 21 567 3.7

9 3958 4012 54 346 15.6

10 3912 3995 83 610 13.6

11 3950 3963 13 191 6.8

12 3982 3979 -3 151 -2.0

13 3969 3980 11 158 7.0

14 3946 4017 71 676 10.5

15 3949 3979 30 147 20.4

16 3941 3971 30 212 14.2

17 3946 3954 8 133 6.0

18 3939 3950 3 4 75.0

19 3978 4006 28 244 11.5

20 3943 3990 47 596 7.9

21 4015 4036 21 245 8.6

22 4006 4029 23 73 31.5

23 4022 4055 33 287 11.5

24 4055 4059 4 625 0.6

25 4016 4086 70 603 11.6

26 4078 4113 35 339 10.3

27 3969 3969 0 2 0.0

(Sheet 1 of 4)
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Table A3 lContinued)

Vessel Weight. Tous

Solids Solids
Retained Pumped Percent
During During of Solids

Load Start of End o Overflow Overflow Retained
Number Overflow Overflow tons tons in Hopper

28 4003 4049 46 107 43.0

29 4020 4084 64 565 11.3

30 3992 4083 91 619 14.7

31 4002 4054 52 399 13.0

32 4061 4079 18 262 6.9

33 4067 4083 16 157 10.2

34 4041 4066 25 278 9.0

35 3982 4059 77 311 24.8

36 4035 4122 87 660 13.2

37 4117 4120 3 160 1.9

38 4051 4051 0 4 0.0

39 4036 4072 36 70 51.4

40 3990 3996 6 10 60.0

41 3999 4108 107 616 17.4

42 4000 4078 78 328 23.8

43 4022 4095 73 333 21.9

44 4049 4074 25 260 9.6

45 4078 4084 6 420 1.4

46 4062 4108 46 601 7.7

47 4007 4105 143 719 19.9

48 4056 4103 47 226 20.8

49 4050 4059 9 117 7.7

50 4040 4072 32 240 13.3

51 4019 4083 64 481 13.3

52 3984 4047 63 448 14.1

53 3971 4041 70 486 14.4

54 3967 4020 53 367 14.4

55 3975 4000 25 247 10.1

56 3941 4064 123 505 24.3

(Sheet 2 of 4)1
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Table A3 (Continued)

Vessel Weight Tons

Solids Solids
Retained Pumped Percent
During During of Soli

Load Start Of End of Overflow Overflow Retained
Number Overflow Overflow tons tons in Hopper

57 3963 4050 87 582 14.9

58 3979 4079 100 533 18.8

59 3982 4033 51 247 20.6

60 3960 3994 34 218 15.6

61 3928 3993 65 264 24.6

62 3918 3928 10 66 15.2

63 3918 3935 17 192 8.9

64 3905 3946 41 264 15.5

65 3890 3964 74 266 28.9

66 " * "" * "

67 ""

68

69

70

71 3928 3953 25 46 54.3

72 3958 4078 120 663 18.1

73 3912 4009 97 377 25.7

74 3972 4060 88 574 15.3

75 3981 4053 72 435 16.6

76 3975 4047 72 415 17.3

77 3819 4003 184 208 88.5

78 3979 4055 76 416 18.3

79 3964 4032 68 292 23.3

80 3999 4039 40 690 5.8

81 3975 4022 47 333 14.1

82 3933 4055 122 287 42.5

83 3923 4006 83 232 35.8

(Sheet 3 of 4)
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Table A3 (Concluded)

Vessel Weight, Tons

Solids Solids
Retained Pumped Percent
Duing During of Solids

Load Start of End of Overflow Overflow Retained
Nub•er Overflow Overflow tons tons In Hopper

84 3970 4077 107 201 53.2

85 3903 3948 45 237 19.0

86 3880 3993 113 407 27.8

87 3896 3995 99 254 39.0

88 3940 3963 23 69 33.3

89 3892 3900 8 8 100.0

90 3796 3801 5 .11 45.5

Project Totals 4419 28555

Project Averages 52 336 15.5

(Sheet 4 of 4)
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