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Executive Summary

Under contract to the Washington State Department of Transportation, Battelle, Pacific Northwest
Division, conducted a reanalysis of dynamic pile driving and impulsive underwater sound data acquired at
WA DOT construction projects. Impulsive underwater sound data obtained during monitoring of pile
driving from Hood Canal Bridge construction and dynamic pile driving data acquired during construction
activity at the Friday Harbor Ferry terminal were analyzed to improve our understanding of the linkage
between the mechanics of pile driving and impulsive sound generated during pile driving.

Analysis focused on derivation of statistics from impulsive sound and dynamic pile driving data sets
that permitted evaluation of the amount of variability in impulsive sound metrics that might be driven by
variability in pile driving mechanics metrics. In addition to the variability in pile driving and impulsive
sound metrics, the energy required to drive a pile and an index of the sound energy produced during the
pile drive were compared.

Comparison of the measures of variability in impulsive sound metrics with that for metrics related to
pile driving mechanics determined that most of the variability in impulsive sound during driving of a pile
can be accounted for by changes the impact hammer operator makes to overcome resistance to increases
in pile depth. This finding led to the conclusion that it is the operation of an impact hammer in response
to changes in substrate, not the substrate itself that is responsible for changes in impulsive energy metrics
during driving of a pile. A recommendation of the study is that any future data acquisition and analysis
efforts to improve understanding of linkages between pile driving mechanics and impulsive sound or,
underwater sound monitoring activities in support of construction activities, acquire hammer stroke data
as a basic element of underwater sound data sets.

As an element of comparison of data sets to assess the relationship in variability between impulsive
sound and pile driving mechanics, the importance of wetted pile length was evaluated. It appears, based
on the data sets analyzed for this study, that the wetted length of the pile is not related to impulsive sound
metrics such as peak pressure. The lack of relationship between impulsive sound metrics and wetted pile
length probably results from the way sound is produced by the pile when it is deformed by a hammer
impact. As a consequence, when evaluating the potential for sound generation during project planning it
should be assumed that a pile with minimum wetting length may produce impulsive sound levels of the
same magnitude as piles with significantly greater wetted length. Environmental factors not evaluated in
this study will determine how the generated impulsive sounds propagate.

Analysis of the cumulative energy required to drive a pile and an index of the cumulative sound
energy produced during driving of a pile revealed a relationship between the diameter of a steel shell pile
and the amount of energy transferred to the pile at impact to obtain an incremental increase in pile depth
and the amount of sound energy produced per incremental increase in pile depth. It appears, logically so,
that the energy required to drive a pile an increment in depth and the sound produced during that process
are directly related to pile diameter. This being the case, we recommend that sound mitigation measure
development, such as bubble curtains, focus on piles 30 inches or larger in diameter. It is unlikely that
sound mitigation measures that would result in reduction of energy transfer to a pile, which will be
necessary to reduce sound production, will be acceptable economically for larger piles because of the
rapid increase in energy per foot of drive with pile diameter.
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1.0 Introduction

Impulsive underwater sound generated during pile driving has been identified as a potential source of
injury and behavioral disruption to fish. In the Northwest, of particular importance are listed salmonids.
The effect of sound on human health has been an issue for decades and has received a great deal of
attention. With the possible exception of impulsive sound generated by explosions, the effect of sound on
animals, and in particular on fish, has not been widely studied. Currently, efforts are being expended to
better understand the mechanisms of impulsive sound generation by pile driving and to determine the
effects of impulsive sound on fish health and behavior.

This study was undertaken by Battelle under contract with the Washington State Department of
Transportation in support of pile driving activities conducted by the ferry system and other transportation
construction activities that require driving piles in or near bodies of water. The focus of this effort was to
perform analyses on existing dynamic pile driving and impulsive sound data provided by WA DOT to
determine if measures routinely obtained during pile driving activities to assess the integrity of a pile and
its performance as a foundation element could help explain some of the variability and other features
observed in impulsive sound signals. This information will help WA DOT to better evaluate pile driving
alternatives and mitigation measure to reduce the production of impulsive sound.
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2.0 Methods

The effort described here was an analysis of existing data obtained in prior field studies for the
purposes of investigating linkages between the mechanics of pile driving and the generation of impulsive
sound by pile driving. Two types of data were required for analysis, dynamic pile driving data and
impulsive underwater sound data. Several prior studies were considered as potential sources for the data.

When this project was first considered, a construction project was in the final planning stages that
included driving many piles as part of maintenance and improvement activities at the Friday Harbor Ferry
Terminal on San Juan Island. It was suggested that dynamic pile driving data could be acquired in
conjunction with monitoring to concurrently acquire underwater impulsive sound data. The sound data
acquired for this project and the conclusions drawn from it to evaluate the effectiveness of bubble curtain
design and operation are given in Laughlin 2005.

Concurrent with the sound data described in Laughlin 2005, dynamic pile driving data were acquired
for three piles. The piles and conditions for which dynamic pile driving data were acquired are shown in
Table 2.1 below. Considerable effort was expended attempting to reformat this dynamic pile driving data,
which consisted of output from single-axis accelerometers and strain gages attached to the monitored
piles. It became obvious that these data could not readily be obtained in a form suitable for reduction and
additional analysis. In addition, it also became obvious that the primary experimental objective to
evaluate the effectiveness of bubble curtain design and operation for a sample of piles and pile driving
hammers resulted in an experimental design that included variables within the period of record for
individual piles that significantly confounded analysis of the relationship between the mechanics of pile
driving and impulsive sound generation.

Consideration of other readily available pile driving impulsive sound and dynamic pile driving data
sets resulted in selection of dynamic pile driving data for four piles driven during the Friday Harbor Ferry
Terminal Restoration Project (Miner 2005a, 2005b) and extensive underwater impulsive sound data
acquired during pile driving for the Hood Canal Bridge project (Carlson et al. 2005). Obviously these
data sets are not directly linked because they were acquired for different projects. However, they do have
features that make them suitable for re-analysis. The primary characteristic that makes them suitable is
that data are available for individual piles over complete impact hammer pile driving events without
introduction of variables in addition to those normally experienced during driving of a pile such as
changes in substrate as the driven depth of the pile increases and changes in hammer operation.

Given the characteristics of the available data, the approach taken to address the project objective was
to first separately analyze the dynamic pile driving and impulsive sound data sets. The results of analysis
were then compared, both qualitatively and quantitatively, to identify features of pile-driving mechanics
that appear to contribute to observed variability in underwater sound.
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Available for the Friday Harbor Ferry Terminal Restoration Project

Table. 2.1. Piles and Bubble Curtain Operating Conditions for which Dynamic Pile Driving Data Were

Hammer Ti
Date | Pile ID Type Event ime
Start Hammer ]
| Bubble Curtain: OFF 3:20 PM
Bubble Curtain: Lowest Ring @ .
il Yz air flow 3:50 PM
Bubble Curtain: Middle Ring 1@} .
] air flow 3:56 PM
: Bubble Curtain: Top Ring @ 4 .
|| 2/10/05 P('.!‘é.? Diesel |air flow 3:57 PM
Bubble Curtain: Lowest Ring @ 3-58 PM
] Full air flow :
Bubble Curtain: Middle Ring @ .
| Full air flow 3:59 PM
Bubble Curtain: Top Ring @ Full
il air flow 4:01 PM
Bubble Curtain: O 4:02 PM

2/11/0

Start Hammer

Bubble Curtain: OFF 4.12 PM
Bubble Curtain: Bottom Ring c

Air  |Full air flow 4:13 PM

Bubble Curtain: All Rings @ F
419 P

Bubble Curtain: OFF 4:31 PM

| 2/12/05

Pile #3
(')

Hydraulic

Start Hammer

Bubble Curtain: OFF 10:36 AV
Bubble Curtain: Lowest Ring @, ~.
Full air flow 10:37 AM
Bubble Curtain: All Rings @ Ful] .
air flow l|0‘39 AM
Bubble Curtain: OFF 10:40 AM
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3.0 Dynamic Pile Driving

Dynamic pile testing is routinely conducted during pile driving to measure the stress applied to a pile
during driving, to evaluate the performance of the pile driving hammer, to protect the pile from damage,
and to ensure that the pile when driven will support its design load. The data required for dynamic pile
testing is acquired using accelerometers and strain gages attached to the upper part of the pile. These
sensors provide data needed to estimate the energy transferred to the pile and the stress in the pile
resulting from each blow. A number of different analytical approaches are used to estimate important
parameters such as pile-bearing capacity and pile integrity.

In addition to the estimates of energy transferred to a pile each blow available from dynamic pile-
driving analysis, other metrics of the pile-driving process are also very helpful in understanding pile-
driving mechanics and their potential effect on underwater sound generation. These metrics include
hammer stroke and the number of blows required to drive a pile a set distance such as a foot.

In the following subsections, the results of analysis of dynamic pile driving and other pile-driving
data for four piles will be presented. When considered in total, the data for the four piles cover a range of
pile-driving conditions sufficient to provide insight into variables affecting pile-driving mechanics and
variability in impulsive sound production.

3.1 Pile7

Pile 7 was a 24-in. outer-diameter open-end, vertical steel pipe pile with a wall thickness of 1.00 in.
Pile 7 was approximately 105 ft long. This pile, like the others discussed in this report, was installed in
three phases. In the first phase, the pile was placed and driven to a depth of approximately 20 ft in water
approximately 35 ft deep with a vibratory hammer. In the second phase, it was driven to its set depth
using an impact hammer. After a resting period of a couple of days, it was “proofed” to ensure its bearing
capacity. The data for our analysis are from the second phase.

Impact pile driving of pile 7 was conducted using an ICE 120S open-end diesel impact hammer (see
the hammer specification sheet in Appendix A). This hammer has a 12 kips ram, a nominal maximum
stroke of 12.4 ft, and a maximum rated energy of 149 kips-ft. The data presented in Table 3.1 below as
well as that for pile 8 to be discussed in the next section were abstracted from Miner 2005a. Pile 7 was
driven on 2/23/05 at Friday Harbor.

3.1



Table 3.1. Dynamic Pile Driving and Related Data for Pile 7

Friday Harbor Bridge Seat Pile # 7, 24" OD Open End, Vertical Steel Pipe Pile, Wall Thickness 1", Driven 2/23/05

Average |SD Average ’

End Blow #| Blowsl/ft . Transferred | Transferred| Hammer Hammer . . .

Depth in ft . . of Pile Depth| Drive Pile
Energy per | Energy per | Stroke in ft | Stroke in ft Kips-ft Kips-ft
Blow Kips-ft | Blow Kips-ft
1 0 55.0 0 0 0.00 0.00 0 0
22 21 56.0 47 4 7.86 0.07 987 987
47 25 57.0 50 1 7.90 0.08 1250 2237
70 23 58.0 53 4 8.42 0.49 1219 3456
90 20 59.0 56 1 8.85 0.11 1120 4576
109 19 60.0 49 16 7.96 2.24 931 5507
128 19 61.0 34 2 7.02 0.21 646 6153
170 84 61.5 46 7 8.12 0.60 3864 10017
Data from letter report for Dynamic Pile Measurements and CAPWAP Analyses from Robert Miner Dynamic Testing, Inc.
to ACC West Coast (Hurlen) dated March 6, 2005

In Table 3.1 above, the energy transferred to the pile from the hammer is estimated by integrating the
product of the force applied by the hammer and the velocity of the pile over the duration of the blow
impulse. The driving statistics are summarized for each foot the pile is driven (with the exception of the
first and last lines in the table).

Figure 3.1 below shows the number of blows per foot of pile depth. For this pile and for the others
reviewed in subsequent sections, it appears that pile driving contractors manage the time spent driving a
pile by keeping the number of blows required to drive the pile a foot as consistent as possible. For pile 7
this was the case with the exception of the last half foot when the pile was approaching its set depth and
bearing capacity. Over most of the course of driving this pile, the number of blows required to drive the
pile a foot was near 25.
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Figure 3.1. The Number of Hammer Blows per Foot of Pile Depth for Pile 7

Figure 3.2 shows the average length of the stroke of the impact hammer for each foot of pile drive
depth. This data reveals the action taken by the pile driving contractor to maintain a pile driving
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schedule. As substrate characteristics and other factors change the resistance to penetration by the pile,
the contractor appears to change impact hammer stroke to keep the number of blows, and thereby the
time, required to drive the pile a foot as constant as possible. As the hammer stroke standard deviation
data in Table 3.1 above show, the variability in hammer stroke within a foot of drive depth is typically
very small, the exception in this data set being that for the 60-ft-depth increment.

The energy delivered to the top of the pile by the impact hammer is a function of the hammer stroke
and the mass of the hammer ram. However, diesel hammers do not have exactly the same stroke from
blow to blow at the same operating settings and the range of settings over which a hammer may be
operated during driving of a pile can be quite variable. In addition, the amount of energy delivered to the
top of the pile by the hammer is not all transferred to the pile. Therefore the most reliable measure of
hammer performance is the estimate of transferred energy obtained by dynamic pile-driving analysis of
data from accelerometers attached to a pile. For pile 7, the relationship between the average hammer
stroke and the average amount of energy transferred to the pile per blow is shown in Figure 3.3.

A line was fit to the average transferred energy and stroke data. Analysis of the fit of this line is
shown in Table 3.2 below. The regression was highly significant with the regression explaining about
88% of the variability in the data.
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Figure 3.2. The Average Hammer Stroke for each Foot of Drive Depth for Pile 7
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Figure 3.3: Linear Regression of Energy Transfer and Hammer Stroke during Driving of Pile 7. The
shaded region is the 95% confidence interval for individual estimates of average maximum
transferred energy per blow, given average hammer stroke.

Table 3.2. Statistics and Analysis for Regression of Energy Transfer and Impact Hammer Stroke for

Pile 7
Linear Fit
Pile 7 Average Max Transferred Energy per Blow (kips-ft) = -46.12658 + 11.720756 Pile 7 Average Hammer Stroke (ft)
Summary of Fit
RSquare 0.886382
Rsquare Adj 0.863659
Root Mean Square Error 2.588475
Mean of Response 47.85714
Observations (or Sum Wgts) 7

Analysis of Variance

Source DF Sum of Squares Mean Square F Ratio

Model 1 261.35612 261.356 39.0072

Error 5 33.50102 6.700 Prob > F

C. Total 6 294.85714 0.0015

Parameter Estimates

Term Estimate Std Error t Ratio Prob>|t|
Intercept -46.12658 15.07982 -3.06 0.0281
Pile 7 Average Hammer Stroke (ft) 11.720756 1.87665 6.25 0.0015

Because of the strong linear relationship between hammer stroke and the amount of energy
transferred to the pile, the average maximum energy transferred per blow for each pile depth increment
shows the same trend as that shown for hammer stroke in Figure 3.3 above. The range in average
maximum transferred energy over the period required to drive pile 7 was 34 to 56 kips-ft. Figure 3.4 also
provides some insight into how the apparent pile driving strategy by the contractor to keep the time to
drive the pile a foot as constant as possible results in considerable variation in the amount of energy
transferred to the pile and, most likely, in the amount of energy transferred from the pile into the water in
the form of sound.
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Figure 3.4. The Average Maximum Energy Transferred to Pile 7 per Hammer Blow by Pile Depth

The cumulative energy transferred to the pile during driving for pile 7 is estimated as the product of
the number of blows and average maximum transferred energy per blow for each depth increment
summed over the drive depth for the pile. This energy is shown in Figure 3.5 below. With the exception
of the last half foot (when the pile was nearing its set depth and probably encountered very hard substrate)
the rate of accumulation of energy for each successive foot is quite uniform. This is again the result of
the contractor’s pile driving strategy where changes in substrate are accommodated by changes in
hammer stroke and, to a limited extent, by the number of blows to keep the time required to achieve each
foot of pile depth fairly constant.
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Figure 3.5. Cumulative Energy Transferred to Pile 7 over the Course of Driving the Pile to its Set Depth

3.2 Pile 8

Pile 8 was the same as pile 7, a 24-in. outer-diameter open-end, vertical steel pipe pile with a wall
thickness of 1.00 in. Pile 8 was also approximately 105 ft long. As was the case for pile 7, pile 8 was set
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and driven to a depth of approximately 20 ft in approximately 30 ft of water using a vibratory hammer
before impact pile driving began.

As was pile 7, pile 8 was driven using an ICE 120S open end diesel impact hammer. The data
presented in Table 3.3 below were abstracted from Miner 2005a. Pile 8 was driven on 2/23/05 at Friday
Harbor.

The drive depth of pile 8 was 17.8 ft, over twice the drive depth of pile 7, which was driven 6.5 ft.

Table 3.3. Dynamic Pile Driving and Related Data for Pile 8

Friday Harbor Bridge Seat Pile # 8, 24" OD Open End, Vertical Steel Pipe Pile, Wall Thickness 1", Driven 2/23/05

Average |SD Average .
P Drwe | M@ | Max | Average |SD Average| g SO | G0 TS

End Blow #| Blows/ft ) Transferred | Transferred| Hammer Hammer . . .

Depth in ft . . of Pile Depth| Drive Pile
Energy per | Energy per | Stroke in ft | Stroke in ft Kips-ft Kips-ft
Blow Kips-ft | Blow Kips-ft
1 0 50.0 0 0 0.00 0.00 0 0
10 10 51.0 38 6 6.93 0.47 380 380
21 10 52.0 38 6 6.93 0.47 380 760
32 10 53.0 38 6 6.93 0.47 380 1140
43 10 54.0 38 6 6.93 0.47 380 1520
56 13 55.0 42 2 7.48 0.06 546 2066
72 16 56.0 46 2 7.48 0.07 736 2802
88 16 57.0 47 1 7.51 0.06 752 3554
120 32 58.0 54 6 8.04 0.39 1728 5282
136 16 59.0 63 1 8.69 0.05 1008 6290
151 15 60.0 64 2 8.81 0.12 960 7250
166 15 61.0 64 1 8.88 0.07 960 8210
180 14 62.0 64 1 8.79 0.09 896 9106
196 16 63.0 64 1 8.77 0.06 1024 10130
210 14 64.0 64 1 8.72 0.07 896 11026
222 12 65.0 62 1 8.61 0.10 744 11770
237 15 66.0 62 2 8.63 0.10 930 12700
253 16 67.0 63 1 8.70 0.09 1008 13708
308 68 67.8 60 2 9.22 0.17 4080 17788
Data from letter report for Dynamic Pile Measurements and CAPWAP Analyses from Robert Miner Dynamic Testing, Inc.
to ACC West Coast (Hurlen) dated March 6, 2005

Figure 3.6 below shows the number of hammer blows per foot of drive depth for pile 8. The number
of blows per foot was less than that used to drive pile 7 for most of the driven depth. As was the case for
pile 8, the number of blows per foot increased very significantly at the end of the drive when the pile
achieved its set depth and encountered hard substrate.

3.6



Pile 8 Blows/ft

80
60
40
u
20
... ....I....
EEER

o% T T T
50 55 60 65

Pile 8 Pile Depth (ft)

70

Figure 3.6. The Number of Hammer Blows per foot of Pile Depth for Pile 8

The length of the average hammer stroke per blow over the drive depth for pile 8 is shown in
Figure 3.7 below. The hammer used to drive pile 8 was the same as that used for pile 7. Compared to the
data for pile 7, the average hammer stroke used to drive pile 8 was initially lower but then increased and
remained higher than that used for pile 7 for the last 10 feet of drive depth.
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Figure 3.7. The Average Hammer Stroke per Foot of Drive Depth for Pile 8

As was the case for pile 7 data, a line was fit to the average transferred energy and stroke length data
for pile 8. The resulting fit is shown in Figure 3.8 and the statistics for the fit are in Table 3.4. The
regression accounted for more of the variability (95% compared to 88.6%) in the data for pile 8 than was
the case for pile 7. In addition the intercept was lower and the slope higher for pile 8 than pile 7
indicating that the average amount of energy transferred to the pile for each blow was initially lower then

moved higher for pile 8 than for pile 7.
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Figure 3.8. Linear Regression of Energy Transfer and Impact Hammer Stroke for Pile 8

Table 3.4. Statistics and Analysis for Regression of Energy Transfer and Impact Hammer Stroke for

Pile 8

Linear Fit
Pile 8 Average Max Transferred Energy per Blow (kips-ft) = -53.0433 + 13.185755 Pile 8 Average Hammer Stroke (ft)
Summary of Fit
RSquare 0.950463
RSquare Adj 0.947366
Root Mean Square Error 2.554073
Mean of Response 53.94444
Observations (or Sum Wgts) 18
Lack Of Fit
Source DF Sum of Squares Mean Square F Ratio
Lack Of Fit 12 96.37260 8.03105 4.0155
Pure Error 4 8.00000 2.00000 Prob > F
Total Error 16 104.37260 0.0953

Max RSq

0.9962

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 1 2002.5718 2002.57 306.9881
Error 16 104.3726 6.52 Prob > F
C. Total 17 2106.9444 <.0001
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept -53.0433 6.135835 -8.64 <.0001
Pile 8 Average Hammer Stroke (ft) 13.185755 0.752565 17.52 <.0001

The average maximum transferred energy per blow over the impact hammer drive depth for pile 8 is
shown in Figure 3.9. Compared to pile 7, the amount of energy per blow was initially lower but then
increased to a level above that measured for pile 7 and remained high through the end of the drive.
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Figure 3.9. The Average Maximum Energy Transferred to the Pile for each Hammer Blow by Pile Depth

The cumulative energy transferred to pile 8 during its drive is shown in Figure 3.10. The cumulative
energy transferred to pile 8 was not quite twice that observed for pile 7 even though the drive depth for
this pile was 17.8 ft compared to the 6.5 feet for pile 7.
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Figure 3.10. Cumulative Energy Transferred to the Pile over the Course of Driving the Pile to its Set
Depth

Piles 7 and 8 were identical in construction and were located in close proximity in the bridge seat of
the Friday Harbor Ferry Terminal. Both piles were also driven with the same impact hammer. However,
the mechanics of driving these two piles was very different. This difference is shown in Figure 3.11. Itis
clear that the energy per blow was much less for pile 8 initially but increased to a much higher level over
the last half of its drive depth. If the wetted length of the two piles was similar and sound production is a
function of the energy transferred into a pile, during the driving period it would be reasonable to assume
that initially the sound generated would have been higher for pile 7. However, at about half of its drive
depth, pile 8 would have produced higher sound levels than those produced by pile 7 at its peak when
hammer stroke increased to overcome increased pile drive resistance.
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Figure 3.11. The Average Maximum Transferred Energy per Blow for Piles 7 and 8 over their Drive
Depths

3.3 Pile 21

Pile 21 was a 30-in. outer-diameter open-end, vertical steel pipe pile with a wall thickness of 1.00 in.
Pile 21 is approximately 105 ft long. As with piles 7 and 8, this pile was installed in three phases. In the
first phase the pile was placed and driven to a depth of approximately 20 to 30 ft with a vibratory
hammer. In the second phase it was driven to its set depth using an impact hammer. After a resting
period of a couple of days it was “proofed” to confirm its bearing capacity.

Impact pile driving of pile 21 was conducted using the same model of impact hammer, an ICE 120S
open end diesel impact hammer, used to drive piles 7 and 8. The data presented in Table 3.5 below as
well as that for pile 16 to be discussed in the next section was abstracted from Miner 2005b. Pile 21 was
driven on 3/04/05 at Friday Harbor.

The number of hammer blows per foot of drive depth for pile 21 is shown in Figure 3.12. The
number of blows per foot for this pile is similar to that for pile 8 and about half that required for pile 7.
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Table 3.5. Dynamic Pile Driving and Related Data for Pile 21

Friday Harbor Tower Base Pile # 21, 30" OD Open End, Vertical Steel Pipe Pile, Wall Thickness 1", Driven 3/04/05
Average |SD Average .
End Blow #| Blowsl/ft . Transferred | Transferred| Hammer Hammer . . .
Depth in ft . . of Pile Depth| Drive Pile
Energy per | Energy per | Stroke in ft | Stroke in ft Kips-ft Kips-ft
Blow Kips-ft| Blow Kips-ft
1 0 83.0 0 0 0.00 0.00 0 0
18 17 84.0 38 6 7.41 0.71 646 646
28 10 85.0 39 1 7.33 0.10 390 1036
39 11 86.0 39 1 7.28 0.08 429 1465
59 20 87.0 32 14 6.21 2.30 640 2105
68 9 88.0 45 3 7.54 0.19 405 2510
77 9 89.0 42 6 7.42 0.50 378 2888
87 10 90.0 49 9 7.77 0.73 490 3378
102 7 92.0 43 14 7.30 1.14 301 3679
108 6 93.0 48 7 6.55 3.21 288 3967
115 7 94.0 39 9 7.02 0.59 273 4240
125 10 95.0 43 4 6.60 2.33 430 4670
132 7 96.0 51 1 7.88 0.07 357 5027
Data from letter report for Dynamic Pile Measurements and CAPWAP Analyses from Robert Miner Dynamic Testing, Inc.
to ACC West Coast (Hurlen) dated March 7, 2005
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Figure 3.12. The Number of Hammer Blows per Foot of Pile Depth for Pile 21

The average hammer stroke per blow for each foot of drive depth is shown in Figure 3.13 for pile 21.
The average hammer stroke length used to drive pile 21 is, in general, slightly less than that used to drive
piles 7 and 8 even though 7 and 8 were smaller diameter piles.
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Figure 3.13. The Average Hammer Stroke per Blow for each Foot of Drive Depth for Pile 21

A line was fit to the average maximum transferred energy and average hammer stroke data for
pile 21. This line is shown in Figure 3.14 and the statistics describing the fit are shown in Table 3.6. The
linear fit only explained about 27% of the variability in the energy and stroke data for this pile. This is in
contrast to piles 7 and § where a linear fit explained about 88% and 95% respectively of the variability in
energy and stroke data. In addition, the intercept and slope for the fit is quite different from that for piles
7 and 8. It is likely the underwater sound that would be produced by this pile would be more variable
than that produced by piles 7 and 8. It is also likely that the increased surface area of the 30 in. diameter
pile would have increased the energy transferred from the pile into the water. Given the change in
diameter alone, not considering wetted length and other variables, an increase in energy of about 25% for
30-in. diameter steel shell piles compared to 24-in. diameter steel shell piles of the same wall thickness

would be expected.
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Figure 3.14. Linear Regression of Energy Transfer and Hammer Stroke for Pile 21
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Table 3.6. Statistics and Analysis for Regression of Energy Transfer and Impact Hammer Stroke for

Pile 21
Linear Fit
Pile 21 Average Max Transferred Energy per Blow (kips-ft) = 2.2564566 + 5.5720371 Pile 21 Average Hammer Stroke (ft)
Summary of Fit
RSquare 0.275046
Rsquare Adj 0.202551
Root Mean Square Error 4.806439
Mean of Response 42.33333
Observations (or Sum Wgts) 12
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 1 87.64814 87.6481 3.7940
Error 10 231.01852 23.1019 Prob > F
C. Total 11 318.66667 0.0800
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 2.2564566 20.62202 0.11 0.9150
Pile 21 Average Hammer Stroke (ft) 5.5720371 2.860659 1.95 0.0800

The average maximum energy transferred to pile 21 per blow by pile depth is shown in Figure 3.15.
The variability in energy transfer for this pile from one depth increment to another is higher than either
pile 7 or 8. The level of energy transfer is roughly equal to that observed for pile 7 and the first 8 feet of
depth for pile 8. It is significantly less than that observed for the last 10 feet of depth for pile 8. It is clear
that considerable attention to hammer operation was required by the operator to keep the drive time per
foot relatively consistent for this pile.
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Figure 3.15. The Average Maximum Energy Transferred to the Pile for each Hammer Blow by Pile
Depth for Pile 21

Apparently the substrate pile 21 was driven into, plus other factors that contribute to increased drive
resistance, varied considerably with depth. The pile driving records indicate the hammer operator had to
make frequent changes to hammer operation to achieve a more consistent time to drive the pile a foot over
the total distance the pile was driven. The result of this attention to operation is shown in the cumulative
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energy Figure 3.16. The slope of the cumulative energy line is quite consistent from one depth increment
to another, similar to that for piles 7 and 8. The total cumulative energy for pile 21 is considerably less
than that for either of the two smaller piles 7 and 8.
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Figure 3.16. Cumulative Energy Transferred to Pile 21over the Course of Driving the Pile to its Set
Depth

3.4 Pile 16

Pile 16 was identical to pile 21. Pile 16 was a 30-in. outer-diameter open end, approximately 105 foot
long vertical steel pipe pile with a wall thickness of 1.00 in. This pile, as were all other piles discussed in
this report, was installed in three phases. In the first phase, the pile was placed and driven to a depth of
approximately 20 to 30 ft with a vibratory hammer. In the second phase, it was driven to its set depth
using an impact hammer. After a resting period of a couple of days it was “proofed,” to ensure its bearing
capacity. The data of importance for our analysis is from the second phase.

Impact pile driving of pile 16 was conducted using the same model of impact hammer, an ICE 120S
open-end diesel impact hammer, used to drive piles 7, 8, and 21. The data presented in Table 3.7 below

as well as that for pile 16 to be discussed in the next section was abstracted from Miner 2005b. Pile 16
was driven on 3/05/05 at Friday Harbor.

The average hammer stroke over the depth of the pile is shown in Figure 3.17. The hammer stroke
for pile 16 was consistently high over the total pile driving period. The only other pile where similar
stroke length was used was the last 10 feet of depth for pile 8, a smaller diameter pile.
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Table 3.7. Dynamic Pile Driving and Related Data for Pile 16

Friday Harbor Tower Base Pile # 16, 30" OD Open End, Vertical Steel Pipe Pile, Wall Thickness 1", Driven 3/05/05
Average |SD Average .
End Blow #| Blows/ft ) Transferred | Transferred| Hammer Hammer . . .
Depth in ft . . of Pile Depth| Drive Pile
Energy per | Energy per | Stroke in ft | Stroke in ft Kips-ft Kips-ft
Blow Kips-ft| Blow Kips-ft
1 0 75.0 0 0 0.00 0.00 0 0
15 14 76.0 38 23 6.95 3.63 532 532
33 18 77.0 55 1 8.98 0.08 990 1522
49 16 78.0 54 1 8.85 0.10 864 2386
64 15 79.0 55 2 8.88 0.12 825 3211
78 14 80.0 54 2 8.86 0.12 756 3967
92 14 81.0 54 1 8.84 0.15 756 4723
107 15 82.0 54 1 8.77 0.10 810 5533
120 13 83.0 52 4 8.57 0.40 676 6209
136 16 84.0 54 1 8.70 0.07 864 7073
148 12 85.0 54 1 8.73 0.06 648 7721
160 12 86.0 64 1 8.72 0.10 768 8489
172 12 87.0 55 1 8.78 0.09 660 9149
184 12 88.0 54 1 8.75 0.09 648 9797
196 12 89.0 54 1 8.74 0.04 648 10445
208 12 90.0 55 1 8.83 0.11 660 11105
219 11 91.0 55 1 8.88 0.07 605 11710
233 14 92.0 54 1 8.84 0.08 756 12466
245 12 93.0 53 3 8.83 0.13 636 13102
Data from letter report for Dynamic Pile Measurements and CAPWAP Analyses from Robert Miner Dynamic Testing, Inc.
to ACC West Coast (Hurlen) dated March 7, 2005
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Figure 3.17. The Average Hammer Stroke per Blow for each Foot of Drive Depth for Pile 16

The number of hammer blows per foot of pile depth for pile 16 is shown in Figure 3.18. The number
of blows per foot of drive depth for pile 16 was similar to that for the other piles. The only significant
departure from blows per foot values in the range of 10 to approximately 20 blows per foot were the final
increments in depth for piles 7 and 8.
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Figure 3.18. The Number of Hammer Blows per Foot of Pile Depth for Pile 16

The average maximum transferred energy per hammer blow for pile 16 is shown in Figure 3.19. As
was the case for hammer stroke, the average maximum transferred energy per blow was quite consistent
over the total drive. This pattern was different from that observed for the other piles where considerable
variation in transferred energy per blow was observed from the beginning to the end of the pile.

(2]
(@]
1

Pile16 Average Max Transferred
Energy per Blow (kips-ft)
?

35

V——T——T—T T T T T T T 1
76 78 80 82 84 86 88 90 92 94
Pile 16 Pile Depth (ft)

Figure 3.19. The Average Maximum Energy Transferred per Blow for Pile 16

As was done for the other piles, a line was fit to the transferred energy and hammer stroke data. The
results of this fit are shown graphically in Figure 3.20 and the statistics describing the fit are given in
Table 3.8. The fit explains about 69% of the variation in the energy transfer and stroke data. This is more
than was explained by a linear fit to the pile 21 data and less than that explained by linear fits to the data
for piles 7 and 8. It is clear that the fit was driven by a single point at a hammer stroke near 7 ft and a
cluster near 9 ft.
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Figure 3.20. Linear Regression of Energy Transfer and Hammer Stroke for Pile 16

Table 3.8. Statistics and Analysis for Regression of Energy Transfer and Impact Hammer Stroke for

Pile 16
Linear Fit
Pile16 Average Max Transferred Energy per Blow (kips-ft) = -21.67532 + 8.6783118 Pile 16 Average Hammer Stroke (ft)
Summary of Fit
RSquare 0.69305
RSquare Adj 0.673866
Root Mean Square Error 2.646588
Mean of Response 53.77778
Observations (or Sum Wgts) 18
Lack Of Fit
Source DF Sum of Squares Mean Square F Ratio
Lack Of Fit 13 110.07082 8.46699 12.7005
Pure Error 3 2.00000 0.66667 Prob > F
Total Error 16 112.07082 0.0296
Max RSq
0.9945
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 1 253.04029 253.040 36.1258
Error 16 112.07082 7.004 Prob > F
C. Total 17 365.11111 <.0001
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept -21.67532 12.5691 -1.72 0.1039
Pile 16 Average Hammer Stroke (ft) 8.6783118 1.443865 6.01 <.0001

The cumulative energy over the depth of drive of pile 16 is shown in Figure 3.21. The increment in
transferred energy per foot of depth is quite uniform over the drive, which is similar to that observed for
piles 7, 8, and 21. It appears that for this pile a different drive strategy was implemented by the hammer
operator. For the previous piles, the number of blows per foot was held relatively constant and the

3.17



hammer stroke was modified as necessary to keep drive times per foot of depth more or less uniform. In
the case of this pile it appears that the hammer was operated near its stoke maximum and the number of

blows was left to vary. Given that the duty cycle of the hammer is probably set for a particular stroke, it
is likely that for this pile the time to drive the pile a foot varied more than for previous piles. Regardless
the incremental energy per foot of drive depth was consistent over the drive.
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Figure 3.21. Cumulative Energy Transferred to the Pile over the Course of Driving the Pile to its Set
Depth

3.5 All Piles Combined

Driving piles economically while protecting the integrity of the pile and obtaining the necessary
bearing strengths is a complicated process. Analysis of this process for piles 7, 8, 21, and 16 has shown
that, for these piles at least, with limited exception, the blows required per foot of drive depth is quite
consistent for all piles regardless of their size and drive location and remained within a relatively narrow
band between 10 and 25 blows per foot (Figure 3.22). Also very consistent for all piles examined was the
transferred energy per foot of drive depth (Figure 3.23)
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The variability between piles in the strategies required to overcome differences in substrate and other
conditions affecting driving conditions become apparent when the related measures of average maximum
transferred energy per blow and hammer stroke are considered (Figures 3.24 and 3.25). These data show
that it is not uncommon for the energy transferred to the pile to double over the driving period as hammer
stroke is changed to overcome conditions that are reducing the incremental gain in pile depth with each

blow.
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Figure 3.24. The Average Maximum Energy Transferred to Piles 7, 8, 21, and 16 per each Hammer
Blow by Pile Depth
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Figure 3.25. The Average Hammer Stroke Length for each Foot of Pile Drive Depth for all Four Piles
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The cumulative energy transferred to the pile over the drive period is quite regular for an individual
pile. Differences between piles are shown in the slope of the cumulative line which is a measure of the
amount of energy required per foot of drive depth (Figure 3.26). The steeper the cumulative energy line
the greater the amount of energy required per foot of drive depth. Of the piles considered here, pile 7
required the most energy per foot of pile depth showing a transition to very hard substrate at the end of it
drive. Pile 21 required the least energy to drive even though it was a larger pile and was driven to a depth
approximately twice that of pile 6 (Table 3.9).
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Figure 3.26. Cumulative Energy Transferred to each Pile over the Course of Driving the Pile to its Set
Depth

Table 3.9. Depth Driven, Numbers of Blows, and Cumulative Energy Needed to Drive each Pile

Impact Drive Number of Cumulative Energy
Pile Number Depth (ft) Blows to to Drive Pile
Drive Pile (Kips-ft)
7 6.5 170 10,017
8 17.8 308 17,788
21 13.0 132 5,027
16 18.0 245 13,102

It is clear that conditions, i.e., transferred energy per blow, exist during pile driving to account for the
large differences in sound production observed over the course of driving a single pile. In Figure 3.27 the
lines fit to the data for average maximum energy transferred to the piles and a line fit to manufacturers’
hammer energy data for the Model 120S ICE impact hammer are shown (ICE 2007). The hammer energy
in kips-ft is shown as a function of hammer stroke by the red line above the cluster of other lines. The
cluster of lines below the hammer energy are the regression lines from the line fits to the transferred
energy and hammer stroke data acquired during dynamic pile monitoring. This data and the linear fits to
the data were discussed previously.
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Figure 3.27 shows that considerably more energy is in the hammer blow falling on the pile than is
transferred to the pile to increase drive depth. All other factors held constant, it is reasonable to assume
that if the drive depth of the pile was static and it was repeatedly struck by the drive hammer using the
same stroke every time, the amount of energy radiated into the water as sound would also be relatively
constant. Following this logic, it is most likely not so much the characteristics of the substrate the pile is
driven through that result in changes in the amount of sound produced. Rather it is the way the driving
hammer is operated to overcome the increased (or decreased) resistance to being driven that result in the
production of more or less sound.
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Figure 3.27. Linear Regression of Energy Transfer and Hammer Stroke Length for the Four Pile Drives,
Compared to the Manufacturer’s Energy Data for the Model 120S ICE Impact Hammer
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It is likely that the amount of sound produced per blow is a function of several variables. However it

seems likely that a primary determinant will be the amount of energy delivered by the hammer to the pile,
which is a linear function of the hammer stroke. The result being that, in general, a longer hammer stroke

will result in a higher sound level, all other factors remaining reasonably similar from blow to blow. This

in turn suggests that monitoring of hammer stroke (for a particular hammer and type of pile) may be a

satisfactory metric for any further study of relationships between sound production and pile driving
activity, thereby avoiding the cost and time required for detailed dynamic pile driving data.

3.6 Findings from Friday Harbor Dynamic Pile Driving Data Review

With the exception of pile 21, the hammer blows per foot of drive depth was relatively constant
through a pile drive while hammer stroke was changed in response to changes in pile drive
resistance.

Hammer stroke and the amount of energy transferred to a pile per blow were linearly related.

The product of the number of hammer blows and transferred energy per blow (hammer stroke)
resulted in uniformity for each pile, in the amount of energy required per foot of drive.

Variability in the characteristics of impulse sound produced by each blow during pile driving is
most likely directly related to changes in hammer operation (primarily stroke) in response to
changes in pile drive resistance.

Differences in the total amount of energy required to drive a pile and the total amount of sound
energy produced are most likely directly related to the hammer energy (hammer stroke) required
to overcome drive resistance and to maintain a drive schedule measured by the number of blows
required to achieve a foot of drive depth.
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4.0 Pile Driving Impulsive Sound

Observations of impulsive sound generated by pile driving have shown that the level and other
characteristics of sound produced can be quite variable during driving of a pile. While there are
numerous factors that could contribute to this variability, there is consensus that the characteristics of the
pile and the substrate it is driven into are major factors. Based on our analysis in Section 3, we
hypothesize that it is hammer operation in response to drive resistance and the mandate to maintain drive
schedules that is a primary determinant in impulsive sound variability during a pile drive. We propose
that, for a class of pile and potentially hammer type, it may be the operation of the hammer in response to
changes in substrate rather than the substrate itself that accounts for changes in the amount and
characteristics of sound produced.

In this section we will examine in detail the variability in the amount and characteristics of sound
produced by impact pile driving. In Section 5 we will compare the observed variability in sound
production with the variability observed in the mechanics of pile driving, particularly the variability in
hammer stroke. To perform this comparison, we assume that the pile driving mechanics and implications
for sound production identified during analysis of dynamic pile driving information for four piles at
Friday Harbor have features that can be extended to the pile driving of any steel shell pile by a diesel
hammer. We also assume that the observations of impulsive sound to be examined in this section have
features that can be generalized to the production of sound during impact hammer driving of the broader
population of intermediate-diameter steel-shell piles.

The impulsive sound signals selected for analysis were acquired during construction work at the
Hood Canal Bridge in 2004. This project, the methods for sound signal acquisition, and the initial
analysis of these data are reported in Carlson et al. 2005. Table 4.1 provides a summary of the date the
piles were driven and other information.

4.1 Results
4.1.1 Wetted Pile Length

Wetted pile length has been suggested as a factor in the characteristics and amount of sound produced
by pile driving.

Figure 4.1 shows the distribution of wetted length of piles by pile drive method and bubble curtain
factors. There are no strong trends in wetted pile length with drive method and other factors for the Hood
Canal data set.

Figures 4.2 and 4.3 and Tables 4.2 and 4.3 show the results of the fit of a line to the mean maximum
absolute pressures, mean energy index, and wetted pile lengths for the piles in the Hood Canal data set.
The results are clear. There is no relationship between the peak pressures or mean energies observed in
the impulsive sound observed for these piles and the wetted length of the piles, whether driven as batter or
plumb piles.

The reason for the lack of relationship between wetted depth and impulsive sound metrics is probably
the result of how sound is generated by the pile. When the pile is struck, a small segment of the pile is
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deformed and presses on the surrounding water generating a sound pulse. This deformation propagates
up and down the pile until its energy is dissipated. Therefore, only a small circumferential element of the
pile generates sound at an instant — not the whole pile (in general — there is most likely some exception to
this generality). The result is that, given similar piles and similar impact force, the sound generated at any
instant is largely independent of the wetted length of the pile. However, following this argument, the
amount of sound and impulsive sound characteristics would be a function of the circumference of a pile
and characteristics of its construction that would affect how much it deformed when struck. Larger
diameter steel shell piles, given the same impact energy, would generate impulsive sound with higher
peak pressures and would contain more energy.

Table 4.1. List of Piles Driven during Construction at the Hood Canal Bridge in 2004 for which
Impulsive Sound Monitoring Data Were Available for Re-Analysis

Date Pile Number Pile Type Water Bubble
Depth (ft) Curtain
Sept. 2, 2004 52N Plumb 40 Type II Conf.
Sept. 2, 2004 50N Plumb 40 None
Sept. 3, 2004 121N Plumb 42 Type II Conf.
Sept. 3, 2004 118N Plumb 39 Type II Conf.
Sept. 3, 2004 120N Plumb 39 None
Oct. 27, 2004 235 Plumb 4.5 Type II Conf.
Oct. 27, 2004 237 Plumb 4 Type II Conf.
Oct. 27, 2004 238 Plumb 7 Type II Conf.
Oct. 27, 2004 240 Plumb 9 None
Oct. 27, 2004 172 Plumb 20 Type II Conf.
Oct. 28, 2004 171 Plumb 18 Type II Conf.
Oct. 28, 2004 167 Batter 7 Type I Unconf.
Nov. 10, 2004 255 Plumb 33 Type II Conf.
Nov. 10, 2004 252 Plumb 31 Type II Conf.
Nov. 10, 2004 249 Plumb 32 Type II Conf.
Nov. 10, 2004 177 Batter 37 Type I Unconf.
Nov. 10, 2004 174 Batter 29 Type I Unconf.
Nov. 10, 2004 178 Batter 37 None
Nov. 12, 2004 182 Batter 41 Type I Unconf.
Nov. 12, 2004 181 Batter 33 Type I Unconf.
Nov. 12, 2004 244 Batter 20 None
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Figure 4.2. Fit of Mean Maximum Absolute Pressure by Pile Wetted Depth. Batter pile data is shown in
blue and plumb pile data in red.
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Table 4.2. Statistical Summary for Fit of Mean Maximum Absolute Pressure by Pile Wetted Depth

Linear Fit

Mean of Maximum Absolute Pressure Pa = 8401.3522 + 4.9222865 Pile Wetted Depth (ft)
Summary of Fit

RSquare 0.00045

RSquare Adj -0.05216

Root Mean Square Error 3130.162

Mean of Response 8542.692

Observations (or Sum Wgts) 21

Analysis of Variance

Source DF Sum of Squares Mean Square F Ratio

Model 1 83790 83790 0.0086

Error 19 186160316 9797911 Prob > F

C. Total 20 186244107 0.9273
Parameter Estimates

Term Estimate Std Error t Ratio Prob>|t|
Intercept 8401.3522 1674.08 5.02 <.0001
Pile Wetted Depth (ft) 4.9222865 53.22753 0.09 0.9273
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Figure 4.3. Fit of Mean Energy Index by Pile Wetted Depth. Batter pile data is shown in blue and plumb
pile data in red.
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Table 4.3. Statistical Summary for Fit of Mean Energy Index by Pile Wetted Depth

Linear Fit

Mean Energy Index (Pa*2) = 197547.86 + 359.63478 Pile Wetted Depth (ft)
Summary of Fit

RSquare 0.000901

RSquare Adj -0.05168

Root Mean Square Error 161583.7

Mean of Response 207874.5

Observations (or Sum Wgts) 21

Analysis of Variance

Source DF Sum of Squares Mean Square F Ratio

Model 1 447284893 447284893 0.0171

Error 19 4.9608e+11 2.611e+10 Prob > F

C. Total 20 4.9652e+11 0.8972
Parameter Estimates

Term Estimate Std Error t Ratio Prob>|t|
Intercept 197547.86 86418.55 2.29 0.0339
Pile Wetted Depth (ft) 359.63478 2747.685 0.13 0.8972

4.1.2 Impulsive Sound Characteristics and Relationships between Metrics

Figure 4.4 shows the maximum positive, maximum negative, and maximum absolute pressures
observed in each impulse acquired during underwater sound monitoring for all of the piles listed in
Table 4.1. All of the observed maximum pressures are bounded at about +20,000 Pa (~206 dB//uPa). In
the majority of cases, it appears that the observed maximum negative pressure was the maximum absolute
pressure observed during the impulses. The prevalence of the maximum pressure in an impulsive sound
being a negative-going overpressure is the first of a series of differences that will be noted for the Hood
Canal data set between sound generated by pile driving and that generated by explosives.

Two related sound impulse metrics are commonly used to describe features of impulse sound
believed to present risk of injury to fish. These are sound exposure level, SEL, and sound pressure level,
SPL. Both of these metrics are dimensionless units expressed in decibels. They are defined in Carlson et
al. 2005 and elsewhere. SPL is the log transformed ratio of the absolute peak pressure of an impulse in Pa
relative to a pPa. SEL is an index of the energy in an impulse calculated as the log transformed ratio of
the sum of the pressure squared within 90% of the impulse and a pPa?. The absolute peak pressure in a
sound impulse is thought to present a risk of barotrauma to fish with the risk increasing in an unknown
way with increasing absolute maximum over-pressure. The energy in an impulsive sound, which is
proportional to the sum of the squared pressure in the impulse, is considered a risk to the hearing organs
of fish.

Figure 4.5 below shows the results of a linear fit of SPL to SEL for all of the impulsive sound
measurements with impulse duration < 0.1 sec made during the Hood Canal construction in 2004. The
statistics for the fit are given in Table 4.4. The fit explains about 85% of the variability in the SEL and
SPL data. The fit shows that the 95% confidence limits for a predicted value of SPL given SEL would be
about 6 dB. A range of 6 dB in SPL is equivalent to a doubling in pressure.
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Table 4.4. Statistical Summary for the Linear Fit of SPL to SEL

Linear Fit

SPL (dB//microPa) = 18.020879 + 1.0477982 SEL (dB//microPa’2 s)

Summary of Fit

RSquare 0.849472

RSquare Adj 0.849425

Root Mean Square Error 1.344508

Mean of Response 199.0553

Observations (or Sum Wgts) 3218

Analysis of Variance

Source DF Sum of Squares Mean Square F Ratio

Model 1 32807.679 32807.7 18148.84

Error 3216 5813.568 1.8 Prob > F

C. Total 3217 38621.247 0.0000
Parameter Estimates

Term Estimate Std Error t Ratio Prob>|t|
Intercept 18.020879 1.344015 13.41 <.0001
SEL (dB//microPa”2 s) 1.0477982 0.007778 134.72 0.0000
Correlation

Variable Mean Std Dev Correlation Signif. Prob Number
SEL (dB//microPa*2 s) 172.776 3.047787 0.921668 0.0000 3218
SPL (dB//microPa) 199.0553 3.464875

While SEL and SPL are 1 to 1 transformations of primary pressure data, their use can result in
misunderstanding and misinterpretation of primary pressure data. The confidence limits on the regression
in Figure 4.5 are a good example. Here the confidence limits are presented as a relatively narrow band
around a highly significant fit to data. However, these limits, which extend over a doubling of peak
pressure, are quite wide in terms of potential biological significance. For example, a doubling (or
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halving) in pressure would correspond to the volume of a fish’s swim bladder being reduced by half or
doubling in size, depending upon other details of the exposure situation. Such changes are potentially

damaging to fish health, depending upon their absolute magnitudes relative to the static pressure at the
location of the exposed fish.

Figure 4.6, a scatter plot of impulse maximum absolute pressure and the sum of the impulse squared
pressure, is the same data as Figure 4.5 except it is not transformed. As you can see, while the data is still
highly correlated, the relationship between the variables is no longer linear and the variability in the basic
pressure data is clear.

The high correlation (Table 4.5) between peak pressure and energy in impulsive sounds is
understandable because the peak pressure and portions of the sound signal immediately preceding and
following the peak have pressure in proportion to the peak pressure.

Maximum Absolute

let3+r—1T—71 17T T T T T T T
Oe+0 2e+5 4e+5 6Get5 B8et+b 1e+6 1.2e+6

Impulse Energy Index (Pa*2)

- Bivariate Normal Ellipse P=0.954)

Figure 4.6. Bivariate Plot of Hood Canal Bridge Construction Absolute Maximum Pressure and Sum of
Pressure Squared for all Sound Impulses with Duration < 0.1 sec

Table 4.5. Correlation Statistics for Hood Canal Bridge Construction Absolute Maximum Pressure and
Sum of Pressure Squared for all Sound Impulses with Duration < 0.1 sec

Correlation
Variable Mean Std Dev Correlation Signif. Prob Number
Impulse Energy Index (Pa’2) 238547 182587.3 0.837982 0.0000 3218
Maximum Absolute Pressure (Pa) 9646.118 3536.008

Figures 4.7 and 4.8 show the probability distribution for SEL and the untransformed primary sum of
squared pressure data for the Hood Canal Bridge construction sound impulse data for all monitored piles.
While the untransformed data is skewed toward lower values, the transformed data is more normally
distributed. This effect is also apparent in Figures 4.9 and 4.10, which show the cumulative frequency
distributions for the two data sets.
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Figure 4.7. Distribution of SEL in dB//microPa?-s for all Hood Canal Bridge Construction Sound
Impulse Observations with Duration less than 0.1 sec
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Figure 4.8. Distribution of the Sum of Pressure Squared in Pa? for all Hood Canal Bridge Construction
Sound Impulse Observations with Duration less than 0.1 sec
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Figure 4.9. Cumulative Distribution of SEL for all Hood Canal Bridge Construction Sound Impulse
Observations with Duration less than 0.1 sec
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Figure 4.10. Cumulative Frequency Distribution of the Sum of Pressure Squared in Pa? for all Hood
Canal Bridge Construction Sound Impulse Observations with Duration less than 0.1 sec

Tables 4.6 and 4.7 give the statistical moments for the two pressure data sets. The coefficients of
variation for the transformed and untransformed data are 1.76% and 76.54% respectively.

The peak overpressure is one of the most important metrics for characterization of impulsive sound
and has direct implications for the potential of the sound to injure fish. Descriptive information about
log-transformed absolute peak pressure for each impulse observed during the Hood Canal Bridge
construction is shown in the probability distribution of Figure 4.11, the statistical moments in Table 4.8,
and the cumulative frequency distribution in Figure 4.12. The absolute peak data corresponding to the
transformed data is shown in Figure 4.13, Table 4.9, and Figure 4.14 respectively. The coefficients of
variation for the transformed and original data sets are 1.74% and 36.65% respectively.
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Table 4.6. Statistical Moments for SEL in dB//microPa?-s for all Hood Canal Bridge Construction Sound
Impulse Observations with Duration less than 0.1 sec

Moments
Mean 172.77602
Std Dev 3.0477867
Std Err Mean 0.0537269
upper 95% Mean 172.88137
lower 95% Mean 172.67068
N 3218

Table 4.7. Statistical Moments for the Sum of Pressure Squared in Pa? for all Hood Canal Bridge
Construction Sound Impulse Observations with Duration less than 0.1 sec

Moments
Mean 238546.99
Std Dev 182587.26
Std Err Mean 3218.6774
upper 95% Mean 244857.85
lower 95% Mean 232236.12
N 3218
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Figure 4.11. Distribution of SPL, the Log Transformed Absolute Peak Pressures, for all Hood Canal
Bridge Construction Sound Impulse Observations with Duration less than 0.1 sec
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Table 4.8. Statistical Moments for the SPL for all Hood Canal Bridge Construction Sound Impulse
Observations with Duration less than 0.1 sec

Moments
Mean 199.05529
Std Dev 3.4648754
Std Err Mean 0.0610794
upper 95% Mean 199.17505
lower 95% Mean 198.93553
N 3218
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Figure 4.12. Cumulative Frequency Distribution of SPL for all Hood Canal Bridge Construction Sound
Impulse Observations with Duration less than 0.1 sec
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Figure 4.13. Distribution of Absolute Peak Pressure in Pa for all Hood Canal Bridge Construction Sound
Impulse Observations with Duration less than 0.1 sec
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Table 4.9. Statistical Moments for Absolute Peak Pressure in Pa for all Hood Canal Bridge Construction
Sound Impulse Observations with Duration Less than 0.1 sec

Moments
Mean 9646.1185
Std Dev 3536.0079
Std Err Mean 62.333312
upper 95% Mean 9768.3355
lower 95% Mean 9523.9015
N 3218
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Figure 4.14. Cumulative Frequency Distribution of Absolute Peak Pressure in Pa for all Hood Canal
Bridge Construction Sound Impulse Observations with Duration less than 0.1 sec

Assessment of the risk of injury that a sound impulse poses to a fish also considers the rise time, the
time from the beginning of the impulse to the highest absolute pressure in the impulse. Unlike sound
impulses generated by underwater explosions, the overpressure with the highest amplitude for a pile
driving impact can be a negative pressure relative to the static pressure at the measurement depth. In the
case of the Hood Canal Bridge construction impulsive sound data set, it was more likely that the peak
overpressure would have been negative. In addition, again unlike sound impulses generated by
explosions, the absolute peak pressure generated by pile driving may be one or more cycles into the
impulse. This feature of pile driving impulsive sound can result in significant differences in rise times
between impulses otherwise of equal duration and with equal peak pressure magnitude. There is evidence
from experiments done with explosives that longer rise times, given equivalent peak pressures, pose less
of a risk of injury to fish.

Figure 4.15 shows the fit of a line to impulse rise and impulse duration data for the Hood Canal
Construction impulsive sound data set. It is clear from the plot in this figure as well as the statistical
summary in Table 4.10 that very little of the variability in these data are explained by this linear fit. The
data do show a tendency for the range of rise times to be fairly consistent to an impulse duration as long
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as 0.04 sec. Some significantly longer rise times are seen for impulse duration longer than 0.04 sec.
Inspection of the waveforms for this data shows that the peak pressure can occur well within the impulse
preceded by other pressure cycles with peak pressures that may only be slightly less in magnitude.
Insufficient information is available at this time to direct the use of this data to factor barotrauma risk
assessments that currently use peak pressure magnitude alone.
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Figure 4.15. Linear Regression of Impulse Rise Time in sec on Impulse Duration in sec for all Impulsive
Sounds Observed during the Hood Canal Bridge Construction

Table 4.10. Statistical Summary of Linear Regression of Impulse Rise Time in sec and Impulse Duration
in sec for all Impulsive Sounds Observed during the Hood Canal Bridge Construction

Linear Fit

Impulse Rise Time (sec) = 0.0070103 - 0.0190474 Impulse Duration (sec)

Summary of Fit

RSquare 0.00502
RSquare Adj 0.004711

Root Mean Square Error 0.004257
Mean of Response 0.006214
Observations (or Sum Wgts) 3218
Analysis of Variance

Source DF Sum of Squares Mean Square F Ratio

Model 1 0.00029404 0.000294 16.2255

Error 3216 0.05827979 0.000018 Prob > F

C. Total 3217 0.05857382 <.0001
Parameter Estimates

Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.0070103 0.000212 33.14 <.0001
Impulse Duration (sec) -0.019047 0.004729 -4.03 <.0001
Correlation

Variable Mean Std Dev Correlation Signif. Prob Number
Impulse Duration (sec) 0.041827 0.015872 -0.07085 <.0001 3218
Impulse Rise Time (sec) 0.006214 0.004267
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The probability distributions, statistical moments, and cumulative frequency distributions for the
impulse duration and rise time for the Hood Canal Bridge construction data set are shown in Figures 4.16
and 4.17, Tables 4.11 and 4.12, and Figures 4.18 and 4.19 respectively.
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Figure 4.16. Probability Distribution of Impulse Duration for all of the Sound Impulses Observed during
the Hood Canal Bridge Construction Project
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Figure 4.17. Probability Distribution of Impulse Rise Time for all of the Sound Impulses Observed
during the Hood Canal Bridge Construction Project
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Table 4.11. Statistical Moments for the Impulse Durations Observed during the Hood Canal Bridge
Construction Project

Moments
Mean 0.0418268
Std Dev 0.0158722
Std Err Mean 0.0002798
upper 95% Mean 0.0423754
lower 95% Mean 0.0412782
N 3218

Table 4.12. Statistical Moments for the Impulse Rise Times Observed during the Hood Canal Bridge
Construction Project

Moments
Mean 0.0062136
Std Dev 0.004267
Std Err Mean 7.522¢-5
upper 95% Mean 0.0063611
lower 95% Mean 0.0060661
N 3218
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Figure 4.18. Cumulative Frequency Distribution for the Impulse Durations Observed during the Hood
Canal Bridge Construction Project
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Figure 4.19. Cumulative Frequency Distribution for the Impulse Rise Times Observed during the Hood
Canal Bridge Construction Project

4.1.3 Relationships between Pile Drive Method, Bubble Curtain Treatment, and
Impulsive Sound Metrics and Variability

Both batter and plumb piles were driven at Hood Canal. In addition to the difference in drive method
between these piles, they also differed in construction. Batter piles were steel shell piles 16” in diameter
with a wall thickness of 0.5”. Plumb piles were 24” in diameter with a wall thickness of 0.5”. While not
obvious in the summary statistics shown in Section 4.1.2, batter and plumb piles differed in the
characteristics of sound they produced, although as shown in Section 4.1.1, the difference in wetted
length was not a prominent factor in these differences.

In this section we will examine observed differences in impulsive sound generated by batter and
plumb piles. We will focus on mean values of primary impulsive sound descriptive metrics and also on
the variability in the data. In Section 3 we examined dynamic pile driving metrics for steel shell piles
driven at Friday Harbor. We identified, presented, and discussed primary pile driving metrics obtained
from dynamic pile driving data, and the variability in these metrics. In this section we will do the same
for impulsive sound metrics obtained for steel shell piles at Hood Canal. In Section 5 we will compare
these measures of variability to assess the likely contribution to variability in impulse sound by variability
in the energy delivered to a pile by each impact hammer blow.

Figures 4.20 and 4.21 show the mean of maximum absolute peak pressures observed during the
driving of Hood Canal piles and their associated standard deviations. These mean and standard deviation
values are shown factored by pile drive method (batter or plumb) and bubble curtain treatment (confined,
unconfined, or absent). The means show a trend of higher magnitude for plumb versus batter piles and,
for plumb piles, higher magnitudes for piles driven without a bubble curtain. These trends, while
somewhat less evident, are also shown in the standard deviation values.

An important question to ask is whether the differences in magnitude of sound generated are because
of the pile drive method, the difference in the size of the piles, or other factors.

4.17



20000
-+
£ & 15000+
> O
ES
x
33
= £ 10000
° o
c 2
< 5000 X ﬁ
0_
el [0 el el [0 el
s 5§ £ 2 § 2
b z hS € z b
o] S o] S
O oy O oy
> >
Batter Plumb

Bubble Curtain within Pile Type

Bubble Curtain Unconfined

Figure 4.20. Mean Maximum Absolute Pressure for Monitored Piles by Drive Type and Bubble Curtain
Type and Presence or Absence
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Figure 4.21. Standard Deviation of the Maximum Absolute Pressure for Monitored Piles by Drive Type
and Bubble Curtain Type and Presence or Absence
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The relationship between the means and standard deviations for the maximum absolute pressures gen-
erated for plumb and batter piles driven at Hood Canal was further considered. Figure 4.22 shows the
results of a line fit between the means of maximum absolute pressures and associated standard deviations
for Hood Canal piles. The data for batter piles is shown in blue and that for plumb piles is in green. The
statistical summary for the fit is in Table 4.13. This analysis shows that the means and standard devia-
tions for the summary peak pressure metrics for sound generated by driving batter and plumb piles at
Hood Canal are positively correlated. This finding is very important because it means that the ratio of the
standard deviation and the mean can be used to compare the variability between data that differs by
driving method and pile diameter with that of other pile driving metrics presented in Section 3 for
dynamic pile driving data.
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Figure 4.22. Linear Fit of Standard Deviations of Maximum Absolute Pressures to the Means of the
Maximum Absolute Pressures for Impulsive Sound Observations made during Hood Canal
Bridge Construction

The means and standard deviations of sound energy index for impulsive sound generated by driving
piles at Hood Canal are shown in Figures 4.23 and 4.24 respectively. As was the case for maximum
pressure, there is a trend in these data that indicate the mean energy in sound impulses was greater for
plumb piles than for batter piles. In contrast to observations for mean maximum absolute pressure, the
mean energy index for piles driven without a bubble curtain do not show a strong trend of being greater in
magnitude than those driven with a bubble curtain. As was the case with the maximum pressure metric,
the standard deviation of absolute pressure appears to be correlated with mean absolute pressure.

It is not immediately obvious why the mean energy index of impulsive sound for piles driven without
a bubble curtain should be, in general, more or less equal in magnitude to the sound generated by piles
driven with a bubble curtain. Possibilities might include factors such as impulse duration elongation
caused by reflections between bubbles and the piles by sound before exiting the bubble curtain and
propagating away from the pile. If such phenomena were a factor then bubble curtains, while effective at
reducing the high frequency content of impulsive sound, would be much less effective at reducing
impulsive sound energy.
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Table 4.13. Statistics for the Fit of Standard Deviations of Maximum Absolute Pressures to the Means of

the Maximum Absolute Pressures for Impulsive Sound Observations made during Hood Canal
Bridge Construction

Linear Fit
SD of Maximum Absolute Pressure Pa = 250.45385 + 0.2074841 Mean of Maximum Absolute Pressure Pa
Summary of Fit
RSquare 0.374322
Rsquare Adj 0.341392
Root Mean Square Error 839.8501
Mean of Response 2022.927
Observations (or Sum Wgts) 21
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 1 8017746 8017746 11.3671
Error 19 13401617 705348 Prob > F
C. Total 20 21419363 0.0032
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 250.45385 556.75 0.45 0.6579
Mean of Maximum Absolute Pressure Pa 0.2074841 0.06154 3.37 0.0032
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Figure 4.23. Mean Energy Indices for Monitored Piles Driven at Hood Canal by Drive Type and Bubble
Curtain Type and Presence or Absence
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Figure 4.24. Energy Indices Standard Deviations for Monitored Piles Driven at Hood Canal by Drive
Type and Bubble Curtain Type and Presence or Absence

Impulse duration has not been identified as an impulsive sound characteristic related to potential
injury of fish. However, impulsive sound duration is an important metric helpful in understanding the
effects of propagation on the features of sound impulses. Depending upon a number of environmental
factors, the characteristics of a sound impulse are continuously modified as it propagates. Important are
the loss of energy with distance from the sound source as the sound wave expands and the preferential
attenuation of higher frequencies. In shallow water, it is possible for reflections from the bottom and
surface to merge with the direct path sound signal and modify its characteristics in other ways. A
common observation of modification of sound signals by multipath is elongation.

Figures 4.25 and 4.26 show the sound impulse mean duration and associated standard deviation for
Hood Canal piles factored by drive method and bubble curtain treatment. There is an apparent trend for
the duration of batter pile impulsive sound to be longer than that for plumb piles. There is no clear trend
in impulse mean duration between batter and plumb piles driven without a bubble curtain. As is the case

with other impulsive sound metrics, the sample standard deviations appear to be positively correlated with
the sample means.

It is not clear why batter-driven piles would have durations that are generally longer than those for
plumb-driven piles. It is possible that this results from the attitude of the pile relative to the surface and
bottom and resulting reflections that would accentuate multipath effects on signal duration. Less probable
are effects resulting from differences in pile diameter.

Also confusing is the trend for several plumb piles driven with a bubble curtain to have mean
durations shorter than piles driven without a bubble curtain.
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Figure 4.25. Mean Impulse Duration for Monitored Piles Driven at Hood Canal by Drive Type and
Bubble Curtain Type and Presence or Absence
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Figure 4.26. Impulse Duration Standard Deviations for Monitored Piles Driven at Hood Canal by Drive
Type and Bubble Curtain Type and Presence or Absence
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Impulse rise time is considered important for risk of injury to fish by impulsive sound. Faster rise
times are thought to present more risk than slower rise time. The means and standard deviations in rise
time for Hood Canal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>