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ABSTRACT:
Underwater noise data were collected from 84 pile drives during bridge construction at various sites in Florida.

These data were used to develop an empirically based model for underwater transmission loss associated with root

mean squared, peak, and sound exposure level values. The model was verified using readings from other datasets as

well as data from this study, and it appeared to reproduce reported transmission loss coefficient values well when

data were curated to match data used in the empirical model’s development and limited to situations where robust

data were used in model development. As such, the model described here has some limitations, but in the context of

pile driving in Florida where most piles are of similar dimensions and driven in similar water depths, especially

during impact pile driving concrete piles, it may represent a useful design tool that engineers can use to predict

underwater noise due to pile driving without the need to sample sound at multiple locations during driving.
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I. INTRODUCTION

A. Background information

In recent years, several federal agencies have expressed

concerns about the effects of underwater pile driving activi-

ties on marine organisms. In particular, there is concern that

underwater pile driving activities may exceed certain noise

thresholds that are known to cause physical injury, adverse

behavior, or death for fish and other marine taxa. These

thresholds have been investigated by several authors in the

literature (Finneran et al., 2011; Buehler et al., 2015;

Finneran, 2015; Tougaard et al., 2015; Erbe et al., 2016;

Lucke et al., 2016; Kastelein et al., 2017; Popper and

Hawkins, 2019).

While the thresholds that may cause injury to marine

wildlife are becoming better understood, the distance from a

pile where these thresholds are exceeded has, until recently,

been very poorly characterized. Over the past 15 years, sev-

eral authors have studied underwater sound propagation dur-

ing pile driving. As discussed by Martin and Barclay (2019),

often these studies occur during the installation of wind

farms (Bailey et al., 2010; Brandt et al., 2011; D€ahne et al.,
2013). More generally, several other studies have also

emerged that improve overall understanding associated with

underwater anthropogenic sound propagation (Reinhall and

Dahl, 2011a,b; Dahl and Reinhall, 2013; Ainslie et al.,
2014; Lippert and von Estorff, 2014; Dahl et al., 2015;

Lippert et al., 2015; Reinhall et al., 2015; Dahl and

Dall’Osto, 2017; Wilkes and Gavrilov, 2017; Lippert et al.,
2018; Jestel et al., 2021; von Pein et al., 2022). Common to

most of these studies is that the authors usually attempt to

quantify underwater transmission loss (TL), which is

defined as

TL ¼ Ls � Lr; (1)

where Ls is the sound pressure level (SPL) in decibels (dB)

at the source (i.e., the pile) and Lr is the SPL at some range

(i.e., distance from the pile), r. SPL is further defined as

SPL dBð Þ ¼ 10log10

p2

p2
0

; (2)

in which p is the sound pressure and p0 is the reference pres-

sure, which was taken to be 1 lPa throughout this article.
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From a design perspective, the determination of TL has

remained a challenge due to a number of factors discussed

in depth by Ainslie et al. (2014). Most TL models through

fluid media assume point or dipole sound sources. However,

a pile drive is neither because the pile spans the entire water

column. In addition, current TL models usually assume a

uniform medium, but in the case of the pile drive, this is not

true either because sound propagates through the air, water,

and soil. Some have attempted to take these variable sound

media conditions into account using more sophisticated

models for sound propagation in shallow water—examples

include Rogers (1981), and Kaczkowski (2010), although

there are many others. However, these models often require

calibration of several variables that are difficult to measure

during construction operations such as sound speed through

soil, variable soil densities, etc.

In the absence of a sophisticated, easy-to-use model

that describes underwater TL well, state and federal agen-

cies have used the Practical Spreading Loss model described

by several authors including Buehler et al. (2015) and

NOAA (2021),

TL ¼ 15log10

r

r0

� �
: (3)

This model represents the logarithmic halfway point

between cylindrical and spherical spreading that assumes

TL is mostly due to mode stripping. As pointed out by

Weston (1971), Ainslie (2010), and Ainslie et al. (2014),

Eq. (3) is derived from the exact solution for cylindrical

spreading for a point source far from a boundary at frequen-

cies above the cutoff frequency. The exact solution to this

situation is

TL ¼ 15log10

r

r0

� �
þ 5log10

gH

pr0

� �1=2

; (4)

where H is the water depth. Ainslie et al. (2014) point out

that Eq. (3) is simply a special case of Eq. (4) where A is

assumed to equal zero which implies that gH ¼ pr0. More

generally then, the full equation for underwater TL is

TL ¼ Alog10

r

r0

� �
þ B: (5)

In the case of Eq. (4), B ¼ 5log10 gH=pr0ð Þ1=2
while A ¼ 15

(Ainslie et al., 2014).

Ainslie et al. (2014) go on to provide several other

examples where A and B from Eq. (5) are computed for sit-

uations other than point sources far from boundaries above

the cutoff frequency including transient and dipole sources.

In each solution, some value of A from Eq. (5) is derived

along with a term or terms that comprise B. These solutions

imply that A and B must be co-dependent and interrelated.

More recently, Lippert et al. (2018) provided an analytical

solution of the form of Eq. (5) that accounted for the line-

source associated with a pile drive,

TL ¼ 10log10

r

r0

� �
þ a r � r0ð Þ; (6)

where a is a decay factor given by

a ¼
�10log10 Rj j2

� �� �
2Hcot hð Þ þ Dl

: (7)

In Eq. (7), R is a power reflection coefficient defined by

the squared magnitude of the reflection factor between water

and soil; h is the angle from which sound leaves the pile

derived from the ratio between sound speed through the pile

and sound speed in water—see Reinhall and Dahl (2011b)

for details; Dl is the horizontal beam shift described in detail

by Weston (1994); and H is the water depth. Martin and

Barclay (2019) pointed out that Eq. (6) may be further

generalized,

Lr ¼ C� Alog10

r

r0

� �
þ B r � r0ð Þ: (8)

In Eq. (8), Ls has been replaced by a constant, C, that is

not necessarily a source term, but rather, according to

Martin and Barclay (2019) depends on project-specific con-

ditions such as strike energy (SE), the coupling of hammer

energy into the pile, and the damping of pile vibrations by

the sediment (see Lippert et al., 2016; MacGillivray, 2013,

for additional details). The B-term in Eq. (8) is due to multi-

ple reflections between the seabed and surface while the A-

term is due to bottom composition, the water-column sound

speed profile, surface roughness, and seabed roughness.

Martin and Barclay (2019) go on to present their own model

that is a function of SE; pile penetration (PP), and the angle

between the pile and the receiver, h,

TL¼Ls�Lr

¼ 10log10

r

r0

þa
r

r0

� 	

� ASEþBPPþC
r

r0

� �
þDcoshþE

r

r0

;cosh
� �� 	

:

(9)

In Eq. (9), a was found to be frequency dependent. In this

equation, attenuation terms are separated from source terms

or pseudo-source terms by brackets.

The Martin and Barclay (2019) and Lippert et al.
(2018) studies both represent breakthrough leaps in terms of

overall understanding of the anthropogenic sound transmis-

sion due to pile driving. However, while Lippert et al.
(2018) provide a physically-based approach for determining

underwater transmission loss, the authors reported that field

testing with their model [i.e., Eq. (6) and Eq. (7)] showed

that errors may be as high as 33%. To improve upon this,

presumably, one could utilize Eq. (8), but this would require

calibration of the A, B, and C coefficients from Eq. (8). The

Martin and Barclay (2019) model [i.e., Eq. (9)] has a similar
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issue in the sense that it requires calibration of the A, B, C,

D, and E coefficients from Eq. (9). Martin and Barclay

(2019) recommended logarithmically spacing at least four

hydrophones during pile driving operations to perform this

calibration.

B. Goals and objectives

The goal of the work presented herein was to simplify

the approaches presented by Martin and Barclay (2019) and

Lippert et al. (2018) and develop a simple, easy-to-imple-

ment model for predicting underwater TL that requires no

calibration. In particular, the authors of this study sought to

take advantage of the interdependency between A and B
from Eq. (5) which was discussed in depth by Ainslie et al.
(2014).

As noted previously, the current standard for estimating

underwater transmission loss during pile driving during con-

struction projects is the National Marine and Fisheries

Services (NMFS) calculator (NOAA, 2021). This model uti-

lizes Eq. (3) to estimate TL and presumes that SPL is known

at one location during pile driving. Thus, investigators took

a similar approach throughout this study in the sense that it

was assumed that like NOAA (2021), SPL was known at

one location during pile driving operations.

II. METHODOLOGY

A. Site information

The first step in the development of a new, empirically

based underwater sound propagation model that could be

used during pile driving operations was to collect field data.

Significant data have already been collected during under-

water pile driving operations; Buehler et al. (2015) summa-

rize these data well. However, most of these data came from

California and Washington State during steel pile drives,

and it was unclear how these data would translate to geo-

technical conditions typical in Florida or typical Florida

bridge pile drives where concrete (as opposed to steel) piles

are typically installed. As a result, data were collected from

several underwater pile driving sites in Florida as summa-

rized in Table I. Note that the reason these piles were

selected was simply because these were the transportation-

related locations in the State of Florida where underwater

pile driving happened to be occurring between 2018 and

2023.

B. Data collection

1. Data collection system

Data were collected using a system of buoy-mounted

hydrophones described in detail by Crowley et al. (2020).

To summarize, hydrophones were suspended from floating

platform systems that consisted of two small pontoons

attached to aluminum frames. Each frame held a PelicanTM

1450 box that housed the electronics for the system.

Scanstrut cable clam/deck seals were used to pass a hydro-

phone cable and a thermocouple cable from the exterior into

the box while a MENCOM MDE45-8FR-RJ45-BM water-

proof Ethernet connection was used to route an Ethernet

cable into the case. Electronics in the cases consisted of

Bruel and Kjaer 2250 handheld analyzers; Bruel & Kjaer

2647 charge converters (Bruel & Kjaer, Naerum, Denmark);

L-Com BT-CAT5-P1 power-over-Ethernet converters (L-

Com, North Andover, MA); 24-volt motorcycle batteries

connected in series. Outside of each box were a Bruel &

Kjaer 8103 hydrophone; a Ubiquiti Bullet M2 wireless

access point; and an L-COM HG2409UP antenna. The bat-

teries, power converter, Bullet, and antenna connect to the

handheld analyzer via Ethernet cable and broadcast the mea-

sured sound data to a computer in real-time. In addition,

Garmin GPSMAP (Garmin, Olathe, KS) global position sys-

tem (GPS) units were added to each box to track the buoys’

geolocations. Hydrophone cables were attached to wire

strain relief systems to protect the instruments. In total, five

of these floating data collection systems were built so that

data from five ranges from the piles could be captured

TABLE I. Pile driving site information (note that PCP stands for prestressed concrete pile).

Site Name Northing Easting Pile Dim. (cm) Pile Length (m) Pile Type Hammer Type No. Drive

Bayway E 27�41036.44" 82�4304.5" 91 � 91 26 Square PCP 200T vibratory 1

Dunn’s Creek 29�34039.200 81�37034.000 46 (width) Varied Sheet 200T vibratory 2

Ribault River 30�23037.400 81�42048.200 61 � 61 33.5 Square PCP APE D96-42 4

Suwannee River 30�14040.900 83�1500.300 61 (diam) Varied Open Steel Del-Mag D-46 3

County Road (CR) 218 30�3037.800 81�52017.800 61 � 61 33.5 Square PCP APE D46-32 3

State Road (SR) 23 30�4019.000 81�4908.000 61 � 61 29 Square PCP APE D62 9

Choctawhatchee Bay 30�24049.000 86�9044.400 46 (width) Varied Sheet 200T vibratory 2

Howard Frankland (West) 27�55048.200 82�34055.400 76 � 76 22.3 Square PCP APE D80-42 18

Howard Frankland King Piles 27�55048.200 82�34055.400 99 � 30 �15 W 40� 183 APE D80-42 9

Howard Frankland (East) 27�55048.200 82�34055.400 76 � 76 22.3 Square PCP APE D80-42 15

Simpson’s Creek 30�27017.800 81�27053.500 61 � 61 21 Square PCP APE D36-32 1

Loxahatchee River 26�56050.200 80�5024.600 76 � 76 40 Square PCP Pileco D100-13 4

Manatee River 27�39’57.8" 82�25’58.100 61 � 61 29 Square PCP APE D62-52 3

NASA Causeway 28�31038.900 80�45025.800 76 � 76 40 Square PCP Pileco D70-32 9

Broward River 30�26014.7" 81�38032.8" 61 � 61 22 Square PCP APE D-50 OED 1
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simultaneously. Prior to each buoy deployment, buoy hydro-

phones were calibrated using a Bruel & Kjaer type 4229

calibrator.

2. Data collection procedure

Buoys were deployed at bridge locations at varying dis-

tances from piles and anchored using river anchors. In gen-

eral, investigators tried to get the first buoy as close to a pile

or pile bent as possible while maintaining safety. Once the

first buoy was deployed a “double-the-distance” rule of

thumb was used to position the subsequent buoys in an

approximate straight-line from a given pile or pile bent. In

other words, if the first buoy was 20 m away, then the sec-

ond buoy would be positioned at 40 m; the third at 80 m; the

fourth at 160 m; and the fifth at 320 m. However, sometimes

this “double-the-distance” rule of thumb was not used if

doing so would have resulted in obstructions between the

buoys and the pile or pile bent, or if a buoy was malfunc-

tioning. Distances were approximated during deployment

using a LaserWorks Long Distance 1200-Yard Hunting

Rangefinder (LaserWorks, Wilder, KY) and were later veri-

fied using GPS coordinates from the on-board GPS units.

Data collection locations relative to the piles are summa-

rized in Table II along with water depth information from

each site. Once buoys were positioned, hydrophones were

hung from the buoys into the water at approximately half

the water depth. Vertical alignment was maintained by

attaching a 2-kg sinker to the end of each hydrophone cable.

Raw data were sampled at a rate of 48 kHz. Note that data

were collected both during pile driving and under ambient

(i.e., no pile driving) conditions.

C. Data analysis

Single-strike sound-exposure levels (SELs), root-mean-

squared (RMS) sound-levels, and maximum (PEAK) sound-

levels were computed using the procedure described in

detail by Madsen et al. (2006). As recommended, these

quantities were computed in the pressure domain prior to

conversion to dB using an algorithm where local peaks asso-

ciated with blows or vibrational events were identified (The

Mathworks, 2024). Because analysis was conducted in the

pressure domain, it was easy to distinguish “drive event”

from ambient noise, regular construction noise, etc., and sig-

nal-to-noise ratios (SNRs) were deemed to be a non-issue in

the context of this analysis for the most part. SNRs were

examined in dB using the furthest buoy from each drive. On

average, across all sites, the SNR associated with the fur-

thest buoy from each pile drive was 8.5 dB, and closer to the

piles, SNRs were much greater than the 10 dB recommended

by ISO (2017).

Least-squares best-fit regression was used to fit equa-

tions of the form

Lr ¼ b� alog10

r

r0

� �
; (10)

to the data where a and b represent best-fit coefficients. In

Eq. (10), a should correspond to A while b should corre-

spond to Ls � B: In addition to this, 1/1 octave band analysis

was conducted in the frequency domain whereby sound sig-

nals were filtered into each 1/1 octave bin, and equations of

the form of Eq. (10) were fit to the data within each octave

bin. Then, a and b from each octave bin were analyzed as a

TABLE II. Water depth, channel width (at the bridge), and Buoy position data relative to the piles at each site. N/A stands for “not applicable” and indicates

that this buoy was not used for data collection; all data is in meters.

Site name Water depth Approximate channel width Buoy 1 Buoy 2 Buoy 3 Buoy 4 Buoy 5

Bayway E 3.4 457 25 73 370 N/A N/A

Dunn’s Creek 6.8 101 60 202 396 N/A N/A

Ribault River Drive 1 2.2 96 25 49 70 195 N/A

Ribault River Drives 2-4 2.2 96 27 50 107 200 N/A

Suwannee River 3.9 84 15 65 102 N/A N/A

CR-218 3.0 50 53 82 124 191 235

SR-23 Drives 1-2 7.4 114 35 80 221 310 N/A

SR-23 Drives 3-9 7.4 114 38 97 196 257 348

Choctawhatchee Bay 4.5 49 14 44 78 139 176

Howard Frankland (West) Drives 1-8 7.0 4760 16 87 154 257 324

Howard Frankland (West) Drives 9-12 7.0 4760 18 128 175 275 N/A

Howard Frankland (West) Drives 13-18 7.0 4760 18 52 91 183 238

Howard Frankland King Piles Drives 1-2 4.3 4760 0.5 50 104 201 395

Howard Frankland King Piles Drives 3-11 4.3 4760 1 54 105 201 402

Howard Frankland (East) Drives 1-7 4.2 4760 18 42 106 207 400

Howard Frankland (East) Drives 8-15 4.2 4760 62 100 403 N/A N/A

Simpson’s Creek 1.9 20 49 93 145 N/A N/A

Loxahatchee River 4.0 200 46 92 145 N/A N/A

Manatee River 3.5 1340 53 121 209 N/A N/A

NASA Causeway Drives 1-3 3.2 4360 15 50 200 300 N/A

NASA Causeway Drives 4-9 3.2 4360 49 204 405 N/A N/A

Broward River 3.1 34 9 15 33 60 N/A
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function of frequency. The result (see the following section)

of this analysis was an apparent empirical model for Lr that

appears to be frequency dependent. As such, investigators

conducted a verification study using this new empirical

model.

Two methods were used during verification: recreation

of attenuation coefficients measured via regression using

data from this study and using data from Buehler et al.
(2015). During the former procedure, data from the buoy

closest to the pile drives were used to model attenuation

coefficients using a “blind” test. Due to the paucity of steel

vibratory data, only steel impact and concrete impact data

were used during this analysis. During this procedure, bulk

quantities at each buoy (i.e., PEAK, RMS, and SEL) were

computed for each drive and best-fit regression was used to

characterize a as a function of r/r0 for each drive. As will

be discussed in the following, data suggested an apparent

relationship between a and b, and as such, best-fit regres-

sion was used to develop a relationship between a and b
using all data of a particular drive-type while excluding one

data set. The apparent relationship between a and b was of

the form

b ¼ a1aþ a2; (11)

where a1 and a2 represent best-fit coefficients. This process

was repeated in a loop so that each dataset was sequentially

replaced/used as the “blind” test for the model. As alluded

to previously, model coefficients and “blind” tests were

examined as a function of drive-type. In other words, steel

impact driving led to different a1 and a2 coefficients than

concrete impact driving, and as such, the steel impact coeffi-

cients were used to predict results from steel data sets, and

the concrete impact drives were used to predict results from

concrete data sets.

During the latter verification procedure, reported 10-m

sound data from Buehler et al. (2015) were used in conjunc-

tion with equations of the form of Eq. (11) to predict the

reported attenuation coefficient (i.e., A-values) reported by

Buehler et al. (2015). In addition, an explicit analysis was

conducted using data from the Choctawhatchee Bay Bridge.

During both verification scenarios, attenuation coeffi-

cients were plotted as a function of measured data and com-

pared with both the y¼ x line and best-fit regression lines of

the form y¼ afitx where afit represents the linear best-fit

coefficient between data and modeled values for A.

III. RESULTS AND DISCUSSION

A. Results from field data

Results are summarized in Table III. Note that at some

locations, a-values and b-values were relatively consistent

with one another at a given site whereas at other locations,

these best-fit coefficients varied significantly from drive-to-

drive at the same site. However, investigators noted that

even if a and b varied from drive-to-drive, they appeared to

consistently be related to one another as shown in Fig. 1

regardless of drive-type (i.e., vibratory vs percussion), pile-

type (i.e., concrete PCP, steel sheet, hollow steel, W-

section), or hammer-type. Data appeared to indicate as well

that because all these data were recorded throughout the

state and geotechnical conditions varied from site-to-site,

this relationship may be consistent across Florida geotechni-

cal conditions.

As noted previously, in general, data appear to indicate

a sort of “coupling” between a and b for the drives exam-

ined here that was consistently of the form of Eq. (11).

When investigators filtered the PEAK sound-levels into

octave frequency bins, similar relationships to Fig. 2 were

observed in each frequency bin in the sense that within each

frequency bin, b appeared to be a function of a (and vice

versa), although the best-fit coefficients, a1 and a2 were dif-

ferent in each frequency bin. However, data suggested that

a1 and a2 were related to one another as well. This result is

summarized in Fig. 2.

As shown, results suggested that a2 is a function of a1

via a relationship of the form

TABLE III. Results summary table showing a-value and b-value ranges from each site; both a and b are in dB.

Site Name aRMS bRMS aSEL bSEL aPEAK bPEAK

Bayway E 14 163 14 16 6 161

Dunn’s Creek 17 175 17 176 12 177

Ribault River 38–49 214–238 30–34 187–203 32–43 217–243

Suwannee River 33–36 232–241 22–25 202–209 26–29 235–242

County Road 218 25–46 193–227 30–34 199 38–46 230–243

State Road 23 17–30 174–209 17–28 175–203 10–26 180–221

Choctawhatchee Bay 51–61 224–265 51–59 224–264 47–54 229–266

Howard Frankland (West) 32–47 219–256 33–49 218–252 25–45 22–268

Howard Frankland King Piles 11–25 190–224 11–24 13–206 10–25 202–237

Howard Frankland (East) 6–54 13–278 7–40 171–238 7–42 200–267

Simpson’s Creek 74 298 63 275 64 299

Loxahatchee River 26–44 199–232 25–36 19–214 30–47 226–256

Manatee River 20–32 180–211 20–32 182–212 20–33 197–223

NASA Causeway 5–43 147–228 6–40 152–253 7–47 174–255

Broward River 21 173 15 164 33 205
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a2 ¼ a3a1 þ a4; (12)

where a3 and a4 are two more linear best-fit coefficients.

Substituting Eqs. (11) and (12) into Eq. (10) and rearranging

yields

Lr ¼ a4 þ a1 a3 þ að Þ � alog10

r

r0

� �
: (13)

Alternatively,

Lr ¼ a a1 � log10

r

r0

� �� 	
þ a3a1 þ a4: (14)

Note the interdependency among the attenuation terms is

behaving exactly like the interdependency described by

Ainslie et al. (2014) and described in Eqs. (4), (5), and (8).

Since a1 (and a2) are related to frequency, the second

term in Eq. (13) may also be related to frequency.

Alternatively, Eq. (14) implies that a is partially frequency

dependent. While Eqs. (13) and (14) are similar to Eqs. (6)

and (8), note that the “additional” term in Eqs. (6) and (8) is

usually on the order of magnitude of dB/km whereas the

“additional” frequency dependent attenuation in Eqs. (13) and

(14) appears to be on the order of magnitude of dB/m and

appears to be related to spreading loss associated with a.

Analysis of Table III shows that in general, at higher

frequencies, attenuation appears to increase. In addition,

data in Fig. 2 suggest that at very low frequencies (i.e.,

�100–500 Hz or less, depending on the site), attenuation

also appears to increase. According to the literature (see, for

example, Jensen et al., 2011, among many others), logarith-

mic decay equations for underwater sound attenuation in

channels assume that all sound is produced above the cutoff

frequency. The cutoff frequency, fc, for each site was com-

puted based upon each site’s water depth using the follow-

ing expression from Jensen et al. (2011):

fc ¼
Cw

4D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Cw

Cb

� �2
s ; (15)

where cw is the sound speed in water, cb is the sound speed

in the sediment, and D is the water depth of the channel.

Values for cb were estimated using surface sediment param-

eters reported by Rogers (1981) following Hamilton (1980).

We understand that Eq. (15) is for an infinitely wide wave-

guide and the situations examined in this manuscript are all

rivers and creeks with finite widths. However, as shown in

Table II, these rivers and creeks were all very wide relative

to their depths with a maximum depth-to-width ratio of 0.1,

in the case of Simpson’s Creek. As a result of this small

depth-to-width ratio, investigators assumed that Eq. (15)

was valid. But, based upon this assumption and the method

used to estimate cb, computed values for fc (see Table IV)

should be interpreted as order-of-magnitude approximations

only.

As per Table IV, note that frequencies below

�100–500 Hz correspond approximately to the cutoff

FIG. 1. Apparent relationships between a and b showing RMS, SEL, and

PEAK data.

FIG. 2. Apparent frequency dependency between best-fit coefficients show-

ing (a) a1 as a function of frequency; (b) a2 as a function of frequency; and

(c) a2 as a function of a1.

TABLE IV. Water depth and cutoff frequency data from each drive.

Site name fc (Hz) cb (m/s)

Bayway E 295 1617

Dunn’s Creek 125 1673

Ribault River 447 1620

Suwannee River 199 1718

County Road 218 283 1673

State Road 23 136 1617

Choctawhatchee Bay 221 1617

Howard Frankland (West) 97 1802

Howard Frankland King Piles 160 1802

Howard Frankland (East) 161 1802

Simpson’s Creek 376 1750

Loxahatchee River 169 1802

Manatee River 193 1802

NASA Causeway 256 1718

Broward River 482 1550
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frequencies associated with water depths studied. These data

suggest then that below the cutoff frequency, attenuation is

very fast, but apparently not instantaneous. Data suggest

that the empirical model presented in Eqs. (13) and (14)

appears to capture this non-instantaneous decay as a func-

tion of distance associated with the pile drives studied in

Florida.

Furthermore, investigators noted that there was some

scatter in the data in Fig. 1 and hypothesized that this may

be due to different drive-types (i.e., vibratory vs steel impact

driving vs concrete impact driving). Investigators further

subdivided Fig. 1 by drive-type as shown in Fig. 3. Note

that in each case, a1 was similar regardless of drive-type and

was consistently close to 2.0. The differences in drive-type

appear to manifest in differences in a2 values, or alterna-

tively a3 values when referencing Eqs. (12)–(14). This

would appear to indicate that a2 is representing a psuedo-

source term—i.e., some combination of strike energy, pile

penetration, and drive-type, and this result is consistent with

Martin and Barclay (2019).

A model was developed using the non-frequency-

dependent version of the equations noted perviously [i.e.,

Eqs. (10) and (11)] in conjunction with Fig. 3. Substituting

Eqs. (11) into Eq. (10),

Lr ¼ a1aþ a2ð Þ � a log10

r

r0

� �
: (16)

Best-fit coefficients associated with this model are summa-

rized in Table V. If sound is known at one location, Eq. (16)

and Table V may be used to solve for a which must corre-

spond to A as per Eq. (10). Then, Eq. (10) may be used to

compute L as a function of r. While the logic here appears

to be somewhat circular, the result does agree with Ainslie

et al. (2014) who pointed out that there should be interde-

pendency among attenuation coefficients like this.

Please note that the model proposed previously inherently

has some constraints in the sense that to use the model, sound

must be known at one location, and the sound at this location

must be greater than the a2 coefficient associated with the

drive-type in Table V. Explicitly, rearranging Eq. (16),

Lr � a2 ¼ a a1 � log10

r

r0

� �� 	
: (17)

Thus, for the model to return, a valid value for a, Lr would

have to be greater than the a2 coefficient used when the

model is applied. If the measured sound-level is lower than

the a2 coefficient, the model will yield nonsensical results in

FIG. 3. Relationships between a and b sub-divided by drive-type showing (a) RMS data; (b) SEL data; and (c) PEAK data.

TABLE V. Best-fit coefficients summarized by drive-type.

Steel Vibration Steel Impact Concrete Impact

a1RMS 1.9 2.2 2.1

a2RMS 151.6 177.8 166.4

a1SEL 1.9 2.5 2.2

a2SEL 140 145.2 141.5

a1PEAK 1.9 2.0 2.3

a2PEAK 139.6 168.1 142.8
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the sense that the model will predict that the sound gets

louder as a function of distance, which of course, cannot be

true. As such, to use the model presented here, it is critical

that the initial sound-level used to start the computation is

higher than its associated a2 coefficient. Or, put another

way, it would be best to “start” this model using a data

source as close to a pile drive as possible where sound-

levels are likely to be loudest.

B. Model verification

Three datasets were used to verify the new empirical A-

value calibration model.

1. Data from this study

First, the “blind prediction” procedure described previ-

ously was conducted. Results of this analysis are presented

in Fig. 4.

Please note that in Fig. 4, data where the closest sound-

levels were lower than a site’s a2 coefficient were omitted

from analysis because they would have produced nonsensi-

cal results. As shown, results were generally favorable in the

sense that the new model was able to blindly predict A-

values with a maximum average error �10% (i.e., average

afit � 1:1Þ. Obviously, excluding one dataset per verification

run produced slightly different a1 and a2 coefficients for

each run. The maximum standard deviation associated with

this for a1 and a2, respectively, was 0.05 and 0.93 dB with

steel impact data and 0.02 and 0.45 dB with concrete impact

data. Overall then, these results suggest small variability

with the model as the model’s fit coefficients were three

orders of magnitude higher than their associated standard

deviations.

2. Choctawhatchee Bay Bridge

Despite the paucity of steel vibratory data mentioned

previously (i.e., only two sites with two sheets at each site),

investigators sought to perform a true verification analysis

on one of the bridges where sound data were measured dur-

ing this study by comparing modeled data with data at the

same location from some other source. Buehler et al. (2015)

reported two datasets from the Choctawhatchee Bay Bridge

where data were collected during impact pile driving. As

shown in Table I, steel vibratory data were analyzed during

this study at this location. As shown in Table III, during this

study, A-values were estimated to be very high and ranged

from 47 to 61 dB. However, Buehler et al. (2015) reported

A-values that were much lower and that ranged between 13

and 25 dB. Thus, investigators attempted to determine if the

new empirical model could help explain this apparent

FIG. 4. A-values from the new empirical model using sound data closest to each pile drive compared to A-values obtained using best-fit regression showing

results from (a) PEAK; (b) RMS; and (c) SEL.
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discrepancy in attenuation as well as reproduce previous A-

value data reported by Buehler et al. (2015) despite the

noted possible deficiencies associated development of the

models’ vibratory a1 and a2 coefficients.

Choctawhatchee Bay Bridge data from Buehler et al.
(2015), consisted of data from two categories of concrete

piles. Both sets of concrete piles, dubbed type I and type II

piles, were 76-cm square PCPs that were 48 m in length.

The type II piles were solid throughout their lengths,

whereas the type I piles only contained 3 m of solid sections

near their tips while the balance of these piles were hollow.

A summary table showing modeled results and results

from Buehler et al. (2015) is shown in Table VI. As shown,

the new empirical model was able to reproduce the previ-

ously reported A-values relatively accurately despite the fact

that different A-values (presumably resulting from different

piles and associated noise sources) were measured during

this study at the same location and that using the new model

with vibratory data could be considered questionable due to

the lack of data associated with the vibratory model’s coeffi-

cients. To summarize, for type I piles, the new empirical

model yielded A-values for PEAK, RMS, and SEL, respec-

tively, on average of 21, 19, and 14 versus reported values

of 16, 15, and 13. For type II piles, on average, application

of the new empirical model resulted in A-values for PEAK,

RMS, and SEL, respectively, of 27, 25, and 20. For these

same data, reported values were 22, 20, and 20 respectively.

3. Non-Florida data

Next, analysis was conducted using non-Florida data by

repeating the Choctawhatchee Bay procedure for computing

A-values at each other site where Buehler et al. (2015)

reported both A-values and 10-m sound data values. For

details about the data used by Buehler et al. (2015), please

refer to the summary table of the non-Florida data used for

verification (see the Appendix). Alternatively, the reader is

encouraged to consult Crowley and Gelsleichter (2023) for a

detailed discussion of these data. The results of the compari-

son analysis are presented in Fig. 5.

While Fig. 5 shows general agreement between mod-

eled and reported data, there is still some discrepancy

between the results and the y¼ x line. A new analysis was

conducted whereby data from Buehler et al. (2015) that did

not conform to the Florida data presented here was omitted.

Specifically, data from the following instances were

excluded from further analysis:

• Very large piles with diameters of 1.8 m or greater and

very small piles with dimensions of 35 cm or less. These

piles were either larger or smaller than the Florida piles

studied here. This resulted in the omission of data from

the Benicia-Martinez Bridge, Mad River Bridge, Schuyler

Heim Bridge, Northern Rail Extension (all large piles),

and the Noyo Harbor Dock (very small piles).
• Where reported A-values were based upon sound readings

at only two locations because computing A based upon

only two data points would not really be considered

“regression” so much as “connecting two points with a

logarithmic line.” This resulted in the omission of data

from Cleer Creek.
• Very shallow water (i.e., water depths of 1-m or less).

This resulted in omission of additional data from the

Northern Rail Extension.
• H-pile data because no H-piles were analyzed as part of

this study. This resulted in the omission of data from the

Hazel Bridge, Parson Slough, and Petalumia River

Bridge.

After omitting these data, results were re-plotted (Fig. 6).

As shown in Fig. 6, very close agreement between modeled

data and reported data was achieved for RMS and PEAK. For

SEL, discrepancies were observed, although in general, the

new model was conservative in the sense that it tended to

underpredict A. However, the procedure described by Madsen

et al. (2006) is difficult from an algorithmic perspective in the

sense that employing this method requires one to isolate each

hammer blow, and depending on the algorithm used during

this process, it is very easy to “miss” blows from time to time.

While we are confident that we correctly isolated each blow, it

is not possible to verify that all the authors from the data

TABLE VI. Choctawhatchee Bay Bridge verification summary table.

Pile ID

Pile

type

APEAK reported

(dB)

APEAK computed using

new model (dB)

ARMS reported

(dB)

ARMS computed using

new model (dB)

ASEL reported

(dB)

ASEL computed using

new model (dB)

26 Type I 16 23 15 20 13 15

28 Type I 16 21 15 20 13 15

30 Type I 16 22 15 21 13 15

25 Type I 16 22 15 21 13 15

32 Type I 16 17 15 16 13 10

13 Type II 22 28 20 25 20 17

15 Type II 22 30 20 26 20 21

22 Type II 22 30 20 26 20 21

14 Type II 22 21 20 22 20 17

18 Type II 22 31 20 29 20 24

20 Type II 22 27 20 26 20 21

24 Type II 22 26 20 24 20 20

4056 J. Acoust. Soc. Am. 156 (6), December 2024 Crowley et al.

https://doi.org/10.1121/10.0034619

https://doi.org/10.1121/10.0034619


reported by Buehler et al. (2015) similarly isolated each blow

correctly, and this may explain the discrepancies seen in Fig.

6(c).

4. Model limitations

Data from the verification study appear to indicate that

the model presented in this manuscript could be thought of

as a calibrator for A-values under certain driving conditions.

However, the authors of this paper suggest that this model

be only applied under a very specific set of circumstances—

specifically in instances where driving conditions are like

driving conditions used to develop this model. These condi-

tions are the following:

• Pile-type/drive type—we suggest that this model only be

used as a calibration for square PCPs with dimensions

between 46 cm wide and 91 cm wide or circular steel piles

up to a maximum diameter of 168 cm, each driven using

an impact hammer. For vibrational drives, we suggest

only using the data presented here to calibrate A for 46-

cm sheet piles or 61 cm steel circular piles due to the lim-

ited vibrational data studied here, if at all. However, based

on model recreation performance, data suggest that vibra-

tional drives are not necessarily this model’s strength and

the model should be used cautiously (or maybe not at all)

in these situations. On the steel impact side of the equa-

tion, The model may be used for W40x183 piles

specifically because so many were studied here but

extending this model to other wide-flange sections would

appear to be questionable—especially because H-piles

consistently performed poorly when compared to this

model. Overall, investigators are of the opinion that this

model’s best application is for concrete piles of certain

dimensions driven via impact driving. While this would

appear to be a limited set of scenarios, such drives consti-

tute the vast majority of pile drives in Florida transporta-

tion projects.
• Water depths—we note that all the data presented herein

was in relatively shallow channels with depths between 2

and 15 m. This is typical of pile driving in Florida.

Extending this model to deeper water would appear to be

incorrect, however.

In addition to this, another limitation of this model is

associated with its application and was noted previously in

the sense that the sound data used to “start” the model must

be higher than the drive-type’s associated a2 coefficient or

else the model will yield a nonsensical result. As stated pre-

viously, this implies that the data used to “start” the model

should be taken as close to the pile drive as possible where

sound levels are likely to be the loudest.

While these limitations are important to point out, the

model presented here may be a useful design tool—particu-

larly in the State of Florida where, in conversations with the

Florida Department of Transportation (FDOT), as

FIG. 5. A-values from the new empirical model computed using reported 10-m sound data as a function of A-values reported in the literature showing (a)

PEAK; (b) RMS; and (c) SEL results.
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mentioned previously, it was discussed that the vast majority

of transportation-related pile drives in the state that would

result in underwater pile driving noise is in relatively shal-

low channels with piles that range between 46 and 92 cm in

diameter. Since FDOT conducts so many drives with these

types of piles, applying this model to that sort of repeating

scenario may prove useful.

5. Implications of the new model

Results here are encouraging, but admittedly, it remains

counterintuitive to the authors why there is an apparent

“link” between a pseudo-source term (i.e., b) and attenua-

tion (i.e., a or A). The frequency analysis presented previ-

ously is an attempt to provide a possible explanation in the

sense that this “link” appears to manifest in some sort of fre-

quency dependency, but the authors are aware that this is

less so a physical explanation and more simply a regression

showing apparent dependencies that were observed in the

data.

At present, the best clues about a more physical expla-

nation about why the empirical model presented here

appears to show the apparent “link” between source and

attenuation may be hypothesized by combining results from

this study with previous data from Martin and Barclay

(2019) who recognized that strike energy and pile penetra-

tion tend to dictate the source term (or pseudo-source term),

at least to some extent. In the present study’s regression

analysis, these strike energy and pile penetration terms

would tend to be lumped into b along with the other source

or pseudo-source terms from Eq. (9) and the water-column

attenuation term (i.e., the a term) which is expected to be

small, relatively speaking and is typically reported to be on

the order of dB/km. In Fig. 2 and Eqs. (11)–(14), an appar-

ent frequency dependency is shown for attenuation. Taken

together, these results imply that similarly, pile penetration

and strike energy may be functions of frequency in the sense

that different strike energies or pile penetration depths (or

both) result in source-levels with different frequencies that

are then attenuated at different rates. However, this hypothe-

sis requires additional research and at this point is merely a

hypothesis.

IV. SUMMARY AND CONCLUSIONS

To summarize:

• Underwater pile driving noise data from Florida were col-

lected from 84 pile drives across 15 pile driving scenarios

in the state. Best-fit regression was used to infer A-values

for each of these pile drives. In each case, sound attenua-

tion was governed by a well-known logarithmic regres-

sion equation of the form Lr ¼ bþ alog10 r=r0ð Þ.
• Investigators noted that a and b appeared to be linearly

correlated to one another, and as such, a model was

FIG. 6. A-values from new model computed using 10-m sound data reported by Buehler et al. (2015) as a function of A-values reported by Buehler et al.
(2015) using only data conforming to the Florida data collected during this study showing (a) PEAK data; (b) RMS data; and (c) SEL data.
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developed to infer a (which should correspond to A) if

sound is known at one location.
• Further analysis appeared to indicate that this empirical

calibration of A, which may sometimes result in very high

values for attenuation, may be the result of very fast, but

apparently non-instantaneous attenuation near and/or

below the cutoff frequency.
• A verification study was conducted, and results appeared to

show that the empirical calibration presented here is capable

of reproducing data from other sources under very specific

circumstances—specifically for pile-types, water depths,

and drive-types similar to the conditions studied here.

The calibration model presented here for A (again,

under very specific conditions) may be a useful design tool

for investigators conducting pile driving under similar con-

ditions to the conditions examined during this study—espe-

cially for concrete piles in shallow water depths driven via

impact hammers. While this may be true, additional research

should be conducted regarding the apparent “link” between

this model’s source term and attenuation so a more physi-

cally based model for attenuation in these sorts of piles may

be developed.
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APPENDIX

See Table VII for data used for verification.

TABLE VII. Summary of data used for verification. Data in italics were excluded from Fig. 6.

Site name Site location Drive type Pile type

Norfolk Naval Station Norfolk, VA Concrete impact 61 cm square PCP

Noyo Harbor Dock Fort Bragg, CA Concrete impact 36 cm square PCP

Kawaihae Harbor Kawaihae, HI Concrete impact 42 cm oct. PCP

Shell Martinez Refinery Martinez, CA Concrete impact 61 cm square PCP

Humboldt Aquatic Ctr. Eureka, CA Concrete impact 61 cm oct. PCP

Berth 22, Oakland, CA Oakland, CA Concrete impact 61 cm square PCP

Northern Rail Extension Salcha, AK Steel vibration 61 cm steel shell

Naval Base Kitsap Bangor, WA Steel vibration 61 cm steel shell

Naval Base Kitsap Bangor, WA Steel vibration 61 cm steel shell

Benicia-Martinez Bridge Benicia, CA Steel impact 244 cm CISS pipe

Richmond/San Rafael Fenders San Fransisco, CA Steel impact 36 cm steel pipe

Airport Rd. Bridge Sacramento, CA Steel impact 41 cm steel pipe

Bradshaw Bridge Lathrop, CA Steel impact 51 cm steel pipe

Tongue Point Pier Astoria, CA Steel impact 61 cm steel pipe

Cleer Creek WWTP Redding, CA Steel impact 61 cm steel pipe

Portland-Milwaukie Lt. Rail Portland, OR Steel impact 61 cm steel pipe

SR-520 Test Pile Seattle, WA Steel impact 76 cm steel pipe

Noyo Bridge Fort Bragg, CA Steel impact 152 cm steel pipe

Russian River Bridge Ukiah, CA Steel impact 168 cm steel pipe

Mad River Bridge McKinleyville, CA Steel impact 221 cm steel pipe

Hazel Bridge Sacramento, CA Steel impact H-pile

Parson Slough Monterey, CA Steel impact H-pile

Schuyler Heim Bridge Long Beach, CA Steel impact 61 cm steel shell

Schuyler Heim Bridge Long Beach, CA Steel impact 366 cm steel shell

Northern Rail Extension Salcha, AK Steel impact 61 cm steel shell

Northern Rail Extension Salcha, AK Steel impact 183 cm steel shell

Naval Base Kitsap Bangor, WA Steel impact 61 cm steel shell

Naval Base Kitsap Bangor, WA Steel impact 91 cm steel shell

Crescent City Inner Harbor Cresent City, CA Steel impact 61 cm steel shell

Coliseum Way Bridge Oakland, CA Steel impact 91 cm steel shell

Petaluma River Bridge Petaluma, CA Steel impact H-pile

Port of Coeyman Coeyman, NY Steel impact 61 cm steel pipe
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