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1 Introduction 

General 
The U.S. Army Corps of Engineers, Wilmington District (CESAW), has been 

tasked with deepening the existing shipping channel for the Port of Wilmington, 
NC. Because well cemented rock will be encountered, in places, in the deepening or 
widening of Wilnington harbor, blasting will be required to fracture rock for 
removal. Experience has shown that the water shock produced by underwater 
blasting operations can produce significant fish kills and pose a threat to other 
aquatic life. Several endangered species inhabit the Cape Fear River in and near the 
shipping channel. Because of this, minimizing the biological effects of the blasting 
is of great interest. 

Several water shock parameters have been associated, to varying degrees, with 
damage to aquatic life forms. Munday, et al (1986) provides an excellent overview 
of prior studies in this area. Peak water shock pressure is the parameter most 
commonly related to fish injury. However, Yelverton (1975) cites peak impulse as 
the most reliable parameter for predicting lethal ranges from underwater explosions. 
Peak energy flux density and the rate of pressure change have also been used as 
lethality predictors. 

One commonly accepted means of reducing the level of peak shock introduced 
into the water is the placement of air curtains or bubble screens around the 
underwater explosive source. Bubble screens are generated by pumping air into a 
perforated manifold that is anchored on the bottom of the body of water. Research 
conducted by Strange and Miller (196 1) and others has shown that the placement of 
bubble screens around underwater explosive sources can significantly reduce the 
levels of peak shock propagated into the water beyond. However, this research dealt 
only with explosives positioned entirely in the water (the "free-water" case). The 
effectiveness of bubble screens in reducing the peak water shock from explosives 
contained in a medium underlying the water isnot well defined. This stems from the 
fact that the water shock pulse produced by a buried explosion is quite different 
from that produced by an explosion infree-water, and that very little data are 
available for the buried case. At this point, it isadvantageous to examine more 
closely the character of explosively-induced water shock waves and how they are 
affected by bubble screens. 
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An explosion in free-water produces a water shock wave that propagates 
radially outward from the explosive/water interface. The shock wave is a wave of 
compression with a very fast rise (a few microseconds at most) to peak pressure. 
The sharp rise is a result of the intimate contact between the water and the surface 
of the explosive, which allows direct transfer of the explosive energy into the water. 
Since water is essentially incompressible, the peak shock level decreases almost 

entirely by the geometric expansion of the shock wave. An explosion in a medium 
underlying a body of water also produces a water shock wave. In this case, 
however, the explosive is not in immediate contact with the water and the amount of 
energy transferred into the water is greatly reduced. The amount of this reduction is 
dependent upon the depth at which the explosive is located in the medium and, to a 
lesser extent, the composition of the medium. 

For the case of explosive detonated in a stemmed borehole in massive rock (i.e., 
a typical underwater rock blasting scenario), the explosive is not in direct contact 
with the water. Thus, the shock wave produced by the detonation must first travel 
through the overlying rock or stemming material before reaching the water. Also, a 
large portion of the explosive energy is expended in fracturing and/or displacing the 
surrounding rock. Because of this, the peak shock pressure imparted into the water 
is greatly reduced. The rise to peak pressure in the water shock wave is also 
somewhat slower than for the free-water case. 

Engineer Technical Letter No. 1110-8-11, "Underwater Blast Monitoring" 
states that the approximate peak water shock pressure, P, from a detonation in free-
water is 

P=21,600,X)-4'13 

Where •Xis the scaled range (ft/W113) and W is the TNT-equivalent explosive 
weight. Langefors and KihlIstrom (1963) cite a study in which the peak water shock 
pressure produced by explosives in boreholes was reduced to "10-14 percent" of the 
expected peak for the same charge weight in free-water. In the cited case, the ratio 
of explosive weight to volume of fractured rock was 1.25 lb/yd3 , as compared to 
approximately 1.4 lb/yd3 for the planned Wilmington Harbor blasting operation. 
Based on this, the explosive in the boreholes in the Wilmington Harbor case is 
estimated to produce a peak water shock equivalent to 20 percent of that for the 
free-water case. The free-water equivalent explosive weight is attained by 
calculating the difference in charge weight required to achieve the observed 
reduction in peak water shock. If explosives located in a borehole produce a peak 
water shock equal to 20 percent of that produced by the same explosive weight in 
free-water, we can write the following relation 

1 3= (0. 2 )Pf = 4,320 (Xk)-1 3 
Pb = 21,600(0b01

Where Pb is the peak water shock from an explosive charge located in a borehole 
and Pf is the peak water shock from the same charge located in free-water. X.b and Xf 
are, respectively, the scaled ranges for the borehole and free-water cases. Since -b= 
(r/wb)1/3 and Xf = (r/Wf)1/3,it follows that 
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(r/Wb)"3= 4.155 (rIWf)"' and, 

Wb = 0. 0 14 (Wf) 

Where the W terms are the charge weights in a borehole and in free-water and r is 
the radial distance from the charge. Thus, a given weight of explosives in a 
borehole produces peak water shock pressures equivalent to a charge only 0.0 14 
times as large in free-water. For example, in the case of the typical 52-lb charges in 
boreholes planned for the Wilnmington Harbor Case the equivalent free-water charge 
would be 0.728 lb (52-lb x 0.0 14). 

The characteristics of the water shock wave are important when considering the 
effectiveness of bubble screens. A bubble screen functions as a compressible, low-
density zone within the relatively high-density, incompressible body of water. In 
general, a water shock wave passing through a screen of bubbles is modified from 
its usual sharp rise to peak pressure and exponential decay as it compresses the 
air/water mixture. The amount of modification is dependent upon the air content of 
the bubble screen (air/water ratio and resultant density), the screen thickness, and 
the rise-time of the shock wave incident upon the screen. Because of dispersion 
effects, the peak pressure is reduced while the length of the pulse is increased. In 
fact, Strange and Miller noted that water shock wave duration was increased by up 
to a factor of three after passage through a bubble screen. Obviously, dispersion 
effects increase with increasing air content (compressibility) and thickness of the 
bubble screen, and decrease with increasing rise-time to peak of the incident water 
shock. Notably, the initial arrival of the shock wave at a particular location behind 
the screen is essentially unchanged, but the rise from ambient pressure to the 
observed peak is considerably increased from the free-water case. Data collected by 
Strange and Miller also indicate that the total impulse associated with the 
transmitted shock wave is essentially unaffected. This observation is consistent 
with conservation laws. 

Based upon the factors stated above, it was believed that bubble screens might 
be useful in reducing the area in which potentially harmful levels of water shock 
would be produced during the deepening of the shipping channel, albeit to a lesser 
extent than for free-water explosions. A study conducted by Munday, et al indicated 
that bubble screens were effective in reducing peak water shock pressures during an 
underwater rock blasting project. However, the quality of the instrumentation used 
in the study was inadequate to measure accurately the water shock pressures and no 
systematic research has been done to quantify the effectiveness of bubble screens in 
reducing the peak water shock from underwater rock blasting. Since the deployment 
of bubble screens was estimated to add roughly $30,000,000 to the overall cost of 
the Wilmington Harbor Deepening project, CESAW decided to perform the Blast 
Effect Mitigation (BEM) Tests (HQUSACE, 1998). The BEM tests were designed 
to evaluate the effectiveness of bubble screens during trials of production blasting of 
underwater rock in the Cape Fear River. 

A private contractor conducted the BEM Tests. The contractor's 
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responsibilities included all drilling and blasting operations, deployment of bubble 
screens, and measurement of water shock pressures. The contractor was further 
required to derive impulse and energy-flux density values from the measured water 
shock data. The dynamic data would be used to determine the effectiveness of the 
bubble screens and correlated to the results of a caged fish study conducted during 
the test series. 

The U.S. Army Engineer Research and Development Center (ERDC) is the 
center of expertise for the Corps of Engineers in the area of explosion effects. 
Because of this, CESAW tasked ERDC to recommend water shock measurement 
locations and contract specifications for water shock measurement/recording 
systems fielded on the BEM Tests. ERDC was further tasked with fielding 
companion water shock measurements as a check of the contractor's 
instrumentation system, and providing an independent review and analysis of all 
water shock data recorded during the tests. ERDC was also asked to analyze the 
effectiveness of the bubble screens in reducing water shock. 

Scope 
This document details the work done by ERDC in support of CESAW on the 

BEM Tests. Test designs are provided along with specifications of the bubble 
screen and water shock measurement systems. All water shock data collected on the 
BEM Tests are presented in tabular form. Where possible, impulse and energy-flux 
density values were computed from the measured water shock wave forms. The 
data were also analyzed to provide an assessment of the effectiveness of the bubble 
screens in reducing water shock parameters. 
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2 Experiment Plan 

Test Configuration 

The BEM Tests were conducted in a section of the Cape Fear River, NC. The 
average depth of the river in this area was approximately 30 ft. Details regarding 
the BEM Test location, the geology of the river bottom rock, the configuration of 
the explosive charges, and the bubble screen are provided in Appendix A. For each 
test, a number of boreholes were drilled into the rock layer underlying the river 
bottom. The boreholes were spaced at 8 ft intervals and a total of 13 to 32 
boreholes were drilled for each test. Figure 1 illustrates the planned borehole arrays. 

WATER SHOCK
 
MONITORING LOC.
 

100FT -5FT 

*0 BLAST SECTION eSe 

35 FT50 FT 

L-4" 35 FT 

BUBBLE SCREEN 70 FT 

140 FT 

280 FT 

Figure 1. Plan view of typical BEM Test 

The boreholes were drilled to a depth of 10-12 ft into competent rock, then each 
was loaded with 30 to 60 lb of gelatin dynamite and two, 1-lb booster charges. 
Each borehole was to be sufficiently stemmed so as to prevent high-pressure 
detonation gasses from escaping the blast holes. The explosives in each borehole 
were also to be sequentially initiated in order to eliminate the possibility of 
simultaneous detonations. 
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Bubble Screens 

A bubble screen was placed to completely surround the charge array on selected 
tests. When deployed, the bubble screen was positioned at a distance of 50- to 70­
feet from the outer edge of the charge array on all sides. The screen consisted of a 
perforated polyvinylchloride manifold and was intended to provide a continuous air 
bubble curtain around the charge arrays. The screen was designed to deliver 
approximately 16 ftO/min ofoil-free air per linear foot of manifold (Figure 2). In 
order to ensure that the maximum level ofwater shock attenuation was attained, the 

WATER SHOCK WATERMONITORING LOC. 

EXPLOSIVE IN
 
BOREHOLES
 

Figure 2. Cross secton of typical BEM Test 

screen was operated without pause for 5 minutes before, during, and 5 minutes after 

charge detonation. 

Water Shock Instrumentation 

The instrumentation configuration for a typical test is illustrated in Figures 1 
and 2. Water shock measurements were placed approximately 3 ft above the river 
bottom, at mid-depth, and 3 ft below the surface at each of five ranges: 35, 70, 140, 
280, and 560 ft from the edge of the charge array. Identical measurement arrays 
were placed on the upstream and downstream sides of the blast area. The 
measurements at the 35-ft range were located inside the bubble screen (when 
deployed) and were intended to provide a measure of the unmodified water shock 
waves and allow direct comparison of water shock values from tests with and 
without bubble screens. The remaining measurement ranges were selected to span 
the region in which potentially harmfl~ water shock might be generated. 
Measurements were also located at various depths to quantifyr the effects of the 
riverbottorn/water and water/air interfaces on the measured water shock. There 
were a total of 30 water shock measurement locations on each test. 
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Aprivate contractor was responsible for fielding the water shock measurements 
on the BEM Tests. However, CESAW tasked ERDC to field a set of 5 additional 
water shock measurements on Tests LA and 3 as a check of the contractor's 
instrumentation system. Consequently, a total of 35 water shock measurements 
were fielded on Tests 1A and 3. 

All water shock pressures were measured with PCB tourmaline crystal 
(piezoelectric) pressure transducers (PCB, Inc., 1989) with maximum ranges of 
5000 to 20000 psi. Coaxial cables were connected to the transducers to transmit the 
output signal to the recording devices. All signal cables were waterproofed and 
protected in either stainless steel tubing or polymer tubing, depending on the 
severity of the expected water shock environment at the measurement location. 

Data Recording and Processing 
All measurements fielded by ERDC were digitally recorded on Pacific 

Instruments Model 9830 transient data recorders. The data recorders were 
configured to provide a total recording duration of approximately 1.2 seconds at a 
maximum sampling rate of 500 kHz. All water shock measurements fielded by the 
contractor were recorded on Nicolet Model 440 Digital Recording Oscilloscopes. 
The oscilloscopes provided a total recording duration of approximately 0.5 25 
seconds at a data sampling rate of 500 kHz. 

All water shock pressure records were evaluated at ERDC for operational 
validity and data quality. Valid records were filtered as necessary to remove high-
frequency electrical noise transients and were baseline-shifted to remove long-
duration electrical offsets. These corrected water shock wave forms were then 
numerically integrated to obtain corresponding impulse records. 

By definition, the impulse, I, of unit area of the water shock front up to a time, t, 
after shock arrval is given by: 

1 (t) fJP( t)dt 
0 

Where P is the water shock pressure. The time period over which the integration is 
performed isusually an arbitrary value that is of sufficient duration to include all 
significant features of the pressure-time curve. As stated by Swisdak (1978), the 
integration time period is usually taken to be 50, where 0 is the time constant or 
maximum time after peak pressure to which the shock wave decays exponentially. 
For the multiple discrete explosions featured 'inthe Blast Effects Mitigation Tests, a 
logical time period for calculation of ' eak impulse is the positive pressure phase of 
the highest-amplitude pressure pulse. At the 35 and 70-ft ranges, this is typically 
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the initial shock pulse; at greater ranges, the peak pressure often occurs at a random 
point in the shock wave train, as dictated by complex interactions ofmultiple shock 
waves with the reflecting boundaries (i.e., the river bottom and water surface). 

Another quantity of interest with respect to fish injury/mortality is the energy 
flux density (EFD). EFD represents the energy transferred across a unit area of a 
fixed surface normal to the direction of water shock propagation. The method for 
calculating the EFD is given by Cole (1948) as: 

iP~2dt + _4 P[fPdt]dt'EFD = PC 0 pR'0 0 

Where p is the density ofundisturbed seawater (63.98 lb/ft3), c is the sound speed in 
undisturbed water (4967 ft/sec), P is the water shock pressure, t is time during the 
initial water outflow, t' is time during water afterflow, and R is the radial distance 
from the source. The pc term is usually referred to as the acoustic impedance; its 
reciprocal can be thought of as the trmnsmission factor. 

The first term of the expression for the EFD accounts for the outward-directed 
compressive flow of water required to fill the rarefaction left behind the water shock 
front, which transports water under compression away from the explosive source. 
The second term represents the effect of the excess particle velocity or afterflow. 
The afterflow produces kinetic energy which becomes converted to a pressure wave 
when the outward flow of water is reversed. 

At pressures below a few thousand psi, the effect of the afterflow becomes 
negligible and the EFD can be approximated (to within less than 1%error) by the 
equation below: 

St 
EFD= fP 2dt 

PCo0 

In this form, the afterflow term has been eliminated from the prior EFD 
expression. To obtain the EFD in ft-lb/in2 , the equation may be re-written as: 

EFD= 0.01461fp2dt 
0 

For the purpose of this study, the EFD calculation was made over the same time 
period as for the impulse. 
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3 Results
 

Overview 
The BEM Tests were conducted during the period December 1998 through 

January 1999. A total of 9 tests were originally planned. However, because of 
severe instrumentation problems, the contractor was required to repeat Test 1. Test 
5was also repeated due to the loss of a large number of fish cages. The repeated 
tests were designated Test IA and Test 5A. Table 1 lists the number of boreholes, 
explosive weight per borehole, and total explosive weight for each test (Gray and 
Reese, 1999). Also indicated are those tests on which abubble screen was deployed. 

Table 1 
Charge details for BEM Tests 1-9 

Min. Time 
Max. Charge Delay 

Test NO. 
No. of 
Boreholes 

Weight Per 
Borehole, lb 

Between 
Detonations 

Total Charge 
Weight, lb I 

1 13 52 42 676 
1A 13 52 42 666 
2* 26 52 42 1292 

-3 32 52 42 1534 
4* 32 252 42 1664 
5 32 626 42 1694 
5A 32 62 42 1644 
6* 32 62 1 42 1584 
7 1 32 62 1 42 1634 
8- 32 62 1 42 1644 
.9 32 62 1 42 1664 

.Test with bubble screen 

Data Return 
As stated above, severe instrumentation recording problems were experienced 

by the contractor on Test 1; no valid water shock data were obtained on the test. In 
addition, with the exception of a few comparison pressure wave forms measured by 
ERDC and the contractor, little usable data were obtained on Test 1Ia. For all other 
tests, the water shock measurements were evaluated to determine whether they 
provided usable data. The peak water shock, impulse and energy flux density values 
measured on each test are presented in Appendix B. In many cases, the measured 
wave forms had considerable electrical noise superimposed upon the actual data or 
had a significant baseline offset, but were corrected by filtering and/or other data 
processing methods. A large number of measurements featured wave forms that 
were not consistent with the known character of the data. This included wave forms 
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with extremely long positive pressure phases (10's or 100's of msec instead of 1 
msec or less), anomalously large baseline offsets, and/or obvious 
gage/cable/electrical failures. "Questionable" measurements exhibited either 
unusually slow rise-times to peak pressure or extremely low amplitude relative to 
other measurements. "No data" indicates that no discernable signal was recorded. 
This typically means that the sensor was off-line during the test, probably due to a 
bad electrical connection. 

Figure 3 compares water shock pressure measurements obtained at the 35-ft 
range on Test 1a by ERDC and the contractor. Although the measurements were 
not made at the same depth, they do indicate that the contractor's sensor/recording 
system configuration was capable of capturing the same high-frequency transients 
measured by the ERDC 
system. Based upon 
this information, the 
contractor's instru- ";C. 60 
mentation system 
was deemed cap- " 
able of obtaining U 30 

high-frequency E 
0 0 . t 1 ,water shock data onBEM Tests 2-9. -" •• l y/V•I IL iJ`4 1, ,,,' 

Distinct 30 
c............... ERDCIWES meas
diffeaprenet in wthe - Contractor Meas. 

L. I...water shock -60 ­

80 90 100measurements 0 10 20 30 40 50 60 70 
Time, msec

obtained on the Figure 3. Comparison of WES and contractor-measured 
north and south water shock wave forms at the 35-ft range, Test 
sides of the charge 1a 
array. Figure 4 compares the measurements at the 35-ft range on Test 3. The 
measurement on the south side has a much lower peak and a slower rise, even 
though it is located near the bottom. The south measurement should have a higher 
peak than the north measurement, which was near the surface. The only apparent 
reasons for this disparity are (1) error in gage location or (2) poor frequency 
response of the south measurement. The south measurement does contain high-
frequency components and was configured just as the north measurement, so 
frequency response was probably not the cause. However, the slow, exponential 
rise to peak does make the south measurement appear somewhat questionable and it 
is possible that the measured amplitudes are inaccurate. Most of the measurements 
on the south side exhibit similar characteristics and as a whole, those measurements 
are questionable. 

Gage location was also a likely source of error. Relative locations of the 
measurements are such that the south gage near the bottom at the 35-ft horizontal 
range should be more or less 35 ft from the edge of the charge array. However, 
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the north gage near the surface at the 35-ft horizontal range is actually almost 35 ft 
above the charge as well, so the straight-line distance to the charge array center 
should be 

ý(3 5Y + (35Y)2 49.5ft 

The peak shock pressure 1.0
 

measured by the south gage 
 -South-bottom 

actually arrived 0.34 msec75Not-hl
 
laterthan the peak shock75
 
measured by the north gage.
 
This indicates that the north
 
gage was closer to the charge So 
array (or deeper) than planned, 
or, that the south gage was 
further away (or shallower) 250- -- - - - - - - ­

than planned. The direction of 
the prevailing current supports 
the notion that the gages were o - -- - ­

moved laterally in the 
directions stated above. 

1-250 
14 14.25 14.5 14.75 15 15.25 15.5 15.75 16 16.25 16.5 16.75 17Additional analysis of the Time, iq 

Test 3 data collected on the Figure 4. Comparison of water shock wave forms 
north and south gage arrays at the 35-ft range, Test 3 
provides further evidence that 150-­

the actual gage locations were
 
somewhat affected by the river '10SNouth
 

currents and/or placement errors. 12 1st Order Curve FitA
 

Shock waves travel at a constant E
 
velocity of approximately 4967 f
 
ftlsec in sea water. Assuming
 

0 

required for the peak water 10C ­- -0­

shock pressure to reach each
 
successive gage location can be
 
used to calculate the distance Vertical lines indicate
30 

between the locations. This exercise planned gage locations 
was carried out for both 
the north and south _ 
measurement arrays. 0 50 100 150 200 250 300 350 400 450 500 550 600 

array center, ftThe esutsae sownEstimated distance from chaarge 

graphically in Figure 5. Figure 5. Estimated gage locations (from shock 
It appears that the gagearildt),Ts3 
locations on the south array are slightly further away from the charge array than 
planned, while the locations on the north array are significantly closer than 
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planned. These "corrected" locations are assumed to be the actual measurement 
locations, and the shock attenuation curves presented in this report were adjusted 
accordingly since the contractor did not provide as-built locations for the 
measurements. 

For Tests 2, 3, 4, 5, 5a, 7, and 9, adequate measurements were obtained to allow 
the construction of curves describing peak water shock pressure versus distance for 
the upstream case. However, these curves for Tests 3, 4, 5, 5a, and 7 are somewhat 
questionable due to the severe electrical noise superimposed on many of the 
measurements, and the fact that, in many cases, only one valid measurement was 
obtained at a given range. No curves were developed for the downstream case due 
to the questionable nature of most of the downstream data measured at the positions 
closest to the blast arrays. Generally, sufficient water shock data were obtained at 
the 140-, 280- and 560-ft ranges to provide correlation to the caged fish study on 
both the upstream and downstream sides. At the 35- and 70-ft ranges, only sporadic 
direct comparisons to the fish study will be possible. Insufficient measurements 
were obtained on Tests 1a, 6, and 8 to allow any type of systematic analysis, and, in 
most cases, no credible data were obtained for correlation to the caged fish study. 

Water Shock Pressure 

The peak water shock pressures measured on the BEM Tests are presented in 
Appendix C. In order to evaluate the effectiveness of the bubble screens, direct 
comparisons must be made between the water shock data from those tests on which 
bubble screens were fielded (even-numbered tests) and those on which they were not 
(odd-numbered tests). Test-to-test variations in the amount ofexplosive per 
borehole, stemming material overlying the explosive, and the depth of the explosive 
in individual boreholes can significantly affect the resulting water shock. ERDC 
developed comparisons 1_000 

decibn Ipeakr*Tsin which the curves Z _-Test2-bubblescreen _ 2bblesre 
describing the peak 2500 V I I I I -0-0- Test 3-no bubble screen 

0 ~.. -+....... TestTest 4-bubble5-no bubblescreenscreen
 

thek 

water shok pressurek rs2, 

from tests with and 11-- -e-
E) Test Sa-no bubble scree 

-0 , + Test 7-no bubble screenwithout bubble -E--e-Test 9-no bubble screen 
screens are 
normalized to equate E 10',. 

the peak pressure zz z ­,-,5. -omeasured at the point 

closest to the blast ­

arrays (inside the 
bubble screen Data values are average

0 10 of all pressure peaks at 
position). The •the given range. 
comparisons are 5 At location nearest the 

provided in Figure 6. charge, slant range isuse, 

This comparison ­

shows considerable -"2 
20 50 100 500 1,000

scatter, especially Distance from center of charge array, ft 
for the five cases in Figure 6. Normalized, average peak water shock 

which no bubble pressure versus distance, Tests 2-9 
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which no bubble screens were used. This scatter is due to a combination of 
measurement uncertainty and the complex interaction of river currents and shock 
reflections from the changeable river bottom topography on the propagated water 
shock. Although only Tests 2 and 4 provided useful water shock data for the case in 
which bubble screens were deployed, the attenuation rates for these tests are on the 
high end of the range ofwater shock attenuation rates seen for the no bubble screen 
case. Unfortunately, because of the inconsistency of the curves for the tests with no 
bubble screen, this comparison methodology does not provide a clear quantification 
of the effectiveness of the bubble screens in reducing peak water shock pressure. 
Furthermore, the data from Tests 2 and 4 do not indicate an increase in the rate of 
attenuation of peak water shock pressures upon crossing the bubble screen location. 
This implies that the screens were not effective in reducing peak water shock 

pressures. 

Since the foregoing 88OTest 2- bubble screen 
analysis was not felt to be 1o _000 V V Test 3- no bubble screen 

* * Test 4 - bubble screen 

entirely conclusive, we 00 [[] Test 5a-no bubble screen 
U, U Test 5- no bubble screen

decided to further _____ 000 Test 7-no bubble screen 
----* * Test 9-no bubble screeninvestigate the peak water .- Langefors &Kitsom_ 

shock data. The average __7.
peak water shock pressures oo0 7
 
measured on the upstream • - -\
 

side on Tests 2-9 are .= :
 
plotted versus distance 0-M= ­

from the center of the - -- -,
 

charge array in Figure 7. It . 0
 
is important to note that in ,.
 
this case, the actual
 

maueeare Data values are average
measured values of all pressure peaks at _ _ 

plotted. Also plotted are the given range. 
At locaion nearest thethe predicted values for a 1 charge, slant range isuse 

single 52-lb charge in a i I l - * 
borehole, assuming a 20 50 100 1,000 

borehole/free-water charge Distance from center of charge array, ft 

weight equivalence of Figure 7. Peak water shock pressures 
0.014 (scaled, based upon measured on Tests 2-9 
the data cited by Langefors 
and Kihlstrom). 

In all cases, the peak measured pressures attenuated more rapidly than the 
predicted values from the free-water curve. The reason for this phenomenon is not 
immediately clear, although local riverbed topography and/or strong currents (the 
data were from the upstream side) may have contributed. It is also evident that the 
actual peak water shock pressures from the tests with bubble screens were typically 
much lower than those from tests without the screens. 

This is further illustrated in Figure 8, which compares the water shock wave 
forms at the 35-ft range as measured on Tests 2 and 3. On Test 3 (no bubble 
screen), peak water shock pressures were much higher, and the associated shock 
rise-times were faster than those observed on Test 2. Thus, the explosive energy 
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was much better coupled into the water on Test 3 than on Test 2. This may suggest 
that in the case of Test 3, the first charge that was detonated (and possibly others) 
was either not entirely contained in the borehole, or was not stemmed, causing the 
detonation gases to be released immediately into the water. Conversely, the charges 
on Test 2 may have been very well-stemmed, thus releasing the detonation gases 
much more slowly into the water and creating a pressure pulse that is more of a 
"surge" than a true shock. 

1,000 

Test 33 
Test 2 

750 -­

CL 

-- --. ­

a.m
2~500 

CL
0 
1A. 

20 

C5 

InI 

-250r 
13 14 15 16 17 18 19 20 21 22 23 24 25 

Time, msec 
Figure 8. Water shock pressures measured at the 35-ft range, 

shallow depth, Tests 2 and 3 

A second factor may have been the weight of explosive in the first borehole 
fired on each test. In Test 3, 42-lb of explosive were loaded in borehole 1; 32 lb of 
explosive were loaded in borehole 1 on Test 2. The smaller initial charge on Test 2 
may have been stemmed with more overburden than the initial charge on Test 3. 
This, in combination with the smaller charge weight may have caused the scaled 
depth-of-burial for the initial Test 2 charge to be much greater than that for Test 3. 

A third possibility for the differerices in water shock pressure seen on Tests 2 
and 3 may be an unanticipated shock attenuation function of the bubble screen. 
Ideally, the bubble screen was tended to produce a vertical "wall" ofbubbles 
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which would serve as a low-density zone in the water, thus reducing the peak value 
of the transmitted water shock wave. Naturally, one would look for a sharp 
reduction in the peak pressure attenuation rate when comparing the measurement 
station in front of the screen (35-ft range) to that immediately behind the screen (70­
ft range). As stated previously, this does not occur. One possible reason for this 
apparent lack of effectiveness was the presence of strong river currents, which could 
significantly distort the bubble screen. If the current sufficiently transported the 
bubble-filled water downstream, it is possible that the water in and near the area of 
the charge array was significantly aerated. If so, this would serve as a low-density 
region and would reduce the peak transmitted water shock to some degree. It should 
be recalled, however, that only two water shock data sets were available for the 
bubble screen case. Further data is required before a conclusive analysis can be 
conducted of the effectiveness of bubble screens in reducing the peak water shock 
pressure from underwater rock blasting. 

Water Shock Impulse 

Impulse plots were generated 50___1____1_1 

by numerical integration of the 0 Test 2-bubble screen-

A ATest3water shock pressure records, as - vV Test4-bubbie screen 

described in Section 2.4. A :Test SAa-

Appendix Dcontaisplots of 100 Test7 

peak impulsefor each ofthe-- ­

-0 -1 ­BEM Tests. The peak water 1 

shock impulse at the near-surface 't I ~ I ­

locations on each test is plotted CL ---­

versus distance from the edge of = 

the charge array in Figure 9. 1 

Overall, the peak impulse values ------­

were more tightly grouped than --------­

the peak water shock values. In A 

general, the tests with the bubble V 
screen exhibited impulses that 1----_ 

were reasonably close to the 0.[EE-

values from the tests without o.2 0  -0 ~ 500 1.00050 ­

bubble screens. For example, at Dftance from charge array, ft 

the measurement location Figure 9. Water shock impulse at the 
immediately behind the bubble shallow depth, Tests 2-9 
screen (70-ft range), the peak 
impulse on Tests 2 and 4 were in the mid-range of values measured on thle test 
series. This is consistent with thle theory that the total impulse delivered by a given 
charge at a particular range is conseried, whether or not the presence of a bubble 
screen or other factors might tend to reduce the amplitude of the peak water shock. 
Since peak impulse is the water shock parameter most frequently related to 
mortality of marine life, the data indicate that the bubble screen deployed on the 
BEM Tests did not significantly reduce the potential for harm to the endangered fish 
and mammal species in the Cape Fear River. 
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Energy Flux Density 

Energy flux density (EFD) plots were generated for each valid water shock 
pressure record by the method presented in Section 2.4. Appendix E contains plots 
ofpeak EFD for each of the BEM Tests. Peak EFD at the near-surface locations on 
each test is plotted versus distance from the edge of the charge array in Figure 10. 
Values for the tests with a bubble screen were generally much lower than for the 
tests without a bubble screen. The data indicate that bubble screens may be 
effective in reducing EFD. However, since the EFD is a measure of the energy 
contained in the water shock pressure wave, it is dependent upon the square of the 
measured pressure wave form. Thus, variations in the amplitude of the pressure 
wave are greatly magnified in terms of the derived EFD. Variability in the input 
water shock due to inconsistencies in charge weight per borehole and the amount of 
stemming may contribute significantly to the perceived influence of the bubble 
screen. 

2 ,000 . . 

1,000 • -- 0 O Test 2, bubble screen 

At A Test 3 
v v Test 4, bubble screen 

M_Test35 
i --- __ NE Test5
 

eO0 Test5A
 
100 * Test7
 

1 0 Test9
 

10 

0, Si i __ t,_ _A 

20 50 5 - 0 

0.01­

0.01 iI Vi 
Figur 10.Peak enrg flu dest atth

20 5 IO 50,,0 

shallow depth, Tests 2-9 
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4 Conclusions and
 
Recommendations
 

Conclusions 

Conclusions from the ERDC analysis of the BEM Test water shock data are 
synopsized as follows: 

a. 	 For Tests 2, 3, 4, 5,5a, 7, and 9,adequate measurements were obtained to 
allow the construction of curves describing peak water shock parameters 
versus distance for the upstream case. However, these curves for Tests 3, 
4, 5,5a, and 7 are somewhat questionable due to the severe electrical noise 
superimposed on many of the measurements, and the fact that, in many 
cases, only one valid measurement was obtained at a given range. No 
curves were developed for the downstream case due to the questionable 
nature of most of the downstream data measured at the positions closest to 
the blast arrays. Generally, sufficient water shock data were obtained at the 
140-, 280- and 560-ft ranges to provide direct correlation to the caged fish 
study on both the upstream and downstream sides. At the 35- and 70-ft 
ranges, only sporadic direct comparisons to the fish study will be possible. 

b. 	 Insufficient measurements were obtained on Tests 6 and 8 to allow any type 
of systematic analysis, and, inmost cases, no credible data were obtained 
for correlation to the caged fish study. 

c. 	 Inorder to evaluate the effectiveness of the bubble screens, direct 
comparisons must be made between the water shock data from those tests 
on which bubble screens were fielded and those on which they were not. 
ERDC developed comparisons in which the curves describing the peak 
water shock pressure from tests with and without bubble screens were 
normalized to equate the peak pressure measured at the point closest to the 
blast arrays (inside the bubble screen position). This comparison shows 
considerable scatter, especially for the five cases in which no bubble 
screens were used. This scatter is due to a combination of measurement 
uncertainty and the complex interaction of river currents and shock 
reflections from the changeable riverbottom topography on the propagated 
water shock. And, unfortunately, only Tests 2 and 4 provided useful water 
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shock data for the case in which bubble screens were deployed. Because of 
this, and the inconsistency of the curves for the no bubble screen case, we 
are unable to accurately quantify the effectiveness of the bubble screens in 
reducing peak water shock pressure. The actual measured peak water shock 
values were generally lower on Tests 2 and 4 than on the other tests. 
However, the data from Tests 2 and 4 do not indicate an increase in the rate 
of attenuation of peak water shock pressures upon crossing the bubble 
screen location. This implies that the screens did not function as intended. 
It may well be the case, however, that the bubble screens sufficiently 
aerated the water in and near the test site to decrease the water density and 
lower the measured water shock pressures and the associated EFD values. 
Peak water shock impulse, mhich is the parameter most often correlated to 
marine life mortality, was not significantly affected by the presence of the 
bubble screen. 

Recommendations 
CESAW requested that WES provide recommendations for water shock 

pressure limits at a range of 140 ft from the center of the blast arrays during the 
production blasting phase of the project. These limits must be set low enough to 
avoid adverse effects on aquatic life inthe blasting area, but must also allow the 
contractor a reasonable range of pressures that will accommodate operational 
variables such as charge hole stemming and riverbed topography. Based upon the 
available data, we recommend that the median peak water shock pressure not exceed 
85 psi at a range of 140 ft from the center of the blast array during any five 
sequential blasts. We also recommend that the absolute maximum water shock 
pressure at the 140-ft range not exceed 140 psi. These limits are intended for near-
surface locations, since water shock monitoring instrumentation will likely be placed 
within 3 ft of the water surface. 

Data return from the BEM Tests was rather poor. This, coupled with the many 
variables associated with changeable river conditions, irregular depth of explosive 
charges in boreholes, and uncertainties in charge stemming, served to reduce the 
usefulness of the test results in terms of establishing or refining predictive 
methodologies for water shock from general underwater rock blasting operations. It 
is recommended that a series of controlled experiments be conducted to better define 
the water shock produced by underwater rock blasting and the effectiveness of 
bubble screens in reducing the water shock. 

The proposed experiments would investigate the water shock produced by 
standard rock-blasting explosives contained in boreholes in well-defined rock or 
concrete below awater layer. The experiments could be conducted at 'A2-to ¼/-scale 
and would consist of a number of water shock measurements at various ranges from 
the explosive charge array. The depth of explosive in the boreholes and amount of 
stemming would be precisely known, and both single borehole charges and multiple 
borehole charges fired at discrete time intervals would be investigated. These 
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charge parameters could be varied as desired to span the range of typical blasting 
techniques. Other variables to be investigated would be the depth and (possibly) 
speed of current of the water layer. Eultial experiments would examine the water 
shock environment produced by the charges without the use of shock-mitigation 
methods. Once the water shock parameters were well established, the effectiveness 
of bubble screens and other blast mitigating techniques could be determined through 
further experimentation. 

This research would yield well-documented curves for use in determining the 
peak water shock parameters expected from underwater rock blasting operations. 
This information could then be used to determine the extent of detrimental effects 
on aquatic life and the relative benefits of using bubble screens or other blast 
mitigation methods without the cost of conducting an on-site operational test. 
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Hole No. TB-I 
DIVISION NSTALLATION 	 IE 

DRILLING LOG SOUTH ATLANTIC WILMINGTON DISTRICT Tr2SET 

1. 	 PQOECTI6. SIZE ANO TYPE Or BIT2-7/81 Side Dischorge Drag
MITIGATION FOR E/LEVATIO1NBLAST EFFECT TESTS 11. DATUMI SHOWN /T8I/ V SLI N02 core 

2. 	LOCAT4ION/Cw'd~rewaws*'5/d (Upper Big Island) Mean Lower Low Water 
NC Laombert (NAD83): E. 2319613 N. 14231o 12 .AAMACTL/RER'S DES/GNATION Or DRILL 

3. DRLLN AgENC 55 (Borge Mounted)S.t'G M.Ic. RihN fie CMES.&(o~ihNCVI"clnc Ofie)1. TOTAL NO. OF OVER- DISTURBED :UNDISTURBED 

4'HOLE NO.R1~ I TB-)aýCfj BURDEN SAMPLES TAKlEN :6 0 
4. TOTALNMJIBERCOREBOXES IS. AMEOFR'LER 

-Mike Mos ele y 	 .5 ELEVATIO CROUND WATER N/A 
6: 	 DIRECTION OF HOLE 16. DATE HOLE :STARTED jCOMPLETED 

~ vRTCA Qt4LMXD EC FOMVERT. 25 Jun 96 25 Jun 96 

,a 17. ELEVATION TOP Or HOLE 0.0 MLLW 
7. THICKNESSOr OVERBURDEN 39.3 (34.2' of wate~r) WT.TOTAL CORE RECOVERY FOR BORING 64.6X 
B. DEPTH4DRILLED INTO ROCK 1.'I.SGAUEO 	 NPCO 

9. TOTAL DEPTH OF HOLE 50.7' 	 Grea I-irert. ZAPATA ENGINEERING 

X REMSOIII/'A~aRKMS 

MLL W (feet) I . III1 ERY NO. dC*ffw~A./Qd(UTI 
ELEVATION DEPTH LEGEND CLASSIFICATIONOr MATERIALS CRECOVSAMPL 

00 00.0' to 34.2'. Water 	 Field log tron9scribed and/ 
or annotated by Tong C.­
How. geologist, 9 Aug 96. 

NOTE: 	 CHANGED SCALE ID 

Water 	 34.0' and 39.0' 

We~tof Rods indicates 

the a'verbur~den material 

blows from 	 the hammer.
34RIVER BOTTOM 0 34.2' 

QYSFO-34.2 34.2 
No recovery. 34.2' to 34.6' Weight 

35.2' ___cleaned out 

GW. ton, gray, slightly silty. 	 Drive 1; 35.2' to 36.7' 

fine to coarse, sandy gravel Rec 0.5' 
(weathered limestone) JrBos -­

36 

10 

O 	 36.7' to 37.0' 
-- nri 

Gray Drive 2: 37.0' to 38.5' 
Rec 1.2' 

Jar Blows- 14-12'12 

I-__Hne CIOI37 '37.0' 

38 ;z 

24 

Drive 3: 36.5' to 39.3' 

39Jar 
orBlows: 18-100/0.3'

At 39.3' began coring w/ 
N3 d~oiamond core bit 

TOP OF ROCK 0 39.3' Splitspoon refusalv 39.3' 

-3.3. CASTLE HAYNE, Unit B BOX PULLi: 39.3' to 44.0' 
9. 
3.-

-

Limestone: Hard, slightly weaRN 
thered, ophanitic to fine graine 
light gray, fossiliferous (large),.RC 
pitted to vuggy. 87 

1 

Of 

REC 

LOSS 

4.'-IN00
4.1' 
4 ' 
0.6' 

ULI 
L 

0.0' 
00 

39.3' to 39.5'&I 39.8' Hyd Press: 550 psi 
Fragmented 1 DrI Wot Ret: 1007 

-40.0 40--- - ------ ---- ------
CONTINUED ON 

---- ------
SHEET 2 

---- -------­ D2rilling_Time: 16 min 
BLOWS/FOOT: 
NUMBERREQUIREDTO 

NOTE: Soils field classified DRIVEI%' ID 
in accordance with the Unified SPLITSPOON WITH140 

Soil Classification System. LBS.HAMMERFALLBING 
- - -30 INCHES 

ENG FORM1836 PREVIOUSEDITIONS 	 PlROJECTBlast Effc HOE-OARE OBSOLETE. 
Mitiaation Tests TB-I 
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Hole No. TB-2 

- SrALL&A OL 
DRILLING LOG SOUTH ATLANTIC WILMINGTON DISTRICT oI 3 

OGIS$ON 	 '•: 1i LS. 
I. 	 PROECT so. SIZCAND TYPEOr BIT2-7/8, Side Oischarge Orag 

BLAST EFFECT MITIGATION TESTS , oATUM S•OwN trev. A, WsFORELEVATION 
2. 	LOC(u04 . - SI Upper 8ig IslIn Mean Lower Low Water 

NC Lanmbert (NA083I: E. 2319625 N, 142216 2. u•UrTURER'S OEArTOON OF ORILt 

3. aRILLI.'C ACENCY 	 CME 55 (B0rqe.Mounted)
S. & M.E., Inc. (Raleigh, NC Officel-C:cE 55 (Bor e OounUedl

13. TOTALNO.Of OYER- 5ODISTLASEO :LINDST"eeo 
NO.,fu . V 11 BUROCN 5 

K1.TOTAL#A8,CR 
4. HOLE% s , - SAMPLES tAEN 	 0 

COREGOXCS1SNM4C Of ORtL{R 	 . 

IS. ELEVATION WATER N/A Mike Maseley 	 CROLINO 
6. DRCCTIONOr HOL. HOLE 'STATreo :COp'E 'rtO 

(K] VERTICAL. I.NCLNcD -O OCC,FRO VER. 25 Jun 98 25 Jun 98 
U7. ELEVATION MLLWTOP0r HOLT 0.0 

FORBORINC7. TIKCR~oss or OvERet•N .39.5'128.3' of Water).'6. TOTALCORERECOVERY 	 55.2 
8, DCPTH D .LLEOINTOROCK 10.5' 	 t9. SIGNATUREOF INSPECTOR 

9. 	TOTALDEPTH OF HOLC 50.0' Greq Hi pert. ZAPATA ENGINEERING 
7 TORT 800 OR RTEUARKS 

R COvR SAIJPO•.A IO-IW r IIt..-d4l JK . *444 0
fMATERIALSILEVATION DEPTH CON0O Ct.ASSIFICATION r 

MLLW (feet) 	 CRY NO. .,-v.I.K s"#dtk, 

0.0 0 0.0' to 28.3' Water 	 Field log transcribed and/ 

or annotated by Tong C. 
How. geologist, 10 Aug 98. ­

NOTE: CHANGED SCALE 0 

28.0' 
Woter

Weight of Hammer indicates 
the overburden material 
was penetrated without 
blows from the hammer 
but from the weight 

28 RIVER BOTTOM C 28.3' of the rods and hammer. 
-28. 28. 	 1BLOWS/FOOT1 

-28.3 28.3 No+,
reoey 

Watr 	

ýeiniae
N othe overburden material 

" ~was penetrated without 

29blows from the hammer3f and only from the weight
-	 of the rods. 

28.3' to 29.8' Weight of 
-	 29.8'Rods0 

30 SP. Ton. gray, fine to medium Drive 1: 29.8' to 31.3' 
S".'." lows: N-Bsand 1/1W0'

Rec 0.6' 

.. .	 Ja 

31 • 

" . . 31.3' to 32.0' Weight 
NU..EofRods 

S. . .32.0'"32 -- ; 
nSW Gray, ton. fine toh corse Drive 2: 32.0' to 33.5' 
sand Blows: None. Weight of 

- o oHammer 
o o JarRec 0.5' 

33-° 

-'°o o oI£/•33.5' 	 to 35.5' Weight of 

"a= . Rods 

34_0 0o 

o 
0 ______________ 	 30 tCJCr 

3 -O -O. ON 	
7 

- ­-35.0 35-R -I - - -CC - --- SHEET 2 la BLOWS/FOOT:SCONTINUED 
NUMB•ERREOUtREO TO 

- OTE: Soils field classified DRIVE I%-IDSin accordance with the Unified SPLITSPOON WITH 140 
Soil Classification System. I.B. HAMMERIrALLING 

I 	 1 30 INCHES.. 

ENG FORM1836 PEI,•OUS EDIIOS ARE •oe,.LCI. 	 IPOETBlast Effect I"MNO 
MAR 7, Mitigotion Tests TB-2 
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3 

RILLING LOG (Cant Sheet) CLCVAto TOP o HOE.D 0.0 MLLW Hole No. TB-2 

PRO.eCt WSTALLATON sxrT 

BLAST EFFECT MITIGATION TESTS WILMINGTON DISTRICT or 3 SHEETS 
CORE BOx OR R(MARKS 

ELEVATION4DEPTHLGNDcxo CASFCTINo ACIL RC~OV- SAMPLE rO'1IuVre R A-,. dxa 
MLLW (feet) E-,, NO .CRY IrffrIot 

-44.0 44 - Rocky Point Member (cont.) 91 Corrected Depth 44. 

44.3' to 44.7' No recovery 44.3' to 44.7' cleaned hole 

PULL 2: 44.7' to 50.0' 
45 Box RUN 5.3' UL 3.75' 

REC 1.45' GAIN 0.0' 

45.4 to 45.8' Irregulor sub- LOSS 3.85' 
vertical break 

Hyd. press: 550 psi
45-.7 Irregular subhorizntol Drilling time: 6 min. 

break 
46 .-.. :-.-45.9' to 46.15' Broken rock ROD - O7 

46.15' to 49.9' Unaccountable
 
Loss core
 

28 

47 

Core 
Loss 

* 48 

49 

49.9' Correct Depth 49.9' 

-50.0 50 
BOTTOM OF HOLE 0 50.0' 

ENG FORMIS36-A PRvIous CONS A OeSOITC. Ioxcr Blast Effect No.PROEC 

MAR 7, Mitigation Tests TB-2 
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Hole No. TB-8 

DRILLING LOG ISOUTH ATLAN'TIC WILMINGTON DISTRICT or2 SHEETlS 
1.ROLECT 0. SIZE M40 TYPEOFG'T 2-7/8" Side Discharge D'rog

BLAST EFFECT TESTS C l.D~ ELEVATION4 4TB., W'V diamo~ndMITIGATION 	 FORo SHOWN N02 
2. 	LOCATIONtC-61'04,W Soe:1"(Upper Big Island) Mean Lower Low Woter coring 

NC Lambert (NAD83)' E. 2319547 N, 1420350 12. MAUF4ACTURER'S Or Oe.LL OESIGNATION 
3. ORILLVINAGENCY 	 CE5 SreMutd 

S. &. M.E., Inc. (Raleigh Office) CME 55TA(BaOre ounted)V'3 SOAM MYR 1.41TUC' NOAoKOEN- O5U6O u'~SLRE4. H4OLENOIAM3ý W.0- F lr.pift# 	 6 0, 	 BURDENSAM~PLESJ( 
__ý I'l _ I _'4 	 TOTAL NUMBER COREBOXES 1 

S. NAME 04 ORK-LER 
' Mike Moseley 	 LEAT:O WATERN/AE. GROUNDI 

6. DIRECTION4 	 16. DATE MOL.E :COMPLETED0F HOLE 	 :STARTED 

0 VERTICAL 0 INCLINED _ -___ _ _ 06 . FROMVERT 17. ELEVATIONTOP Or MOLE 0.0 MLLWE
7. THICKNESSOr OVERBURDEN 39.1' (32.4' of Wa) 	 ~ J l S018, TOTALEORE RECOVERYFRo BORINC 6.6'/7.5-u -9 88 
8. DEPTH DRILLED INTO ROCK 8.8' 	 'T. SIGNATR 04 IPC 

N. TOTALDEPTHI0F HOLE 47.9, Grea Hiooert ZAPATA ENGINEERING 
VCORE BOxORIREMJARKS

1 
ELEVATION DEPTH LECENO CLASSIFICATIONOr MATERIALS RECOYv 10t eTfi-PL.'N, 1- '0101,1, 

MLW(feel) ERY NtO. wloNMtliv.Iflc It X(VAY 

0.0 0 0.0' ta 32.4' Water 	 Field log transcribed and!/ 
or annotated by Tong C.­
How, geologist, 13 Aug 98. 
NOTE: CHAINGED SCALE 0 

32.0%. 38.0' & 40.0' 

Water 	 Weight of Rods (WR) indi-
Cates the overburden 
materiat was penetrated 
without blows from the 
hammer but from the 

egto h o s(weatERe BimeTOne 24 2 

-32 . 32 4B r wn - ray.fin rseJar Drive 3: 35.4' to *36.6' 
+-X% sso~d wth lyer of I1.0:,,CS~iJar Blows' WeigtofRo3 

33.Drive 4' to38.6'Cto 38.1 

(weahereliestJar Blows' 14-17-13 
4 Rec 1.32'3 

arDrive 5' 3821' to 36.1' 

TOP OF ROCK 39.1	 1. 

CASTLE~~DivLIETOE6.69.'chneHA:N 	 to N8.1 

hard uneothredophnitc t RUN 4.3' UL00 

39.1'Irreula~ ~ ~ ~ ~ to 39.3 ~ 	 ds~ suvrtl00eaHdnpes'50 3 

JrDrivlwaer eturn't39.1'5 

39.7'. 401' 40.3' 40.5 4.9' Drilin time' 21 0it, 
-3 0. Ireglr u.1io a 1 Re a 38RODts oo3. '4. u ' . 1 

UehNIcT breakaod 	 oe i bre 

cnLomestn:Mdrate lhadt 

NOTE' Sailos.fiteld classified 	 DRE4.3'"v GAN . 

39.1 tco with Uniie 1he SPLTSOO 550ps3da'ncego rt 	 prIs H 

SairrglarssificaizonSytem.C 	 1O .8743 -ME1 H 88.4Z 
mechanical breakHE_________ 

~ ~ 406 41REVIOIJSat 

clastlEfeetrTt-


ENG ~ ~ toM13 peTINbbleSECE.PO. 
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Hole No. T8-9 
INSTAL.LATIONDRLIGLG DIVISION 

DRILIGOG SOUTH ATLANTIC WILMINGTON DISTRICT or 2 SHEETS 
I. PROJECT 10. SIZEAND TYPEOFBIT 2-7/8".Sde 0iS chr e Oroo
 

BLAST EEC MIIGTONTET tray IN02 diomonid
DATUM FOR ELEVATION STIowN wust 

-2. LOCATION(C~'dI&W. SxIewv(Upper Big Island) Mean Lower Low Woter coring
 
-NC Lambert (NAD83): E. 2319487 N. 142340 12 MJANUFRACTURER'SDESIGNATIONOr DRILL
 

3. ORILLINGMAGENCY 	 CME 55 (Borge Mounted)
S. & ME., Inc. (Raleigh Office) .TO l.NO.or OVER- :DISTURBED jNITRE 

TAKEN : 

-~ e ~w~:TB-S - 1. TOTAL NUMBERCOREBOXES 1 
4. HOLENO. 01- 41 I'Ql~l 	 BURDENSAMPLES 411 Hgw 

S. NAMAEOF DRILLER
 
Mike Moseley GROUJND
15.EILEVATION WATERN/A 

:STARTED 9 
[X VERTICAL. 

B. DIRECTIONOr HOLE 	 I6. DATEHOLE jCOMPL2ETED 
0 INCLINED -_______ DEG.FeVRTOM 02 Jul 98 0 u9 
________________________________- 17. ELEVATIONTOP Or HOL.E0.0 MLLW 

7. THICKNESSOr OVERBURDEN 39.01 31.9' of WoterL- '8TOnI- BORING5.4/10.2'ýCORERECOVERYFORo 52.9 z 
8. DEPTHDRILLED 10. 2' 	 Or INSPECTORINTOROCK 	 19. SIGNATURE 
S. TOTAL DEPTH OF HOLE 49.2' 	 Grea Hiopert. ZAPATA ENGINEERING 

Or MATERIALS XCREEBOV-SAPLE (r1141. REVMARKS dAACLASSIFICATION 

MLLW (feet) TE~YAIwRY NOS.w~..w.I'RR10VVk"I


ELEVATIONDEPTH LECENO 

0.0 	 0 0.0' to 31.9' Woter Field l09 transcribed ornd/­
or annotated by Ton9 C. 
H-ow, geologist. 13 Aug 98. 
NOTE: CHANGED SCALE 0 

31.0' & 39.0' 

of Rods or 
Weight of Hamnmer (WHI 
indicotes-the overburden 

moteriol wos penetrated 
without blows from the 
hommer but from the 

31 weight of the tools alone 
RIVER BOTTOM 0 31.9' LWSF 

lWoter 	 Weight (WRI 

BLWSF
 
-31.9 31.9 


ML. Block silt with fibrous Drive 1: 31.9' to 33.4'
 
orgaicsJor 	 Blows: WR/1.O'-WH/O.5'

Rec 0.8'
33O ic 

33.4' t 34.6' Cleaned 

34.6' 

S GW, Light groy. slightly silty, o Drive 2: 34.6' to 36.1" 
3fieto coorse. sandy grovel 2o Blows: 4-4-5 

(weathered limestone) 2 Rec 0.8' 

36.1'Vto 36.8' Cleaned 
hole 

37 	 o Drv3:3.'t383 

'.: TOP OF ROCK 0 39.0' J'or'Drive 4: 38.4- to 39.0­

-39.0 39­
- CASTLE HAYNE LIMESTONE, At 39.0' changed to N02 

UNIT B diamond core bit & barrel 

PULL 1: 39.0' to 44.1' 
- Limestone: Moderately hord.

unweathered, aphonitic to fine RN 5 L00 
- grained. pale-cornge. fossilifer- REC 4.8' GAIN 0.0' 

39-- ouP. pitted to vuggy. glauco- Box LOSS 0.3' 
nitic. few fossil molds 

HDpriloer etr:55 sOi393,39.7'. 40.2'. 40.4' & 40.6' 
Irregulor subhorizontol. 100 1 	 Drilwting rtime:20Xm 

Diln ie 0mn
mechonical break 
39.0' Irregular subhorizontol ROof.37.' 98 

40 break 	 o 

-40.2 40.2.
 
ROCKY POINT MEMBER OFI
 
PEEDEE FORMATION
 

-40.5 40. -' -"-------- --- ---- --


CONTIUEDSHET 2NUMBER TO
N 	 REOUIREO 

NOTE: Soils field classified DRIVEI%- SO 
in accordance with the Unified SPLITSPOON WITH 140 
Soil Classification System. FALLINGLB. HAMMER 

1 3D INCHES 

PREVIOUS AREOBSOLETE. 1PROJECT HL OENG FORMIS36 EDITIONS 
Blast Effect TB-9 
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Hole No. TB-10 
ImvISONOR N INSTALLATION 	 SHEET 1

DRILLING LOG SOUTH ATLANTIC WILMINGTON DISTRICT or 3 sS 
1. 	 PROJECT 10. SIZE ANO TYPE or sit 2-7/8" Side Discharge Drag 

BLAST EFFECT MITIGATION TESTS 11. OArUM roR ELEVATION sHOWN tra w s&$oi N02 diomond 
2 LOCATIOHtCNCwd1wA-rwSix"v (Upper Big Islond) Mean Lower Low Woter coring 

NC 	 Lombert (NA083): E. 2319405 N. 142372 ,2. MAN,,CTURERS DES:CNATONOr DRItL
 

OR'LS. E.NC .CENCY CME 55 (Barge
SS. & M.E., Inc. (Rofeigh Office) 	 Mounted)
,rOE-}-YBO "OIST/ RBE0 .1TOTAL NO Or3 	 TTLN OVER. :NITREuN•O/STURREO 

HOLE NO.tA, St- W1-1/,v I/ftle 	 BURDENS-PES T•AKE i 13 00HZTIVW,,,,T, TB-10 
14 TOTAL NUMBER CORE ROESS5 NAME Or DRL.LER 

CROUNOMike Moseley 	 S ELEVATION WATER N/A 

6 DIRECTIONOr HOtE 6 DATEHOLE :STARTED :COMPLETEO 

i- VERTICAL0 INCLINED DEC rOl VPERTI 02 Jul 98 : 02 Jul98 
S17. ELEVATIONTOP O1 HOLE 0.0 MLLW 

7. THICKNESSor OVERBUROEN 38.2' (13.7' of Woler) 18 TOTAL CORE RECOVERY FOR BORTC 5.87/10.3' - 56.3 
8. DEPTH DRILLEDINTO ROCK 10.6' 	 19. SICNATURCO" INSPECTOR 

9. 	 TOTAL DEPTH Or HOLE 48.8' Greq Hi pert, ZAPATA ENGINEERING
 
; CORE S0R OR REUTRKTS
ELEVATION DEPTH LECENO CLASSIFCATIONor MATERIALS RECOV SMPLE RMK/IShWAIAnA0RI IlWT.ITI. 

MLLW (feet) 	 CRY .,TIwIA. jovruwCTTV NO eTc. ritr 

0.0 0 0.0' to 13.7' Water 	 Field log transcribed ond/ 
or onnottoed by Tong C. 
1How, geologist, 13 Aug 98. 
NOTE: CHANGED SCALE 0 

13.0, 
Weight of Rods (WR) indi-

Water 	 Cates the overburden 
moteriol wos-penetroted 
WIthout blows from the 

noimmer but from the 
-	 Weight of the rods. 

B
RIVER BOTTOM 0 13.7'-
13.7-13.7 

13.7' to 19.0' Wood 	 Drive 1: 13.7' to 15.2'- •JO' Blows: WR-1-1 

- • ,1 2 

15 	 /--\I 15 _ • 15.2"to 15.3'Cleoned holel-


Jo Dre 2: 15.3' to 16.8' 
6!8's: 2-4-7 

_2 

17 • \ / Drive 3: 16.8 to 18.3' 
- •J-r Blows: 1-1-2 

3 NO RECOVERY 

--	 1Cleaned hole to 19.0'-19.0 19 - F90 

SP. Ton. fine to medium sond Drive 4: 19.0'to 20.5' 
ond wood Jor Blows: WR-1-3 

_ -4 Rec 0.1' 

4 
* 20.5' 

21 " No wood. troae of shell Jor Drive 5: 20.5' to 22.0' 
frogments Blows: 

5 Rec 0.9' 
* 	 r 3-2-2 

4 
Jot 	 Drive 6: 22.0' to 23.5 

Blows: 1-2-2 

23 	 6 Rec 0.5' 
4 

Jor 	 Drive 7: 23.5' to 25.0'2 " . . . Blows: 1-4-6 
• •7 Rec 0.8' 

25 .	 . . 

Jor Drive 8: 25.0' to 26.5' 
_ Blows: 1-2-38 Rec 0.6' 5 _ 

26.8' Cleaned hole to 26.8' 	 ­
(cont. below) 

CONTINUED ON SHEET 2 - / 
-27.0 27 " Brown-ton. fine sand -	 Drive 9 

NUMBERREOUIREO TO
NOTE: Soils field clossified 	 ORIVE I%" T0 

in occordonce with the Unified SPLITSPOON WITH 140 
Soil Clossificotion System. LB. HAMMERFALLING 

30 INCHES 

ENG FORM1836 PREvIOUSEDITIONSARE OBOs.ETE. PROJECT HOLE NO. 
MAR 71 Blost Effect TB-10 
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ELEVATOTOPOFHOLE 
DRILLING LOG (Cant Sheet) 0.0 MLLW Hole No. TB-10 
PROJECT IN0STALLASO SH~EET 3 

BLAST EFFECT MITIGATION TESTS WILMINGTON DISTRICT lor 3 SHEET$ 

ELEVATIONDEPTHI LEGEND CLASSIFICATIONOr MATERIALS 
COREBox OR 

RECOVPSAMPLE 
REMARKS 

torlfifie TTK.MdeTW1. &Pffo 
MLLW (feet) eARTERY No. TW.if. 19,vefkc~l 

-41. 41.5 .::Rocky Point Member cont. Pull 1 cont. from above 
from above 

41.4' Irregular subhorizontol 
mechanical break 

42.2, 42.7., & 43Y1 Irregular
42subhorizontol break 

41.5' to 41.6'. 41.7' 1o 41.9'. 
42.2' to 42.4'. 42.6' to 42.99 3
& 43.6' to 44.1' Infilling of 6 
Castle Noyne lithology 

42.5 	 42.6' to 43.1'Moderately 
*weathered 

42.9' to 43.1' & 43.3' to 44.0' 
Irregular subhvertical break 

43.3' to 44.0' Moderately hard. 
43-. moderately weathered Box 43.4' to 45.9' Soft drilling 

43.6' to 43.9' Broken rock 43.3'CorceDpt433 
43.91& 44.4' Irregular sub-I 
horizontal break 

PULL 2: 43.4' to 48.8' 
RUN 5.4' UL 3.8' 

44 .. 	 of REC 1.1' GAIN 0.0'. 
LOS4.3' 

1 Hyd. press: 550 psi 
44.4' to4.'UacutbeDrill water return: 50Z 

to 4.2' 	 time: 5 min.nacountbleDrilling
Lass ROD 0.45'/4.9' - 9.2X 

45 

22 

46 Core 

Loss 

46.9' ta 48.4' Soft drilling
47 

4848.2' 	 Corrected Depth 48.2' 
48.2' to 48.8' Care Left 
in Hole 

-48.8 48..8 	 - -____________ - ­

BOTTOM OF HOLE e 48.8' 

ENG FORM1836-A PREVIOUSESATIONSMAEOSSOLETE. !PROJECT HOLENO. 
MAR 71 Blast Effect TB-1D 
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Hole No. b/4 

DRILLING LOG r.. INSTALL/A * 4~ SHEECT / 

PRX' 0. SIZEAND YPt OF SIT_Z 4 ­

-,--RA If4r -

I ~~% ~, ~ ~I~ ioc ~-1.TTL O FOE.o.~rRE NSL~ 
4.HMIG O(MU13PRSI- o £ý 'Nd-f E COSCEU BUDE /A1,kCTAE 

A28 Appndi A#B Tes Detai Drawings 



DRILLING 

PROJECT 

ELEVATION 

LOG (Cont Sheet) 

OCPTm LEOGEN 

ELEVATIO TOP Of HOLE 
ELEVATIO 

IrSTALLATION 

CLASSFICATION Of MATERIALS 
fOLSC_•'IptI~nI 

W COeE BOX OR 

RZCOV- SAMPCOEBOX OM 
ERY NO. 

Hole No. H"/,'­

SKIE? , 

REf0ARK/S 
CDrIIlI,• II- .o ois. 

.NethN. NC.if S•JTmlm'; 

-- . - C•fl-64F71 4fo.0 . 

,j•-­

__ 

<,g• 

7? 

g•( 

A. -I 

.j&o, 

,.7-,-..,­

-

/nL 6'z A~Lf~> j77j B-. 

-•, •./2 -'.-._-• 

PNJCT
 
ENG FORM 1836-A PREvOus oiT*Ns AR oesoLEtE PRj-,,•
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Hole No. WH98-65 
IDIVISION INSTALLATION 	 SHEET

DRILLING LOG SOUTH ATLANTIC WILMINGTON DISTRICT 	 lor 2 Smcts 
1. PROJCCr I0. SIZE AII TYPE0F BIT 3YE" Side-Dischorge Droq Bit 

WILMINGTON HARBOR COMPREHENSIVE STUDY It. OATLU FOR ELEVATIONSHOWN 

2. LOCATION(CorxckVM. W' SloIOn1M 	 MLLW 
N142194, E2319562 (NAG 83) 12. U•AMXACTURRS DESICNATIONOF DoRLL 

3. DRILLING 	 AROCO (Barge Mounted)ACENCY C-1O00 
S&ME, Inc. (Roleigh, NC) 13. TOTALNO.OFOVER- -D:SUR0EO UNOIST•RBEO 

4. 	 HOLE NO. (A- $1..a wi doKV •Ill" BURDENSAMES TMXEN 18 0
 
.d ll. . Ol :. W H98-6 , TOTAL KNSER COR E SOXES N /A
 

5. HMJE OF DRIER BILLY RACKLEY 15. ELEVATIONCROUVNOWATER N/A 
OF HOLE 	 DATE 0STARTE 9 AYTE 

CVCRTICAL 0-INCLINEO OEC. FROM VERT . 06 MAY 98 : 06 MAY 98 

'7. ELEVATIONTOP OF HOLE 0.0 MLLW 

6. DIRECTION 	 I6. HOLE COMP 9 

7. THICKNESSOFOVERBURDEN39.1ft (Woter 15.1 f0 1. TOTALCORE RECOVERY FaOR ORRIC N/A 

8. DEPTH DRILLED INTO ROCK N/A 19, SICNATUREOF INSPECTOR 

9. 	 TOTAL DEPTH OF HOLE 39.1ft DAVID COSANS (ZAPATA ENGINEERING)
 
r I coR I Bx o•REMARKS
 

.o 	 IOi$. 
LECEND CLASSIFICATIONOF MATERIALS RECOv SBMPLE 1Crl(Sr.' Il " dlI h 

ELEVATION DEPTH(MLW) ;(feel) 	 RY wtlt If j./ p~{ CCJItO NO. Id~rlO/w 

0.0 0 0,0 to 15.1 ft. Water WOR -Weight of Rods• ­

WOH "Weight of Hommer 

NOTF: CHANGFO SCALE 

lcý.1 RIVER BOTTOM © 15.1 ft 	 1 • 1, 0 

L4L-OL, Dark' brown clayey silt With 81 OWS-/FOOT: 
Orgonics 	 HINUBERREOTRED TO

DRIVE•I ."ID. SPLIT SPOON 
WITH 140 LB. HAMMER 

FALLINC 30 INCHES WOR 

17­

bSP-SM,gock brown gray Silly fine
|g m to medium sand. troce fibrous 

S organic$s 

SP. Brown fine to medium sand* 
--	 ~WOR-WOH-1 ­

trace organics 

21-4 

- I-2-2 

Sgray brown 

23 	 -­

.6 

" 	 t 2-4-7 

2S5
 

_-	 4-6-7 

yndgray fine sSibrown 

--	 penxA MTsDaiDrn2-g3-4 . 

-; 	 "' light brown gray fine to medium 

29 " 2-3-5• 

fight gray. trace coarse sand 

_L-- t - -_: - --------­
: CONTINUED ON SHEET 2 ­

S- NOTE= Sais field classified 

accordance with the Unfied
 

- SoS Clossification System.
 

S•i 
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Hole No. WI'- ,s--.,, 
ilIS ON " INSTALLATION 	 SHEET3DRILLING LOG ,A. - -,../,.:. . ,-, /... 6 o ,? SHEETS 

1. PROJECT 10. SIZE AND rIyPE OF BIT -7p ,,.9 
KJ.uA --/.-o --l 1,111, 9,1-z 	 11.'A'/*f 101 ELEVATIONSHOWN.,I~*CT.A 

A " 


,/1/ ./•z/ / A•'6~ 22, 
7 

"O •8.7) DESIGNATION 


2. LOCATION dII~fX, TMTIInT LAI 	 AlL " 

12. MAUFACTURER-S Of DRIL
 
3..DRILLINGAO ,,. '' /D-,'G, sN,- C.
 

4 H1.3. TOTAL NO.OF OVER- -DISTURBED -UNDISTURBEO 

AE Ofil DRIll 4. C OLENO.(ASSlaAIttBURDEN 	 SAMPLESTAENdlwl; 
14. TOTAL NUMBER CORE BOXES
NAMEOF DRILLER 

I.S. ELEVATION WATER ,l/,GROUND 

6. DIRECTIONOF HOLE /I.DTHOE 	 STARTET OPEEC O IJPL E TEO
 

0 VERTICAL - INCLINED DEC. FROM VERT. 16. D H 


: 9f ••/ E 

F 
17. ELEVATION TOP OF HOLE /, 7/ 1..1-4.' 

7. TI4CKNESS OF OVERBURDEN //ISv b .. A/ lB. TOTAL CORE RECOVERY FOR BORING ' . 

8. DEPTH DRILLED INTO ROCK / /'I. 	 SIGNATURE,OF NPECTOR / 

9. 	 TOTAL DEPTH OF HOLE /N S76R-c. , , I 
S]CORE BOG'rOi REIr.S -­ELEVATION DEPTH LEGEND CLASSIFICATIONOF MATERIALS RECOVR SAiMOPLE R EMAR 

I xw~teERY 	 NO. tvX dc. Ir .gglc.SNt) 

0.X.z/ , W' 

: 	 5•€/,-- •. (_r// _ 

7- 1 ,0 f.. . 2 

_
28 

jPROJCCT 

ENG FORMI1836 PREVIOUS EDITIONSARE OBSO.ETE. T/,/ /-t.IZ c,,. 005 ý7 x-­
MAR 71 
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DRILLING LOG (Cont Sheet) ELEVATIONTOP or HeLE 
I POO 1-4CA Hole No. P--e.J5ý1•,• 

PROJECT INSTAL.LAT•N SHEET 3I.-,'-,n /x/'z, c-.- " u-. /,",'~ /" - 1 ).- -,-1 /- or Ss.HEETs 
/' CORE BO8XOR RCIAAKS 

ELEVATION DEPTH LEGEND CLASSIFICATIONOf MATERIALS RECOVR BoxWIXQSAPLEORA'r VM'x.RE•ARKbo$.S 
tlkIý1oAI ERY NO .Iftrmrv. XIX.If 51vNfIN1N 

"N7 

- Z•7 7 2 -.-a1 

-- _ Q-.7; 

ENG FORM 1836-A PREVOJS EDITIONS ARE I6SO.ETE P jc, 5v A 
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Peak Measured Water Shock
 
Parameters, BEM Tests 2-9
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________________ ________ Test_2 _ _ _ _ _ _ 

Meas. Location Peak pressure Peak impulse Peak energy flux 
No. _____________ density 

Range, ft Depth psi psi-msec ft-lb/inA2 

Northi1a 35 surface 125 181.5 136.9 

North l b 35 mid- Bad 
_______depth measurement ______ 

Northi1c 35 bottom 196.3 1033.5 1184.4 

North 2a 70 surface Bad 
________ measurement _______ 

North 2b 70 mid- 35.6 209.1 50.2 
________ depth_ _ _ _ _ _ _ _ 

North 2c 70 bottom 34.4 1222.7 228.1 

North 3a 140 surface 6.92 11.8 0.731 

North 3b 140 mid- 9.37 26.3 2.00 
________depth 

North 3c 140 bottom Bad 
________measurement 

North 4a 280 surface 1.99 1.11 0.0106 

North 4b 280 mid- Bad 
______________ depth measurement ______ 

North 4c 280 bottom 2.84 5.57 0.0385 

North 5a 560 surface Bad 
______measurement________ 

North Sb 560 mid- Bad 
_______ depth measurement ______ 

North Sc 560 bottom Bad 
measurement 

South Ia 35 surface 145.4 164.3 178.7 

South lb 35 mid- Bad 
_______ depth measurement ______ 

South Ic 35 bottom 225.2 503.0 712.7 

South 2a 70 surface 45.1 Questionable 

South 2b 70 mid- Bad 
______________ depth measurement ______ 

South 2c 70 bottom 48.0 393.8 120.6 

South 3a 140 surface Bad 
measurement ______ _______ 

South 3b 140 mid- 2.81 6.92 0.370 
_______ ____ ___ depth _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
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South 3c 140 bottom 2.97 11.1 0.581 

South 4a 280 surface Bad 
measurement________ 

South 4b 280 mid- Bad 
depth measurement _______ 

South4c 280 bottom Bad 
measurement 

South 5a 560 surface Bad 
________________measurement ______ 

South Sb 560 mid- Bad 
depth measurement ______ 

South Sc 560 bottom Bad 
______ ____________measurement,_____________ 
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________ _______ ______ _______ 

___ 

_________ ______ 

__________________ Test 3 _______ _______ 

Meas. Location Peak Peak impulse Peak energy 
No. pressure flux density 

Range, ft Depth psi psi-msec ft-Ib/inA2 

North I a 35 surface 860.8 146.8 746.0 

North lb 35 mid- Bad 
________ ~depth measurement ____________ 

North I c 35 bottom Bad 
______measurement ____________ 

North 2a 70 surface 187.6 79.4 129.9 

North 2b 70 mid- 282.6 82.2 207.8 
~depth 

North 2c 70 bottom Bad 
measurement ______ 

North 3a 140 surface 131.1 28.0 25.8 

North 3b 140 mid- 90.1 38.4 27.70 
____ ____ ___ depth __ _ _ _ __ _ _ _ _ _ _ 

North 3c 140 bottom Bad 
_________measurement ______ 

North 4a 280 surface 57.7 8.47 3.07 

North 4b 280 mid- Bad 
_______ depth measurement 

North 4c 280 bottom 51.1 8.20 3.09 

North 5a 560 surface 4.71 2.64 0.640 

North 5b 560 mid- Bad 
________ ~depth measurement______ 

North 5c 560 bottom Bad 
measurement______ 

South I a 35 surface Bad 
_______ ______measurement ______ 

South l b 35 mid- Bad 
depth measurement______ 

South I c 35 bottom 452.8 234.8 348.9 

South 2a 70 surface Bad 
S~~~~measurement______ 

South 2b 70 mid- Bad 
depth measurement______ 

South 2c 70 bottom 410.2 170.9 222.1 

South 3a 140 surface Bad 
~~measurement_______ 

Sýouth 3i~b 140 mid- I Bad 
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depth measurement 

South 3c 140 bottom 64.7 48.7 14.7 

South 4a 280 surface 20.8 2.00 0.182 

South 4b 280 mid- 45.7 1.06 0.275 
depth ______ 

South 4c 280 bottom 40.1 15.8 2.01 

South 5a 560 surface 8.05 Questionable 

South 5b 560 mid- 15.0 4.10 1.16 
________ ~depth _______ ______ 

South 5c 560 bottom Bad 
_____________ _____measurement ______ ______ 
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________ ______ 

_______ 

_______ 

_______ 

~~Test 4 

Meas. Location Peak Peak impulse Peak energy
 
No. density
_____pressure ______flux 

Range, ft Depth psi psi-msec ft-Ib/inA2 

North Ia 35 surface 377.2 58.1 118.1 

North lb 35 mid- Bad
 
depth measurement
 

North 1ic 35 bottom Bad
 
________measurement 

North 2a 70 surface 75.9 65.7 26.1 

North 2b 70 mid- Bad
 
depth measurement
 

North 2c 70 bottom Bad
 
______measurement 

North 3a 140 surface 2.69 7.6 0.177 

North 3b 140 mid- 3.89 7.48 0.24 
depth ______ 

North 3c 140 bottom Bad 
______measurement ______ 

North 4a 280 surface 1.89 7.04 0.104 

North 4b 280 mid- 2.95 9.02 0.203 
depth ______ 

North 4c 280 bottom 2.70 8.32 0.211 

North 5a 560 surface 0.770 1.36 <0.1 

North 5b 560 mid- 0.70 1.63 <0.1 
depth _____________ 

North Sc 560 bottom Bad 
________measurement______ 

South I a 35 surface Bad 
________measurement______ 

South l b 35 mid- Bad 
_______ _______ depth measurement ______ 

South Ic 35 bottom Bad 
________measurement______ 

South 2a 70 surface Bad 
______________measurement 

South 2b 70 mid- Bad 
_______ _______ depth measurement ______ 

South 2c 70 bottom Bad 
measurement _____ _____ 

South 3a 140 surface 3.72 8.57 0.256 
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________ 

____ ___ ____ ___ 

_______ 

______ _______ 

South 3b 140 

South 3c 140 

South 4a 280 

South 4b 280 

South 4c 280 

South 5a 560 

South 5b 560 
_______ _______depth 

South 5c 560 

mid-
~depth 
bottom 

______ 

9.55 

12.6 

19.3 

28.2 

1.330 

2.73 

surface 1.00 0.940 <0.1 
mid-

depth 

bottom 
_ _ 

2.45 
_ _ _ 

Bad 
_ _ 

12.4 
_ _ _ _ 

0.781 

______measurement____________ 

surface 1.60 3.54 <0.1 

mid-

bottom 

Bad 
Imeasurement____________ 

Bad 
_____measurement____________ 
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_____ 

_ _ _ _ _ 

__ _ _ _ _ _ _ 

________Test 

Meas. Location 
No. ____ 

Range, ft Depth 

5 
Peak 

pressure 
psi 

Peak impulse 
______flux 

psi-msec 

Peak energy 
density 

ft-lbinA2 

North Ia 35 surface 1190.4 200.7 1020.7 

North l b 

North 1ic 
________ 

35 

35 

mid-
depth 

bottom 

Bad 
measurement 

Bad 
~~measurement______ 

North 2a 70 surface 278.9 91.4 

North 2b 70 mid- Bad 
______ _______depth measurement 

North 2c 70 bottom Bad 
_____________ _____measurement______ 

North 3a 140 surface 

North 3b 140 mid-
________ depth ______ 

North 3c 140 bottom 

North 4a 280 surface 
_______________measurement______ 

North 4b 280 
________ 

North 4c 280 

North 5a 560 

North 5b 560 
_____ ____ 

North Sc 560 

South I a 35 
_______ 

South l b 35 
_______depth 

South I c 35 

South 2a 70 

South 2b 70 

South 2c 70 

South 3a 140 

mid-
~depth 
bottom 

surface 

mid-
depth__ 

bottom 

surface 
_____measurement______ 

mid-

51.7 

53.4 

16.8 

19.3 

20.3 

Bad 

18.2 

8.65 3.48 

6.09 

4.80 

3.70 

______ 

2.87 

0.838 

0.139 

2.94 

Bad 

_ _ _ 

0.748 

Bad 

bottom 
measurement 

Bad 
______measurement______ 

surface 80.3 35.6 

mid-
depth 

bottom 

Bad 
measurement 

42.5 76.1 

surface Bad 
_______________measurement____________ 

South 3b 140 mid- 22.2 26.6 
_______ ____ ___ depth __ _ _ _ _ _ _ _ _ _ 

274.6 

8.46 

6.05 

1.34 

0.397 

0.733 

0.199 

0.212 

0.103 
_ _ 

28.5 

15.5 

3.06 
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South 3c 140 bottom 20.8 26.8 3.06 

South 4a 280 surface 8.54 3.450 0.214 

South 4b 
_______ 

South 4c 

280 
____ ___ 

280 

mid-
depth 

bottom 

1.69 

10.1 

0.317 

1.64 

<0.1 

0.600 

South 5a 560 surface 4.90 1.05 0.369 

South 5b 560 mid- 6.9 1.53 0.526 
_______ 

South 5c 
____ ___ 

560 
depth 

bottom 
_ _ _ _ _ 

Bad 
_ 

________________measurement]______ _____ 
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________ _____________ 

___________________ Test 5a_ _ _ _ _ _ _ _ _ _ 

Meas. Location Peak Peak impulse Peak energy 
No. density_____pressure ______flux 

Range, ft Depth psi psi-msec ft-lb/inA 2 

North I a 35 surface 1145.6 177.5* 1488.1
 

North l b 35 mid- Bad
 
_______depth measurement 

North I c 35 bottom Questionable
 

North 2a 70 surface Bad
 
________________measurement______ 

North 2b 70 mid- 416.0 199.6 313.9 
______ depth _ __ I__ _ _ _ _ _ 

North 2c 70 bottom 257.6 
__ 

28.7 57.3 

North 3a 140 surface 51.6 13.7 7.71 

North 3b 140 mid- 68.6 20.9 9.41 
~depth 

North 3c 140 bottom 31.2 10.7 1.98
 

North 4a 280 surface Bad
 
____________ ______measurement______ 

North 4b 280 mid- 28.3 4.05 1.99
 
depth______
 

North 4c 280 bottom 6.72 4.13 1.60
 

North 5a 560 surface 3.90 1.04 0.156 

North 5b 560 mid- Bad 
_______ depth measurement______ 

North 5c 560 bottom 3.07 0.518 0.165 

South I a 35 surface Bad 
_____________measurement______ 

South l b 35 mid- Bad 
_______ depth measurement______ 

South Ic 35 bottom Bad 
________________measurement____________ 

South 2a 70 surface Bad 
_______measurement______ 

South 2b 70 mid- Bad 
______ ______ depth measurement 

South 2c 70 bottom Bad 
______________measurement 

South 3a 140 surface Bad 
____________ ______measurement____________ 

South 3b 140 mid- 26.2 12.4 3.47 
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depth 

3.19 

South 4a 280 surface 4.35 2.89 0.785 

South 4b 280 mid- Bad 

South 3c 140 bottom 13.8 20.7 

_______depth measurement 
South 4c 280 bottom 7.92 4.00 0.948 

South 5a 560 surface 2.75 0.823 0.116 

South 5b 560 mid- 6.6 1.83 0.401 
____ ,_ depth I__ _I___I 

South 5c 560 1bottom 1 6.00 0.383 0.170 
failed pnior to development of 

absolute peak value 
*Measurement 
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________ _______ 

____ _ _____ ___ ___ Test 6 
Meas. Location Peak pressure Peak impulse Peak energy 

No. _____ ___ ______ ______flux density 
Range, ft Depth psi psi-msec ft-lb/inA2 

North 1la 35 surface No data 

North lb 35 mid- No data 
________depth______ 

Northi1c '35 bottom No data 

North 2a 70 surface No data 

North 2b 70 mid- No data 
~depth 

North 2c 70 bottom No data 

North 3a 140 surface No data 

North 3b 140 mid- No data 
________depth______ 

North 3c 140 bottom No data 

North 4a 280 surface No data 

North 4b 280 mid- No data 
____ ____ depth _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

North 4c 280 bottom No data 

North 5a 560 surface No data 

North 5b 560 mid- No data 
depth 

North 5c 560 bottom No data 

South Ia 35 surface Bad 
_______ ______measurement______ 

S§outh l b 35 mid- Bad 
det measurement______ 

South I c 35 bottom 240.0 490.2 553.9 

South 2a 70 surface Bad 
_______ _______measurement 

South 2b 70 mid- Bad 
_______depth measurement 

South 2c 70 bottom Bad 
S~~~~measurement______ 

South 3a 140 surface Bad 
, measurement 

South 3b 140 mid- I Bad 
________ ~depth measurement_____________ 
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___ ____ 

South 3c 140 bottom 3.64 35.0 2.31 

South 4a 280 surface Bad 
_______________measurement ____________ 

South 4b 280 mid- Bad 
depth measurement______ 

South 4c 280 bottom 1.96 Questionable 0.75 

South 5a 560 surface 0.320 0.454 <0.1 

South 5b 560 mid- 0.422 Questionable <0.1 
____ ____ depth _ _ _ _ _ _ _ _ _ _ _ _ _ 

South 5c 560 bottom 0.370 Questionable <0.1 
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________ _______ ______ 

__ 

_________ _____ _____ _____ Test_7 _ _____ 

Meas. Location Peak Peak impulse Peak energy 
No. pressure density______flux 

Range, ft Depth psi psi-msec ft-lbinA2 

North 1Ia 35 surface Bad 
_______ _____measurement 

North lb 35 mid- 422.4 133.3 338.7 
________depth 

North Ic 35 bottom Questionable
 

North 2a 70 surface 130.6 48.4 61.6
 

North 2b 70 mid- 94.0 45.8 24.9
 
_______ epth 

North 2c 70 bottom Questionable
 

North 3a 140 surface 85.6 13.9 5.52
 

North 3b 140 mid- 78.8 12.2 7.17
 
________depth 

North 3c 140 bottom 21 10.7 2.78 

North 4a 280 surface Bad 
_____________ _____measurement______ 

North 4b 280 mid- 40.7 Questionable 
_____ ___ epth _ _ _ _ _ _ _ _ _ _ _ 

North 4c 280 bottom 20.80 4.04 1.90 

North 5a 560 surface 7.70 0.905 0.172 

North Sb 560 mid- 6.27 1.06 0.161 
~depth 

North Sc 560 bottom Questionable 

South I a 35 surface Bad 
______________measurement 

South l b 35 mid- Bad 
________depth measurement _____ 

South 1c 35 bottom 258.7 698.1 1127.7 

South 2a 70 surface 111.2 87.6 100.1 

South 2b 70 mid- 114.7 232.0 193.6 
depth 

South 2c 70 bottom 134.0 460.2 413.8 

South3a 140 surface Bad 
.___ImeasurementII 

South 3b 140 mid- 47.8 12.2 18.80 
___ _ __ __ __ __ depth I _ _ __ _ _ I _ _ - _ -- _ _ _ _ 
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South 3c 
________ 

South 4a 

140 

280 

bottom 

surface 

Bad 
~~measurement 

22.60 
___________ 

3.64 2.46 

South 4b 
_______ 

South 4c 

280 
_______ 

280 

mid-
epth 

bottom 

Bad 
measurement 

23.2 
___________ 

6.50 3.98 

South 5a 560 surface 7.85 4.76 2.34 

South 5b 560 mid- 11.2 5.86 1.97 

South 5c 
____ ____ 

560 
depth 

bottom 10.80 
______ 

2.52 
_____ 

0.701 
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________ 

_______ 

_______Test 8 
Meas. Location Peak pressure Peak impulse Peak energy 

_________fluxNo. density 
Range, ft Depth psi psi-msec ft-Ib/inA2 

North 1 a 35 surface Bad 
______measurement____________ 

North I b 35 mid- Bad
 
det measurement _____
 

North I c 35 bottom Bad
 
measurement
 

North 2a 70 surface Bad
 
~~measurement______ 

North 2b 70 mid- Bad 
________ pt measurement _____ 

North 2c 70 bottom Bad 
_____________ _____measurement ___________ 

North 3a 140 surface Bad 
_____ _I__ measurement ___________ 

North 3b 140 mid- Bad
 
depth measurement____________
 

North 3c 140 bottom Bad
 
________measurement 

North 4a 280 surface Bad 
_______ ______measurement______ 

North 4b 280 mid- Bad 
depth measurement____________ 

North 4c 280 bottom Bad 
________measurement____________ 

North 5a 560 surface 0.666 Questionable <0.1 

North 5b 560 mid- 0.740 Questionable <0. 1 
_______ _______ depth 

North Sc 560 bottom Bad 
______measurement______ 

South I a 35 surface Bad 
measurement______ 

South l b 35 mid- Bad 
______ _______depth measurement 

South I c 35 bottom 626.0 1168.3 734.1 

South 2a 70 surface 12.6 104.1 53.8 

South 2b 70 mid- 17.3 52.9 38.2 
_______ ____ ___ depth _ _ _ _ _ _ _ 

South 2c 70 bottom 5.21 125.5 8.41 
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South 3a 140 surface 3.21 28.7 9.87 

South 3b 140 

South 3c 140 

South 4a 280 

South 4b 280 

South 4c 280 

South 5a 560 

South 5b 560 

South 5c 560 

mid-
depth 

bottom 

surface 

mid-
depth 
bottom 

surface 

mid-
depth 

bottom 

3.10 

Bad 
measurement 

Bad 
measurement 

Bad 
measurement 

3.28 

0.423 

0.927 

0.600 

18.7 8.38
 

Questionable 

1.50 

Questionabl 
e 

<0.1 

Questionable 

1.36 

Questionabl 
e 

<0.1 
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________ 

___ ___ 

______________ _______ Test 9 _ _ _ _ _ _ _ _ _ 

Meas. Location Peak pressure Peak impulse Peak energy 
_____fluxNo. density 
Range, ft Depth psi psi-msec ft-lb/inA2 

North la 35 surface 401.5 187.2 670.1 

North l b 35 mid- 745.4 208.3 1718.8 
____ ____ ___ depth _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

North 
___ 

Ic 35 bottom 130.2 244.6 114.7 

North 2a 70 surface 217.6 77.8 234.5 

North 2b 70 mid- 416.6 172.7 266.4 
~depth______ 

North 2c 70 bottom 405.7 47.8 196.9 

North 3a 140 surface 70.3 17.9 19.8 

North 3b 140 mid- 62.0 14.9 23.9 
depth 

North 3c 140 bottom 43.5 Questionable Questionabi 
____ ______ ___ ___ ___ ___ ___e 

North 4a 280 surface Bad 
_______ ______measurement______ 

North 4b 280 mid- 12.8 6.01 2.38 
____ ____ depth ______ 

North 4c 280 bottom 15.1 8.21 2.72 

North 5a 560 surface 5.88 1.10 0.377 

North 5b 560 mid- 3.43 Questionable 01 
________depth 

North Sc 560 bottom 3.09 Questionable <. 

South I a 35 surface Bad 
_______________measurement______ 

South lb 35 mid- 197.2 377.4 650.5 
____ ____ depth __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

South I c 35 bottom 224.1 693.7 1209.3 

South 2a 70 surface Questionable 

South2b 70 mid- 121.6 164.1 186.2 
____ ____ depth _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

South 2c 70 bottom 101.0 215.1 352.1 

South 3a 140 surface 63.4 20.0 13.1 

South 3b 140 mid- 57.3 38.6 26.80 
____ ____ depth _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

South 3c 140 bottom 76.5 27.9 31.8 
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South 4a 280 surface 5.10 1.45 0.213 

South 4b 280 mid- 8.61 0.518 0.398 
depth _. 

South 4c 280 bottom 18.1 Questionable Questionabl 
e 

South 5a 560 surface 6.64 Questionable 0.508 

South 5b 560 mid- 6.3 0.78 0.906 
depth 

South 5c 560 bottom Bad 
measurement 
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Peak Water Shock Pressures 
Test 2 
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Peak Water Shock Pressures
 
Test 3
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Peak Water Shock Pressures 
Test 4 
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Peak Water Shock Pressures 
Test 5 
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Peak Water Shock Pressures 

Test 	5a 
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Peak Water Shock Pressures
 
Test 7
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A 

Peak Water Shock Pressures 
Test 9 
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Peak Water Shock Impulse 
Test 3 
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Peak Water Shock Impulse
 
Test 4
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Peak Water Shock Impulse 
Test 5 
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Peak Water Shock Impulse
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Peak Water Shock Impulse 
Test 9 
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