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Editorial 

A Look at Practice From 
Three Perspectives 

With this edition of Civil Enginrering Practice, the Editorial Board brings you three articles 
that each highlight quite different aspects of the practice of civil engineering, but each has 

great relevance to the future of our practice in the field. Offshore wind turbines may be an 
important part of our future energy supply, and Sanjeev Malhotra provides a substantial 
description of the considerations that go into foundation system design. Enhancing the urban 
landscape by partially "righting our previous environmental wrongs" is the theme of Vladimir 
Novotny. Jer9me Selissen's and Michael J. Walsh's article on the implementation of a town-wide 
sewer installation program in Tewksbury, Massachusetts, provides a valuable lesson on the 
"soft-side" of civil engineering - that is, the absolute necessity to secure public support and 
funding for infrastructure expansions, such as sewer system expansion. 

We look to future energy generation in the article by Malhotra on design considerations for 
foundations for offshore wind turbines. One of these years, we may actually see a network of 
these constructed•off the south coast of Massachusetts. The description of the various aspects of 
design that must be accommodated is extensive, and well presented. Many decades of con
struction and operation of offshore oil and gas platforms provides the wind turbine designers 
with much background that greatly aids their deliberations on design methods and structure 
loadings. As with onshore construction, the soil and/ or bedrock conditions, and water depth 
will have considerable bearing on applicable foundation systems and their design, and can 
prove to be the tipping point with regard to project financial viability. 

Righting some part of our past environmental "wrongs" is the theme of the article by 
Novotny. He describes, with some remorse, the "engineered" solution to stream flooding that 
has been employed for centuries - that is, stream "removal" or channelization. A primary 
example in Boston is Stony Brook, now housed in the huge Stony Brook Culvert that conveys 
the stream from Jamaica Plain to the Fenway and Charles River. I first encountered Stony Brook 
while working on the Southwest Corridor Project and our geologist called in and said that a test 
boring that was being drilled for the project had hit 15 feet of air! Mark that one up to an old 
map. Stony Brook was prone to flooding, so it was buried in the late 1800s. It runs right under 
Parker Street and crosses under Huntington Avenue at the corner by the Museum of Fine Arts. 
Novotny summarizes several proposals for "daylighting" a portion of Stony Brook in the area 
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of the Northeastern University campus. These proposals were developed by civil engineering 
students at Northeastern as their senior capstone design projects. Stream daylighting can add 
substantially to the urban environment and is a growing trend in urban planning, and illus
trates how the civil engineers of today can correct some of the environmental "damage" done 
by our well-intentioned predecessors. 

In their description of the multi-year process to win and maintain Tewksbury voter/ resident 
approval for a $80 million expansion of the sewer system, Selissen and Walsh explain the 
"other" side of civil engineering - that is, getting the project approved and funded, and then 
maintaining public acceptance throughout the multi-year construction period. They do not· 
mention the pipe size, volume of flow, slopes or any other technical design details. However, 
we civil engineers must always remember that there would be no public infrastructure projects 
to design and build if it were not for there having been an initial visioning, planning and devel
opment of the public support process. A primary lesson that can be drawn from the Tewksbury 
experience is the need for clear, up-front communication to citizens who not only will be affect
ed by the construction disruption, but who also will benefit greatly over the long term by hav
ing a town-wide sewerage network. This lesson on project formation and public support devel
opment is not only important for our practicing members, but should also be emphasized in 
undergraduate education as a vital element of professional practice. 

Since these three articles give us different views of the future of civil engineering practice, the 
Editorial Board also constantly looks to the future of Civil Engineering Practice in our mission to 
present timely practice-oriented papers. As you can see from the diversity of articles in this edi
tion, practice encompasses a wide variety of both technical and professional and societal topics. 
We continue to search for new technical articles and to reach out to the membership to help us 
identify topics and authors. It is interesting to note that one of articles is an outgrowth from civil 
engineering student senior design project course, and we suggest that there may be other such 
articles lurking in those voluminous design reports. The Fall 2009 Structural Engineering 
Lecture Series on "Our Aging Infrastructure, Evaluation, Repair and Replacement" may also 
prove a source for one or two interesting articles. Please contact me or any member of the 
Editorial Board with ideas, suggestions or draft papers ·on an aspect of civil engineering prac
tice that you would like to see or offer for publication. 
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Design Considerations 

Design & Construction 
Considerations for 
Offshore Wind Turbine 
Foundations in North 
America 

Increased need for alternative 
energy sources that are cost 
effective and that have little 
impact on the environment 
has resulted in greater 
interest in offshore wind 
farms. 

SANJEEV MALHOTRA 

B allooning energy prices in the United 
States have increased focus on alterna
tive energy sources such as wind ener

gy. While in the.past few years onshore wind 
farms were being developed in the Midwest 
and elsewhere, offshore wind energy has 
now become an attractive proposition 
because there are vast wind resources locat
ed offshore that pose little negative visual or 

noise impacts to local communities. But 
developing these wind resources 15 to 30 
kilometers (9.3 to 18.6 miles) from shore 
would require large support structures and 
foundations that could be cost prdhibitive. 
To make such · a proposition cost effective 
requires even larger wind turbines in order 
to eke out more power per dollar of capital 
investment. In return, these large wind tur
bines will place large demands on their sup
port structures and foundations. Of the 
thirty-odd offshore wind farms being devel
oped, or proposed, in the United States, sev
eral are planned in water depths of 30 to 50 
meters (98 to 164 feet). The combination of 
water depth and the increased windmill 
tower heights and large rotor blade diame
ters will create loads that make foundation 
design very complex. Offshore wind turbine 
structures are exposed to additional loads 
such as ocean currents, storm wave loading, 
ice loads and potential ship impact loads. All 
of these factors pose significant challenges in 
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From Ref. 1 

FIGURE 1. Wind farm components and their layout. 

the design and construction of wind turbine 
foundations. 

Background 
Until now in the United States, offshore wind 
power development has not been a focus area 
because there is great potential for wind 
power on land. However, high-quality on
shore wind resources are mostly located in the 
Midwest and Central United States while the 
demand centers are located along the coasts, 
thereby making the cost of transmission high. 
On the northeast coast of the United States, 
offshore development is an attractive alterna
tive because electricity costs are high and 
transmission line construction from the 
Midwest faces many obstacles. Higher quality 
wind resources, proximity to coastal popula
tion centers, potential for reducing land use, 
aesthetic concerns and ease of transportation 
and installation are a few of the compelling 
reasons why power companies are turning 
their attention to offshore development. Off
shore turbines are being made larger to econo
mize on the foundation and power collection 
costs. As the technology for wind turbines 
improves, the industry has developed wind 
turbines with rotor diameters as large as 150 
meters (492 feet) and power ratings of over 7.5 
megawatts. Since an increasing number of 
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wind farms are being planned offshore in 
water depths of over 50 meters (164 feet), the 
combination of water depth, the increasing 
wind tower heights and rotor blade diameters 
create loads that complicate foundation 
design and consequently place a greater bur
den on the engineer to develop more innova
tive and cost-effective foundations. The U.S. 
Department of Energy predicts that 50 
gigawatts of installed offshore wind energy 
will be developed in the next twenty years.2,3 
This means at least $100 billion of capital 
investment, with about $50 billion going to 
offshore design and construction contracts. 

Wind Turbine Farm Layout 
Primary components of a typical offshore 
wind farm include several wind turbines 
located in the water that are connected by a 
series of cables to an offshore transformer sta
tion that, in turn, is connected by an undersea 
cable to an onshore transformer station linked 
to the -existing power grid (see Figure 1). The 
wind turbines are usually spaced laterally at 
several (four to eight) times the rotor diameter 
and staggered in order to minimize wake 
effects. Placing turbines closer to each other 
reduces the quantity of electric cable required 
but it increases turbulence and wake effects, 
thereby reducing power generation. There-
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FIGURE 2. Wind turbine system components. 

fore, laying out wind turbine farms includes 
minimizing the length of cabling required yet 
maximizing power generation in order to 
optimize the costs per unit of the power that 
can be produced. 

Wind Turbine Components 
The primary components of a wind turbine 
system (s~e Figure 2) include the foundation, 
the support structure, the transition piece, the 
tower, the rotor blades and the nacelle. The 
foundation carries the support structure, tran
sition piece, tower and turbine, anchoring 
them to the seabed. In turn, the support struc
ture connects the transition piece and the 
tower to the foundation at the seabed level. In. 

From Ref. 1 

some cases, as in monopiles and gravity struc
tures, the foundations serve as support struc
tures as well by extending from the seabed 
level to above the water level and they are 
directly connected to the transition piece or 
tower. The foundation system and support 
structure, which are used to keep the turbine 
in its proper position while being exposed to 
the forces of nature such as wind and sea 
waves, can be fabricated by using a variety of 
materials such as reinforced concrete or steel. 
The transition piece connects the tower to the 
support strµcture or directly to the foundation 
(as in cases where monopiles are used). The 
transition piece serves the purpose of correct
ing any misalignment of the monopile that 
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From Ref. 6 

FIGURE 3. Typical ranges for frequencies for waves, rotors, blade passing and structure. 

may have occurred during installation. The 
towers are made of steel plate rolled into con
ical subsections that are cut and rolled into the 
right shape, and then welded together. The 
nacelle contains the key electro-mechanical 
components of the wind turbine, including the 
gearbox and generator. The rotor blades are 
made of fiberglass mats impregnated with 
polyester or carbon fiber composites. The 
power cable from each turbine is inserted in a 
J-shaped plastic tube that carries the cable to 
the cable trench in the seabed below. 

Wind Turbine Operation 
As wind flows through a turbine it forces the 
rotor blades to rotate, transforming the kinetic 
energy c;>f the wind to mechanical energy of 
the rotating turbine. The rotation of the tur-

. bine drives a shaft through which a gear box 
drives a power generator that generates cur
rent through the principle of electromagnetic · 
induction. The shaft, gearbox and generator 
are located in the nacelle. The nacelle is able to 
revolve about a vertical axis in order to opti
mally direct the turbine to face the prevailing 
wind. The electric current thus generated is 
converted to a higher voltage via a trans
former at the base of the tower. The power that 
can be harnessed from the wind is proportion
al to the cube of wind speed. However, 
today's wind turbines convert only a fraction 
of the available wind power to electricity and 
are shut down beyond a certain wind speed 
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because of structural limitations and concei:n 
for wear and tear. So far, it is considered cost 
optimal to start power regulation at a ten
minute wind speed of 9 to 10 meters (29 .5 •to 33 
feet) per second, have full regulation at mean 
wind speeds above 14 to 15 meters (46 to 49 
feet) per second and shut-down or idle mode 
at 25 meters (82 feet) per second. To minimize 
fluctuation and to control the power flow, the 
pitch of the blades of offshore wind turbines is 
regulated. At lower wind speeds, variable 
rotor speed regulation is used to smooth out 
power output. To maximize operating efficien
cy, the yaw of the turbine is also varied every 
thirty t.o sixty seconds. The pitching and yaw
ing creates non-linear aerodynamic response 
and hysteretic loads that have to be modeled 
in turbine response calculations: 

Wind Turbine Foundation 
Performance Requirements 
Deformation tolerances are usually specified 
by the wind turbine manufacturer and are 
based on the requirements for the operation of 
the wind turbine. Typically, these tolerances 
include a maximum allowable rotation at pile 
head after installation, and also a maximum 
accumulated permanent rotation resulting 
from cyclic loading over the turbine's design 
life. For an onshore wind turbine, the maxi
mum allowable tilt at pile head after installa
tion is between 0.003 to 0.008 radian (0.2 to 
0.45 degrees). A somewhat larger tilt 0.009 



radian (0.5 degrees) may be allowed for off
shore wind turbines. Any permanent tilt relat
ed to construction tolerances must be sub
tracted from these specified tolerances. 
Typical values of construction tolerances 
range from 0.0030 to 0.0044 radians (0.20 to 
0.25 degrees). Allowable rotation of the sup
port structure/foundation during operation is 
generally defined in terms of rotational stiff
ness, which typically ranges between 25 to 30 
GNm/radian.4 

Foundation Dynamics . 
As the offshore wind turbine rotates, the 
blades travel past the tower, thus creating sig
nificant vibrations. When a three-bladed rotor 
encounters a turbulent eddy, it resists peak 
forces at frequencies of 1 and 3P, where P is 
the rotational frequency of the rotor. For a typ
ical three-bladed variable speed turbine, the 
rotational frequency is between an approxi
mate range of 0.17 and 0.26 Hertz, and the 
blade passing frequency is between about 0.51 
and 0.78 Hertz. Meanwhile, cyclic loading 
from sea waves typically occurs at a frequency 
between 0.04 and 0.34 Hertz.5 Therefore, to 
avoid resonance the offshore wind turbine 
(turbine, tower, support structure and founda
tion) has to be designed with a natural fre
quency that is different from the rotor fre
quencies as well as wave frequencies as 
shown in Figure 3. 

Larger turbine diameters will require higher 
hub heights and heavier nacelles, which will 
impose even greater demands on the design of 
the foundation and support structure. The 
range of rotational frequencies will increase 
linearly with the blade diameter. Since the nat
ural frequency of the tower system is inversely 
proportional to the height of the tower 
squared, the frequency of the higher towers 
decreases rapidly and lies in the region of the 
wave frequencies. Accordingly, the support 
structure and foundation system would need 
to be made relatively stiff. A stiffer foundation 
would require more materials and thereby 
greater expense than a flexible foundation. 

Design Process 
The design process involves an initial site 
selection followed by an assessment of exter-

nal conditions, selection of wind turbine size, 
a subsurface investigation, an assessment of 
geo-hazards, the selection of the foundation 
and support structure, the development of 
design load cases, and geotechnical and struc
tural analyses. A flow diagram for the design 
process of a typical offshore wind turbine is 
shown in . Figure 4. So far, for achieving 
economies of scale, wind turbines are general
ly mass produced and available in four pre
defined classes based on wind speed; Conse
quently, the designer simply selects one of the 
predefined turbine classes that may apply to 
the wind farm site. Because the water depth, 
s~abed conditions, sea state statistics (wave 
heights and current velocities), ice climate, 
etc., may vary widely between sites, the use of 
a generic support structure concept is not fea
sible. Therefore, the tower, support structure 
and foundation must be designed for site-spe
cific conditions. The foundation system is 
selected based on several factors such as the 
level of design loads, depth of water at the 
site, the site geology and potential impact 'to 
the marine environment. As larger, cus
tomized wind turbines are developed, they 
will require an integrated analytical model of 
the turbine, support structure and foundation 
system, as well as rigorous analyses with site
specific wind and, wave regimes. 

Site Selection 
In addition to wind resource availability, a 
variety of factors that govern the selection of a 
wind farm site include: 

• site availability; 
• distance from shore; 
• proximity to power demand sites; 
• proximity to local electricity distribution 

companies; 
• potential impact to existing shipping 

routes and dredged channels; 
· • interference with telecom installations; 
• interference with line of sight from 

onshore; 
• buried under-sea cables and gas lines; 
• distance from 'local airports to avoid 

potential interference with aircraft flight 
paths; and, 

• other factors such as interference with 
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FIGURE 4. The design process for a typical offshore wind turbine. 

bird flight paths also have to be evaluated 
through avian studies. 

Assessment of External Conditions 
Following initial site selection, the developer 
makes an assessment of external conditions 
such as the level of existing wind conditions, 
water depth, currents, tides, wave conditions, 
and ice loading, the site geology and associat-
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ed geo-hazards such as sea-floor mudslides, 
scour and seismic hazards. 

Design Loads. Since wind loading is the 
dominant loading on an offshore wind turbine 
structure, it results in dynamic characteristics 
that are different from the wave and current 
loading that dominate the design of founda
tions for typical oil and gas installations. The 
loading on wind turbine foundations is char-



TABLE 1. 
Permanent Loads from a Typical Offshore Wind Turbine 

Typical 3 MW Typical 3.6 MW Typical 5 MW Future 7.5 MW 
Turbine, 80 m Turbine, 80 m Turbine, 90 m Turbine, 100 m 
(263 ft) Hub Height (263 ft) Hub Height (295 ft) Hub Height (328 ft) Hub Height 
(tonnes/tons) (tonnes/tons) 

Tower 156/172 178/196 

Nacelle 68/75 70/77 

Rotor. 40/44 40/44 

. 

Note: From Ref. 1. 

acterized by relatively small vertical loading 
and larger horizontal and moment loads 
(which are also dynamic). The design loads 
are classified into permanent, variable and 
environmental loads. 

Permanent loads include the mass of the 
structure in air (including the mass of grout 
and ballast, equipment or attachments that 
are permanently mounted onto the access 
platform) and hydrostatic forces (including 
buoyancy forces) on the various members 
below the waterline. Permanent loads from 
typical offshore wind turbines are presented 
in Table 1. 

Variable loads are loads that may vary in 
magnitude, position and direction during the 
period under consideration. These loads 
include personnel, crane operational loads, 
ship impacts from service vessels, loads from 
fendering, access ladders, platforms and vari
able ballast and also actuation loads. Actua
tion loads result from the operation of the 
• wind turbine. These loads include torque con
trol from the generator, yaw and pitch actua
tor loads and mechanical braking loads. In 
addition to the above, gravity loads on the 
rotor blades, centrifugal and Coriolis forces, 
and gyroscopic forces due to yawing must be 
included in design. Loads that arise during the 
fabrication and installation of the wind tur
bine or its components are also classified as 
variable loads. During fabrication, erection 
lifts of various structural components gener
ate lifting forces, while in the installation 

(tonnes/tons) (tonnes/tons) 

347/383 · ~550/606 

240/265 ~300/331 

110/121 ~180/198 

phase forces. are generated during load out, 
transportation to the site, launching and 
upending, as well as during lifts related to 
installation. The necessary d9,ta for computing 
all operating loads are provided by the opera
tor and the equipment manufacturers. These 
data need to be critically evaluated by the 
designer. Forces generated during operations 
are often dynamic or impulsive in nature and 
must be treated as such. For vessel mooring, 
design forces are computed for the largest ship 
likely to approach at operational speeds. 
Generally, permanent and variable loads can 
be quantified with some certainty. 

Environmental loads depend on the site cli
mate and include loads from wind, wave, ice, 
currents and earthquakes. These loads have a 
great degree of uncertainty associated with 
them (see Figure 5). These loads are time 
dependent, covering a wide range of time 
periods ranging from a fraction of a second to 
several hours. These loads act on the wind 
tower through different load combinations 
and directions under different design condi
tions and are then resolved into an axial force, 
horizontal base shear and an overturning 
moment to ,be resisted by the foundation. 

Wind Loading. Site-specific wind data col
lected over sufficiently long periods are usual
ly required to develop the wind speed statis
tics to be used as the basis of design. The 
design wind is represented by a mean wind 
speed, a standard deviation and a probability 
distribution for each of these parameters. 
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FIGURE 5. Loads from wind, waves, currents and moving sand dunes. 

Wind speed data are height dependent. To 
develop a design wind speed profile, a loga
rithmic or an exponential wind speed profile 
is often used. In areas where hurricanes are 
known to occur, the annual maximum wind 
speed should be based on hurricane data. 

Hydrodynamic Loads. Site-specific measured 
wave data collected over long continuous 
periods are preferable. When site-specific 
wave data are unavailable, data from adjacent 
sites must be transformed to account for pos
sible differences due to water depths and dif
ferent seabed topographies. Because waves 
are caused by winds, the wave data and wind 
data should correlate. However, extreme 
waves may not occur in the same direction as 
an extreme wind. Therefore, the directionality 
of the waves and wind should be recorded. 

Loadsfrom Currents. Tidal and wind gener
ated currents such as tl)ose caused by storm 
surge have to be included in the design. In 
shallower waters, usually a significant compo
nent of the hydrodynamic load is from .cur
rents. 
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Ice Loads. In areas where ice is expected to 
develop or where ice may drift, ice loads have 
to be considered in the design. The relevant 
data for sea ice conditions' include the concen
tration and distribution of ice, the type of ice, 
mechanical properties of ice, velocity and 
direction of drifting ice, and thickness of ice. 

Seismic Loads. For wind turbines that have 
to be located in seismic areas, a site response 
spectrum is usually developed for horizontal 
and vertical directions. For these analyses, the 
wind turbine is represented by a lumped mass 
at the top of the tower and it includes the mass 
of the nacelle, the rotors and part of the tower. 
Buckling analyses of the tower are conducted 
with the loads from the vertical ground accel
eration. 

Environmental Loading 
Conditions in the United States 
Environmental loading conditions peculiar to 
the United .States include hurricanes in the 
southeastern United States and the Gulf of 
Mexico, and northeaster storms along the east 



coast from Maine to Virginia, and floating 
freshwater ice in the Great Lakes region. 
Hurricanes are large, revolving tropical 
cyclones that form well defined spirals with a 
distinct low pressure center and can be as 
large as 1,000 kilometers (621 miles) in diame
ter, traveling at a velocity of up to 11 meters 
(36 feet) per second. Wind data for a number 
of hurricanes that made landfall in the United 
States over a fifty year period are available. 
However, measured wave data from hurri
canes are quite limited and simplified meth
ods are often employed to estimate design 
load parameters. 

Northeaster winter storms are generated in 
the winter at higher latitudes with colder air at 
their core and do not have a well defined spi
ral _and are often much larger in diameter than 
hurricanes. Even though these storms produce 
winds with lower velocities than hurricanes, 
their larger diameter can develop bigger high 
energy waves. Approximately thirty north
easter storms occur in the northern portion of 
the Atlantic coast every year. Therefore, these 
storms must be considered in the determina
tion of the wind turbine design loads. 

In most European waters, sea ice is not a 
common phenomenon. It mostly occurs in the 
Barents Sea, northern and western parts of the 
Norwegian Sea and inland waters such as the 
Baltic and Skagerak. Moreover, most offshore 
wind turbines have been installed in saline 
water either in the North Sea or the Baltic Sea. 
The Great Lakes region of the United States 
consists of large bodies of fresh water and is 
more susceptible to the formation of floating 
ice than are salt seas. Floating fresh water ice 
is considered to be harde.r than salt water ice 
and will need to be considered in the design of 
support structures for turbines in these loca
tions. 

Application of Available 
Design Standards 
If the established practice for the design of 
conventional fixed offshore platforms, as out
lined in the API guidelines, is extended to the 
design of offshore wind turbine support struc
tures, the designer must first appreciate the 
differences in the two types of structures and 
how they respond to applied dynamic loads.7 

The assessment of the dynamic response of 
offshore wind turbines will differ from that of 
offshore oil. and gas platforms and also 
onshore wirid turbines. Offshore platforms are 
designed using static or quasi-static response 
calculations for external design loads, whereas 
offshore wind turbines are driven by a combi
nation of wind, wave and current loading in 
non-linear dynamic analyses. The natural fre
quency of the offshore wind turbine is some
where between the wave and rotor frequen
cies. On the other hand, fixed platforms for the 
offshore oil industry are usually designed to 
have natural frequencies well above the wave 
frequencies. Unlike common practice in the 
offshore platforms, frequency domain analysis 
of dynamic response is seldom used fot off
shore wind turbines. To assess the non-linear 
behavior of aerodynamically loaded rotors, 
time domain simulations are generally 
required for an accurate assessment of both 
fatigue and ultimate limits states. Since the 
operating. state of the wind turbine varies 
along with variable wind conditions, a number 
of load cases need to be analyzed. Compared 
with onshore wind turbines, wave and current 
climate cause a large extension of the number 
of load cases. Moreover, the influence of the 
foundation and support structure on the over
all dynamic behavior is much larger compared 
to that of an onshore wind turbine. For an off
shore wind turbine structure, bot]:,. wind and 
wave loading are dominant; while for typical 
oil and gas installations, wave and current 
loading dominate the design of foundations. 

Extreme. wave loads generally govern the 
design of conventional fixed offshore plat
forms with wind loads contributing a mere 10 · 
percent to the total load. Therefore,· existing 
offshore standards emphasize wave loading 
but pay little attention to the combination 
with wind loads. In contrast, the design of off
shore wind turbines is generally governed by 
extreme wind, wave and current loads, with 
almost equal weight being given to wind and 
wave loads depending on the site location. In 
addition, given the highly flexible response of 
the wiri.d turbine structure, fatigue loads are 
critical. 

So far, a key assumption in the design of 
wind turbines in Europe is that the turbines 
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must be able to withstand extreme events with 
a return period of fifty years,s whereas the oil 
and gas industry structures are designed to 
withstand one hundred year events. There
fore, the resulting reliability for offshore wind 
turbines and conventional fixed offshore plat
forms is understandably different. Extending 
the use of design loads obtained from API in 
the design of support structure and founda
tion will result in a higher degree of conser
vatism for the foundation design than for the 
wind turbine and, consequently, lead to high
er construction costs. For the design of wind 
turbines a ten-minute average wind speed is 
considered long enough to cover all high fre
quency fluctuations of the wind speed and 
short enough to have statistically stable val
ues. This approach is significantly different 
from offshore platform design where one
hour average values are used. 

For the design of offshore structures in the 
United States, three exposure category levels 
corresponding to the consequence of failure 
are considered.9 Consequences would include 
environmental impact, danger to human life 
or economic loss. The failure of manned facil
ities or those with oil and gas storage facilities 
are considered of high consequence. Failure of 
platforms that may be manned but are evacu
ated during storms or do not have oil and gas 
storage is considered to be of medium conse
quence. Structures that are never manned and 
have low consequence of failure fall in the low 
consequence category. For the Gulf of Mexico, 
associated with each of these categories are a 
minimum wave height and period, wind 
speed and current speed to be used for design. 

Offshore wind turbines are generally 
unmanned in storm situations so that the risk 
of human injury is low compared to typical 
manned offshore structures. Moreover, the 
economic consequences of collapse and the 
related environmental pollution are low. For 
now, offshore wind turbines are likely to fall in 
the low consequence category. But as they 
become more integrated into the power grid 
and supply more power to the grid, the conse
quences of their failure are likely to increase. 

API guidelines suggest that the recurrence 
interval for the oceanic design criteria should 
be several times the design life of the offshore 
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platform.9 Typical offshore platforms have a 
design life of about twenty years and are 
designed using one hundred year return peri
od oceanic · criteria. However, for offshore 
wind turbine foundation design, a fifty year 
recurrence period is being used in Europe and 
appears appropriate for the United States .as 
well. 

Typical Support Structures 
Support structures connect the transition piece 
or the tower to the foundation at the seabed 
level. In some cases, as in monopiles and grav
ity structures, the foundations serve as sup
port structures as well by extending from the 
seabed level to above the water level and are 
directly connected to the transition piece or 
tower. Support structures for offshore wind 
towers can be categorized by their configura
tion and method of installation into six basic 
types, described below. 

Gravity Structures. As the name implies, 
these foundations resist the overturning loads 
solely by means of their own gravity. These 
are typically used at sites where the installa
tion of piles in the underlying seabed is diffi
cult, such as on a hard rock ledge or on com
petent soil sites in relatively shallow waters. 
Gravity caissons are typically concrete sheH 
structures, weighing as much as 1,300 tonnes 
(1,433 tons). These structures are cost effective 
when the environmental loads are relatively 
low, artd the dead load is significant, or when 
additional ballast can be provided at a reason
able cost. 

Monopiles. This design is a simple one in 
which the wind tower, made up of steel pipe, 
is supported by the monopile, either directly 
or through a transition piece. The monopile. 
consists of a large-diameter steel pipe pile of 
up to 6 meters (20 feet) in diameter with wall 
thicknesses as much as 150 millimeters (6 
inches). The weight of a typical monopile can 
range between 180 to 220 tonnes (198 to 243 
tons). Depending on the subsurface condi
tions, the pile is typically driven into the 
seabed by either large impact or vibratory 
hammers, or the piles are grouted into sockets 
drilled into rock. Compared to the gravity 
base foundation, the monopile has minimal 
and localized environmental impact. By far, 



the monopile is the most commonly used 
foundation for offshore wind turbines. 

Guyed Monopile Towers. The limitation of 
excessive deflection of a monopile in deeper 
waters is overcome by stabilizing th~ 
monopile with tensioned guy wires. 

Tripods. Where guyed towers are not feasi
ble, tripods can be used to limit the deflections 
of the wind towers. The pre-fabricated frame 
is triangular in plan view and consists of steel 
pipe members connecting each corner. A jack
et leg is instaHed at each corner that is diago
nally and horizontally braced to a transition 
piece in the center. The tripod braced frame 
and the piles are constructed onshore and 
transported by barge to the site. One advan
tage of these types of foundations is that they 
do not require any seabed preparation. 

Braced Lattice Frames. A modification of the 
tripod frame, the lattice frame has more struc
tural members. The jacket consists of a three
leg or four-leg structure made of steel pipes 
interconnected with bracing to provide the 
required stiffness. In deeper waters (for exam
ple, greater than 50 meters [164 feet]), multiple 
braced frames can be used to form a giant tri
pod. The batter of each leg could be varied to 
obtain the required stiffness. Braced lattice 
frames have been used for deeper water 
installations. in Scotland and are currently 
planned for wind farms offshore New Jersey. 

Floating Tension Leg Platforms. These plat
forms are structures that are floated to the site 
and submerged by means of tensioned vertical 
anchor legs. The base structure helps dampen 
the motion of the system. Installation is simple 
because the structure can be floated to the site 
and connected to anchor piles. The structure 
can be subsequently lowered by use of ballast 
tanks and/ or tension systems. The entire 
structure can be disconnected from the anchor 
piles and floated back to shore for major main
tenance or repair of the wind turbine. 

Considerations for the selection of support . 
structures for offshore wind turbines include: 

• required dynamic response in the given 
water depth; 

• constructability and logistics of installa
tion, including contractor experience and 
availability of equipment; and, 

• Costs of fabrication, availability of steel 
and other materials. 

Of these, the required dynamic response of 
the overall system in the given water depth is 
the main consideration. Since the dynamic 
response of a typical wind turbine depends on 
the stiffness of the support structure, which, in 
turn, is inversely proportional to the cube of 
its free standing height (or water depth), 
water depth can be used as a main factor for 
selecting the support structure in initial 
design. A survey of over thirty-seven wind 
farms in Europe provides typical water depths 
in which these support structures have been 
us.ed (see Figure 6 on the next page).1,10 

Typical Foundations 
Foundations anchor the support structures to 
the seabed, and typically fall into the six types 
described herein. 

Gravity Caissons. This type of foundation 
has been used for several offshore wind farms 
in Europe. For economical fabrication of grav
ity caissons, a shipyard or a drydock near the 
site is required that allows the massive foun
dation structures to be floated out to the site 
and sunk (see Figure 7 on page 19). Site prepa
ration and placement required for gravity 

· caissons typically inv9lves dredging several 
meters of generally loose, soft seabed sedi
ment and replacement - with compacted 
crushed stone to prepare a level bed for the 
gravity caisson to rest on. Special screeds and 
accurate surveying is required to accomplish 
this task. Installation of these structures is rel
atively time consuming. For example, at the 
Nysted wind farm in Denmark it took approx
imately twenty-six to twenty-nine days to 
complete four gravity foundations. 11,12 

Driven Pipe Pile. The driven steel pipe pile 
option is an efficient foundation solution in 
deep waters. The typical method of offshore 
and near-shore installation of piled structures 
is to float the structure (monopile, tripod or 
braced frame) into position and then to drive 
the piles into the seabed using a hydraulic 
hammer (see Figure 8 on page 20). The han
dling of the piles requires the use of a crane of 
sufficient capacity, preferably a floating crane 
vessel. The use of open-ended driven pipe 
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FIGURE 6. Various types of support structures and their applicable water depth. 

piles allows the sea bottom sediment to be 
encased inside the pipe, thus minimizing dis
turbance. However, the noise generated dur
ing pile driving ih the marine environment 
might cause a short-term adverse impact to 
aquatic life .. Since the number of piles is typi
cally few and spread apart, these adverse 
impacts are only short term and relatively 
minor. Installation times for driven monopiles 
are relatively short, taking less than twenty
four hours per monopile.13,14 

Post-Grouted Closed-End Pile in Predrilled 
Hole. In this design, a closed-ended steel pipe 
pile is placed into a predrilled hole and then 
grouted in place (see Figure 9 on page 21). 
This option is often used for offshore pile 
foundations less than 5 meters (16.4 feet) in 
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dfa.meter and offers significant · advantages 
over the cast-in-place drilled shaft option, 
including advance fabrication of the pile, bet
ter quality control and much shorter construc
tion time on the water. This option requires a 
specially fabricated large-diameter reverse cir
culation drill. It also requires the handling and 
placement of a long, large-diameter pile with 
considerable weight. Closed-end piles can be 
floated to the site and lowered into the drill 
hole by slowly filling them with water. 
Installation times for drilled and post-grouted 
monopiles are relatively long, averaging about 
fifty hours per monopile. 

Drilled Shafts. The installation of bored, 
cast-in-place concrete pile requires driving a 
relatively thin-walled (25 millimeters [1 inch]) 



casing through the soft 
sediment to the under
lying denser material (if 
necessary to establish a 
seal), then drilling 
through and below the 
casing to the required 
base elevation. Bending 
resistance is provided 
by a heavy reinforcing 
cage utilizing high~ 
strength, large-diameter 
bars, with double ring 
where necessary. The 
casing provides excava
tion support, guides the 
drilling tool, contains 
the fluid concrete and 
serves as sacrificial cor
rosion protection. This 
approach requires a 
large, specially fabricat
ed reverse circulation 
drill. 

Composite "Drive-
Drill-Drive" Pile. Where 
pile driving is not feasi
ble to achieve the design 
depth, an adaptation of 
existing drilling and pil- . 
ing techniques involves 
a combination drive
drill-drive sequence to 
achieve the design 

FIGURE 7. Gravity base foundation being constructed for the 
Nysted Offshore Wind Farm at Rodsand, Denmark. (Courtesy of 
Bob Bittner, Ben C. Gerwick, Inc.) 

'depth. Installation times for drilled and driven 
monopiles are relatively long, averaging about 
seventy to ninety hours per monopile as in the 
North Hoyle Wind Farm in the United 
Kingdom.13 

Suction Anchor. Suction anchors consist of 
. a steel canister with an open bottom and 
closed top. Like piles, suction anchors (see 
Figure 10 on page 21) are cylindrical in shape 
but have larger diameters (10 to 15 meters 
[33 to 49 feet]) and subsequently shallower 
penetration depths. They are installed by 
sinking into the seabed and then pumping 
the water out of the pile using a submersible 
pump (see, Figure 11 on page 22). Pumping 
the water creates a pressure difference across 
the sealed top, resulting in a downward 

hydrostatic force on the pile top. The hydro
static force thus developed pushes the 
anchor to the design depth. Once the design 
depth is achieved, the pumps are disconnect
ed and retrieved. The installation process is 
relatively time consuming, as evidenced at 
the Horns Rev II Wind Farm where it took 
about thirty-two hours to complete installa
tion, of which ten hours were spent on pene
tration.15 Suction anchors resist tension loads 
by relying on the weight of the soil encased 
by the steel bucket along with side friction 
on the walls and hydrostatic pressure. The 
stability of the system is ensured because 
there is not enough time for the bucket to be 
pulled out of the soil during a wave passage. 
As the bucket is pulled up, a cavity is formed 
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FIGURE 8. Pile driving hammer atop a steel pipe pile at the Kentish Flats Offshore Wind 
Farm, United Kingdom. (Courtesy ofElsam.) · 
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,FIGURE 9. Typical installation sequence for a post-grouted closed-end pipe pile in a 
predrilled hole. 

FIGURE 10. Suction anchors for an offshore platform being transported to site in the Gulf of 
Mexico. (Courtesy of Professor Aubeny.) 
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FIGURE lL Installation stages of a suction anchor. 

between the soil surface and the bottom of 
the bucket that creates a suction pressure 
that resists the uplift loads. These founda
tions carry compression loads by side fric
tion and end bearing. Since they do not 
encounter severe dynamic stresses caused by 
driving, the wall thickness for suction 
anchors is generally less than driven piles. 
Suction anchors are expected to be particu
larly suitable for foundations in the type of 
soft cohesive sediments found around the 
U:S. coasts. These foundations cannot be 
used in rock, in gravel or in very dense sand. 
When compared to piles, suction anchors are 
cheaper to install since they do not require 
underwater pile drivers. Moreover, the 
installation process is relatively quiet, there
by reducing noise effects on marine life. At 
the end of a wind turbine's life, a suction 
anchor may be removed completely from the 
seabed, unlike piled foundations. This 
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design approach provides room for recycling 
and reuse. 

Foundation selection considerations for off
shore wind turbines include: 

• soil conditions that facilitate installation 
and performance; 

• driveability for driven piles and penetra
bility for suction anchors; 

• constructability and logistics of installa
tion, ,including contractor experience and 

. availability of equipment; 
• costs of fabrication, availability of steel 

and other materials; and, 
• environmental impact considerations. 

Soil conditions at a project site will general
ly drive the method of installation and con
structability aspects. Driven monopiles are 
most adaptable to a variety of soil conditions. 
They are currently the most co;mmonly used 



foundation for offshore vvind turbine projects. 
Their construction procedure can be modified 
to suit the site conditions encountered. For 
example, in the presence of cobbles and boul
ders or very dense sands, the contractor may 
use a sequence of drilling and driving to 
achieve the required design depth for the 
monopile. In cohesive till and in soft rock, 
drilled shafts or post-grouted closed-end pipe 
in a drilled hole may be most suitable. Gravity 
base foundations will be feasible in shallow 
water, where competent bearing stratum, such 
as a rock ledge or glacial till is available at 
shallow depth. Suction caissons are feasible in 
soft clay strata and medium dense sands. The 
final selection of the foundation may be driv
en by other factors such as environmental 
impact, costs of construction, availability of 
equipment and contractor preference. 

Environmental Impacts 
of Foundations 
Foundation construction and installation will 
affect the marine environment and their 
impacts must be assessed. If drilled shafts are 
selected as the foundation, then the issue of dis
posing the excavated material will need to be 
addressed. The larger areas of seabed required 
for gravity base foundations also pose signifi
cant disturbance to the seabed environment. To 
limit the area of dredging required for the grav
ity base foundation, some form of. ground 
improvement should be considered. The use of 
open-ended driven pipe piles allows the sea 
bottom sediment to be encased inside the pipe, 
thus minimizing excess spoil. 

Airborne Noise. During the construction of 
offshore farms, airborne noise from construc
tion work (vessels, ramming, pile driving, etc.) 
will likely affect birds and marine mammals, 
but since the construction operations are of 
limited duration, these effects are expected 
only to be temporary. However, sensitive time 
periods like . breeding or nursery periods 
should be avoided if the construction site is 
placed near important biological areas -:
which may be in conflict with the intentions of 
the developers to establish offshore wind 
farms when stormy weather is least probable. 

Underwater Construction Noise. During con
struction, underwater noise from construction 

vessels and drilling or piling equipment may 
have a detrimental effect on marine mammals, 
fish and benthos. These effects are especially 
evident when driving monopiles. Noise from 
pile driving can either cause behavioral 
changes, injury or mortality in fish when they 
are very close to the source and exposed to 
either sufficiently prolonged durations of 
noise or elevated pressure levels. Accurately 
analyzing and addressing these effects is 
somewhat complicated. The sound pressure 
levels and acoustic particle motion produced 
from pile installation can vary depending on 
pile type, pile size, soil conditions and type of 
hammer. Furthermore, the diversity in fish 
anatomy, hearing sensitivity and behavior, as 
well as the acoustic nature of the environment 
itself (such as water depth, bathymetry and 
tides) further complicate the issue of how fish 
are affected by pile driving noise and how 
severe those effects may be. Experiences from 
a variety of marine projects in the United 
States and offshore wind farm projects in 
Sweden indicate that baro-trauma from. pile 
driving noise results either in mortality or 
trauma in fish, resulting in loss of conscious
ness and drifting on the water surface as if 
they were dead. However, the effect is consid
ered temporary. Noise from construction work 
during sensitive periods such as larvae season 
may result in a very high fish mortality rate. 
Accordingly, construction work during larvae 
season should be avoided. Generally, peak 
sound pressure levels of more than about 160 
decibels at a reference pressure of 1 micro- · 
Pascal are considered harmful to aquatic life 
and marine mammals.16 

Available approaches to mitigating pile 
driving noise include: 

• prolonging hammer impact duration; 
• using vibratory hammers; 
• using an air bubble curtain or bubble tree; 

and, 
• isolating the pile with a foam-coated cas-

ing. 

When hammer impact is prolonged, it results 
in smaller velocity amplitudes of pile vibra
tions and lower frequencies, thereby lowering 
overall noise levels. Installing piles using 
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vibratory hammers operating with continuous 
vibration frequencies between 20 and 40 Hertz 
also reduces noiEJe that is 15 to 20 decibels less 
than impact driving. However, such vibratory 
hammers are effective only under a limited 
range of soil conditions and for relatively 
small piles. A bubble curtain involves pump
ing air into a network of perforated pipes sur
rounding the pile. As the air escapes the per
forations it forms an almost. continuous cur
tain of bubbles around the pile. The bubbles 
prevent the sound waves from being transmit
ted into the surrounding water. Noise reduc
tions on 'the order of 10 to 20 decibels have 
been realized with bubble curtains. With foam 
coated steel casing, noise reductions of 5 to 25 
decibels (depending on frequency) have been 
achieved.16 

Underwater Operational Noise. During opera-
. tion, noise from offshore turbines can be trans

mitted into the water in two ways: the noise 
either enters the water via the air as airborne 
sound, or the noise is transmitted into the 
water from tower and foundation as structur
al noise. The frequency and level of underwa
ter noise is therefore to a certain degree deter
mined by the way the tower is constructed 
and by the choice of foundation type and 
material (steel monopile or concrete gravity 
caisson). Underwater noise from offshore 
wind turbines must of course exceed the level 
of underwater background noise (ambient 
noise, especially from ships) in order to have 
any effects on marine fauna. 

Measurements from offshore farms 
Vindeby in Denmark (caisson foundation 
type) and Bockstigen in Sweden (monopile) 
indicate that underwater noise is primarily a 
result of the structural noise from the tower 
and foundation.17 When the results were 
scaled up, based on measurements from a 2 
megawatt onshore wind turbine, it was con
cluded that the underwater noise might be 
audible to marine mammals within a radius of 
20 meters (66 feet) from the foundation. 
Generally, it is believed that for frequencies 
above 1 kiloHertz, the underwater noise from 
offshore turbines will not exceed the ambient 
noise, whereas it is expected that for frequen
cies below 1 kiloHertz, noise from turbines 
will have a higher level than the background 
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noise. Only measurements and'impact studies 
after the construction can reveal if underwater 
noise will really affect marine mammals. The 
effects on fish from low frequency sounds 
(infrasound, below 20 Hertz) is uncertain. The 
effects from noise and electromagnetic fields 
on fish communities living at the seabed are 
still a subject of further study. 

Foundation Design Considerations 
Geotechnical Investigation. Since foundation 
construction costs can balloon from unantici
pated subsurface conditions (such as paleo
channels), the presence of boulders or foreign 
objects (such as shipwrecks, abandoned 
anchors, pipelines or lost casings from prior 
explorations), a thorough bathymetric survey 
and a geotechnical investigation program are 
essential to· managing such risks. With the 
purpose of defining the soil stratification and 
investigating the seabed for unidentified 
objects, a geotechnical investigation program 
should be performed in at least three phases: a 
geological desktop study, followed by a bathy
metric and geophysical survey, and then by 
cone penetration test (CPT) soundings and 
geotechnical borings. A wind farm site typi
cally extends over a substantial area and there 
may be significant variation in subsurface con
ditions across the site. The generally limited 
number of geotechnical borings may not 
reveal the true variation in subsurface condi
tions across the site. In this regard, a geologic 
study and geophysical methods become 
invaluable in alerting the designer to the 
range of variation in subsurface conditions 
across the site. The wind turbine array may 
need to be modified based on the subsurface 
conditions (see Figure 12). Geophysical meth
ods usually based on seismic and sonar meth
ods, including side-scan sonar and sub-bot
tom profilers, can be used to obtain informa
tion on seabed stratigraphy and topography 

· over the proposed site along with information 
on any foreign objects. With the purpose of 
confirming the results of the geophysical pro
filing, cone soundings should be performed in 
an array across the site. These soundings 
should be supplemented by several borings 
located strategically across the study area. 
Proper surveying methods and locating sys-



terns must be employed to ensure that 
the bathymetry, geophysical methods, 
geotechnical soundings and borings, 
and the actual installation are all con
trolled to the same positioning rela
tive to each other. To determine the 
geotechnical engineering characteris
tics of the soils, a program of laborato
ry soil testing must be performed. 

The geotechnical investigations 
must extend throughout the depth 
and areal extent of soils that will affect 
or will be affected by the installation of 
the planned structure and foundation. 

Paleochannel 

The number of borings will depend on FIGURE 12. A paleochannel filled with soft mud at a 
wind farm site requiring a change in the layout. the foundation type selected and the 

anticipated geologic conditions. In 
general, one boring per turbine fou:µdation is 
recommended. Since the main expense of per
forming an offshore drilling program is related 
to mobilizing the drill barge, performing fewer 
borings may not be cost effective. Moreover, 
obtaining geotechnical information at founda
tion locations goes a long way in reducing risk. 
If pile foundations are selected, the borings 
and soundings should extend at least 5 to 10 
meters (16 to 33 feet) beyond the preliminary 
estimated depth of pile foundations. If a grav
ity structure is selected, the borings should 
extend to a depth where the stress increase in 
the soil and the resulting strain caused by the 
gravity structure is negligible. Moreover, mul
tiple borings may be required for each gravity 
structure to account for variation in subsurface 
conditions. From all borings, soil samples must 
be collected with great care in order to mini
mize the degree of disturbance to the samples. 
All in all, a geotechnical engineer experienced 
in offshore investigations should be retained 
for the planning and executing of such investi
gations. The geotechnical engineer should be 
able to modify the initially proposed plah 
based on the site conditions encountered. The 
program should be equipped to switch 
between soil sampling, rotary coring and in
situ testing where needed. For cable routing 
studies, relatively shallow cone soundings or 
vibro-core borings may be performed to obtain 
information for the cable trench. 

Local Geology & Geologic Hazards. Geologic 
hazards that have the potential for causing the 

failure of · offshore engineered structures 
include slope failures, fault ruptures and 
adverse soil conditions. Such hazards can be 
triggered by external events, including earth
quakes and surface storms. For instance, in the 
Gulf of Mexico, hurricanes Ivan, Katrina and 
Rita destroyed 118 oil drilling platforms and 
caused substantial damage to underwater 
pipelines by triggering slope failures.18 Pipe
lines and undersea cables face several geo
hazards including: 

• submarine slope failures including rota
tional or translational failures and sheet 
flows; 

• sea floor rupture associated with seismic 
activity; and, 

• rough sea floor where the cable or 
pipeline may have to bridge over rock 
outcrops and channels. 

Seafloor Mudslides. If the seafloor at the pro
posed site of the wind farm is even mildly slop
ing, it could be susceptible to localized or areal 
sea-wave or earthquake-induced mudslides or 
submarine slides that could adversely affect the 
foundations. Numerous submarine slides have 
been documented on the coasts of continental 
United States.(see Figure 13 on the next page). 
Identifying slope stability hazards in the marine 
environment is a challenging and important 
task. Marine slope failures can occur on slopes 
with gradients as low as 2 to 6 degrees. But their 
most notable feature is their large aerial extent. 
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FIGURE 13. Documented submarine slope failures in the United States .. 

For example, the Sigsbee Escarpment in the Gulf 
of Mexico and the Storegga Slide in the 
Norwegian Sea are among the largest docu
mented submarine slides in the world. The 
Storrega Slide has occurred over a 290 kilometer 
(180 mile) stretch of the coastal shelf, stretching 
out almost 800 kilometers (497 miles) and cover
ing an area of about 34,000 square kilometers 
(13,130 square miles).18 A submarine slide can 
either result in mud flow or the sliding mass will 
stop in a short distance. Debris flow analyses 
require an estimation of the depth of debris and 
run-out distances. The seismic stability of sub
marine slopes should also be evaluated. 
Moreover, slide masses originating offsite could 
potentially impact the wind farm foundations. 
Therefore, these issues should be identified early 
in the process since they can significantly influ
ence site selection. Where identified, the poten
tial loading from seafloor mudslides should be 
incorporated in foundation design. Seafloor 
mudslides can potentially overstress the founda
tions by lateral loads and damage buried cables. 

Scour & Moving Sand Dunes. The removal 
and deposition of seabed soils caused by 
waves and currents is an ongoing geologic 
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process that may be further exacerbated when 
the natural flow regime is interrupted by engi
neered structures. For an offshore wind farm, 
different types of scour need to be considered: 

• local scour occurring immediately 
around the foundation; 

• global scour occuqing to a large extent as 
a shallow scoured basin due to effects of 
multiple foundations; and, 

• overall seafloor movements, including 
sand waves, ridges and shoals. 

Another phenomenon that occurs as a result of 
large-scale morphological events is the overall 
movement of the seabed resulting in sand 
waves. The movement of sand waves can result 
in several meters of accumulation in a few 
years. For example, at the Scroby Sands Wind 
Farm in Norfolk, United Kingdom, the sand 
bank level is expected to vary as much as 9 
meters (30 feet) during the design life of twen
ty years. A similar scenario was expected at the 
offshore wind farm off Long Island, New York. 

The consequence of scour is either the 
reduction of lateral and vertical support for 
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FIGURE 14. Overburden stress reduction due to scour. 

foundations, or the imposition of additional 
forces resulting in settlement or overstressing 
of the foundations (see Figure 14). Scour will 
have an impact on. the length of foundation 
embedment, the natural frequency of the wind 
turbine system and the J-tube. For monopiles, 
the lateral load resistance is offered by soils 
primarily in the upper five to ten pile diame
ters, and the effect of scour on monopile 
design is rather pronounced. Moreover, 
changes in seabed level conditions _:__ whether 
by scour or by sand waves - will result in a 
decreased or increased lateral pile stiffness 
and 'natural frequency. In design, the most 
probable combination of maximum scour 
depth and maximum extreme loads must be 
used for foundation analyses. As noted earlier, 
the power cable from each turbine is inserted 
in a J-shaped plastic tube that cardes the cable 
to the cable trench. In the event of scour, the 
cable would be freely spanning over the scour 
hole. Since. the function of the cable is crucial 
to the whole operation, any damage to the 
cable, whether by scour or other factors, must 
be prevented. Fatigue response of the struc
ture is particularly sensitive to any changes in 
the dynamic stiffness of the foundation. 

Seismic Considerations. The level of seismici
ty of the wind farm site should be assessed 

either through available data or detailed 
investigations. If the area is determined to be 
seismically active and the wind turbine will be 
affected by such activity, then site-specific 
response spectra and design criteria should be 
developed. Depending on the location of the 
site, seismic hazards of liquefaction, seismic 
settlement, lateral spreading and earthquake 
loads could adversely impact the wind tower 
foundations and should be addressed in the 
design. The potential for seismically induced 
sea waves, also known as tsunamis, should 
also be assessed. Earthquake loads seldom 
drive the design for wind turbines. For con
ceptual level studies, seismic ground accelera
tions may be obtained from prior studies or 
relevant seismic hazard maps. 

Liquefaction Potential. Soil liquefaction, 
defined a~ a significant reduction in soil 
strength and stiffness as a result of an increase 
in pore pressure during dynamic loading, is a 
major cause of damage to built structures dur
ing earthquakes. Typically, the hazard from 
liquefaction occurs in four ways: 

• bearing failure; 
• settlement; 
• localized differential lateral movements; 

and, 
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channels can lead to static 
shear biases on essentially 
horizontal ground. The 
determination of lateral 
spread potential and an 
assessment of its likely 
magnitude ought to be 
addressed as a part of the 
hazard assessment process 
for an offshore wind farm 
site. In the event that there 
is a potential for lateral 
spreading at a wind farm 
site, it should be incorpo
rated into the design of the 
foundation. For instance, if 
pile foundations are 
employed, passiye forces 

· Profile 
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from the moving soil mass 

FIGURE 15. Forces on a monopile foundation from lateral 
spreading of liquefied seabed soils. 

should be applied and the 
foundation checked for 
moment and shear capaci-

. • ground loss or highly localized subsi
dence associated. with the expulsion of 
material such as "sand boils." 

Usually, for soil liquefaction to occur offshore, 
two conditions must exist: 

• presence of loose, sandy soils or silty soils 
of low plasticity; and, 

• a source of sudden or rapid loading, typ-
ically associated with earthquakes. 

Generally, soil conditions found at offshore 
wind farm sites would be susceptible to lique
faction should an earthquake occur. Therefore, 
the liquefaction potential at all wind farm sites 
should be assessed in the early phase of 
design development. 

Lateral Spread Potential. Lateral spreading 
occurs primarily by the horizontal displace
ment of soils at the seabed due to the liquefac
tion of underlying granular deposits. The 
degradation in the undrained shear resistance 
arising from liquefaction may lead to limited 
lateral spreads induced by earthquake inertial 
loading. Such spreads can occur on gently 
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ty and related deflection 
(see Figure 15). Alternately, the expected soil 
displacement may be applied to the pile 
model in order to evaluate the related shear 
and moment developed in the pile. 

Foundation Analyses 
Gravity Base Foundations. In gravity base foun
dations, the passage of waves produces 
dynamic horizontal forces concentrated on the 
top of the structure. At the same time, pressure 
fluctuations of the passing crest and trough 
reduces the apparent weight of the gravity 
structure and creates a mode for vertical vibra
tion. With or without earthquake forces, the 
eccentricity of the wave forces results in cou
pled rocking and sliding modes of vibrations. 
During a major storm, the simultaneous 
occurrence of vertical, sliding and rocking 
loads would create high stress concentrations 
at the edges of the foundation, resulting in 
excess pore pressures and possible localized 
yielding of foundation soils below the founda
tion edge opposing the storm. Following the 
passage of the storm, the excess pore pressures 
would dissipate, causing settlement and relat
ed differential settlement possibly resulting in 



the tilting of the foundation. Therefore, for 
gravity foundations, uplift, overturning, slid
ing, bearing capacity, lateral displacement and 
settlement are potential failure modes that 
require evaluation. Immediate, primary and 
secondary consolidation settlement, perma
nent horizontal displacements and resulting 
differential settlements also have to be evalu
ated. Differential settlements should incorpo
rate the lateral variation of the soil conditions, 
unsymmetrical weight distributions, predom
ina:n't directional loading and seismically 
induced settlement. The required sliding 
resistance determines the minimum weight of 
the system based on Coulomb's relation for 
frictional material. It has been found that the 
heave force on the gravity base is a more dom
inant factor leading to instability by sliding 
than the overturning moment from the aero
dynamic loads.20 The heave force can be calcu
lated using Bernoulli's theorem for the undis
turbed wave kinematics (instead of the more 
complicated diffraction theory). Vertical bear
ing capacity is computed using bearing capac
ity theory developed by Prandtl, Brinch 
Hansen and Terzaghi: In bearing capacity cal
culations,. the inclined and eccentric loads on 
the gravity base can create a severe reduction 
in the effective area and allowable bearing 
capacity. Therefore, reduction factors for 
inclined and eccentric loads have to be 
applied. Because of its sensitivity to the ratio 
of the vertical and lateral loading, an evalua
tion of bearing capacity and hydrodynamic 
heave and lateral forces is required for many 
phases of the oncoming design wave (see 
Figure 16 on the next page). The design of the 
gravity base foundation is iterative in the 
sense that the large contribution from hydro
dynamic loading on the gravity base depends 
on the shape and size of the gravity structure, 
which is in turn is governed by its load bear
ing function (see Figure 17 on page 31). 

Dynamic analyses of gravity base founda
tions require considering soil-structure interac
tion effects. For homogeneous soil conditions, 
the soils can be modeled as an elastic half space 
with an equivalent shear modulus. Foundation 
stiffness coefficients can be determined based 
on elastic theory. These stiffness coefficients can 
be used in structural analyses for wind and 

wave loading on the turbine and its support 
structure. To account for the strain dependency 
of shear modulus and internal soil damping, a 
range of shear modulii and damping should be 
considered in developing foundation springs. 
In the case where heave from wave passage 
and excessive overturning moments lead to the 
formation of a gap at the base of the gravity 
foundation, these procedures overestimate the 
foundation stiffness. Gravity base structures 
are generally massive and constitute a majority 
of the weight of the wind tower system. 
Therefore, the fundamental period of vibration 
of the gravity base is small compared to the rest 
of the wind tower system. Since the modes of 
vibration of the wind tower and the gravity 
base are substantially different, an uncoupled 
analysis would be expected to provide reason
able estimates of foundation behavior (see 
Figure 18 on page 32). 

Deep Foundations. Geotechnical design 
methods for driven pile foundations focus on 
three aspects: 

• axial load carrying capacity in compres
sion and tension; 

• response under cyclic lateral loads; and, 
• installation. 

The main objective of the design is to select a 
foundation size that can develop the required 
axial capacity, perform adequately under lat
eral loads without excessive deflection and 
rotation at mudline, and withstand the instal
lation stresses needed to penetrate the pile 
without buckling the walls. A typical driven 
pile design will require the prediction of: 

• penetration resistance with depth; 
• depth to fixity under lateral loads; 
• minimum required penetration depth for 

fixity and axial capacity considerations; 
and, 

• driveability evaluation. 

The bearing capacity and lateral load defor
mation performance of the pile is evaluated 
using finite element procedures or other avail
able procedures using the p-y approach. 
Another paper provides a detailed treatment 
of axial pile capacity for pipe piles.21 
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FIGURE 16. Bearing capacity of a gravity base with varying load levels. 

Lateral load analyses of pile foundations 
are performed with a variety of methods (see 
Figure 19 on page 33). The most common 
methods to perform these analyses are: 

• a finite difference model of a beam sup
ported on non-linear p-y, t-z and Q-iv 
springs to represent the pile-soil interac-
tion; _ 

• coupled foundation stiffness matrix; 
• uncoupled stiffness matrix; and, 
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• equivalent cantilever with an effective 
depth to fixity. 

Soil-pile-structure interaction under such 
cyclic loading is a complex process involving 
several simultaneously occurring phenomena 
such as cyclic degradation, pore water pres
sure generation and gap-slap-scour near the 
mudline. All these factors may occur simulta
neously to modify the axial and lateral stiff
ness and the response of the pile foundations. 
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FIGURE 17. The design process for an offshore gravity base structure. 

From Ref. 1 

Space limitations prevent inclusion of a 
detailed discussion of these phenomena.22 

Axial Response .. The axial response of a pile 
driven into soil and subjected to dynamic load
ing depends on the characteristics of the loads, 
the pile geometry,, the method of pile installa
tion and the stress-strain characteristics of the 
soils surrounding the pile. Cyclic vertical loads 
generate cyclic shear stresses in the soils adja
cent to the piles and alternating compressive
tensile stresses in the soils adjacent to the pile 

tip. If the cycling is intense enough, the pile
soil bonds along the shaft may be broken 
down so that only a: dynamic friction exists 
together with a tensile and compression resist
ance at the tip. The ultimate skin friction 
would be influenced by factors such as cyclic 
degradation and rate effects. It has been shown 
that there is a definite trend towards an 
increase in pile head settlement with the num
ber of cycles and the level of cyclic loading. 
Therefore, for foundati9ns subjected to contin-
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ual cyclic loads such as those from waves and 
turbines, pile head displacements could accu
mulate, causing foundation settlement. 
Available literature indicates that significant 
degradation can occur with cyclic loading of 
piles in sands.23,24 Model tests performed by 
Chan and Hanna showed significant loss of 
resistance reflected by rapid increases in pile 
displacement under the cyclic loads that are a 

. fraction of the static load capacity.23 The degra
dation of pile resistance to cyclic loading is 
attributed to increases in induced pore pres
sure, destruction of interparticle bonds, 
realignment and rearrangement of the soil par
ticles. All these factors combine to reduce the 
side resistance on the pile. 

Lateral Response. The lateral pile response is 
affected by cyclic degradation, pore pressure 

32 CIVIL ENGINEERING PRACTICE SPRING/SUMMER 2009 

generation and loss of resistance due to gap 
formation near the mudline. The pore pres
sures will increase because of cyclic loads on 
the foundation. These increases in pore water 
pressure result in a decrease in vertical effec
tive stress and a consequent decrease in shear 
strength that, in turn, results in a softer lateral 
response and axial response. It is anticipated 
that the loading from the turbine will also pro
duce pore pressures that result in a softer lat
eral response. 

Cyclic loading from waves, and also the 
turbine, will produce pile motion in opposing 
directions. When the soil starts deforming 
beyond the elastic range, the contact between 
the adjacent soil is reduced effectively, form
ing a gap between the pile and the soil. When 
gap formation occurs at shallow depths, it will 
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further reduce the lateral resistance of the 
piles. The response of soil to lateral loads is 
usually modeled by load p versus deflection y 
curves that are derived from pile load tests 
conducted at various sites. These lateral load 
tests were performed on small-diameter piles 
either under static conditions or they involved 
cycles of loads where each cycle lasted several 
hours at a time. The available p-y curves for 
cyclic loads are derived from slow-cyclic tests 
with each cycle lasting several hours, which 
allowed ample time·for pore pressure dissipa
tion. However, some gapping and cyclic 
degradation were observed in these tests. 
Therefore, the cyclic p-y curves have inherent 
in them the effects of gap formation and some 
cyclic degradation, but the effects of pore 
water pressure generation are not included. 
Using the same set ofp-y curves for larger (3 to 
6 meter [10 to 20 foot]) diameter piles may not 
be entirely appropriate. For larger diameters, a 

significant side shear force component and a 
related moment and an additional base shear 
force and a moment associated with the nor
mal pressures at the base of the pile would be 
generated, making the pile response stiffer. No 
field data on load transfer at the base is avail
able currently and this topic requires further 
study. 

Torsional Response. Since the side friction/ 
adhesion will not only resist axial loads but 
also torsional moment loads, cyclic degrada
tion, pore pressure generation and the afore
mentioned phenomenon of gap formation 
will also modify the torsional response of 
the monopile. Therefore, appropriate con
servatism should be employed in static 
design. · 

Pile Driveability. Driveability evaluations 
are a crucial part of the design process. Wave 
equation analyses are typically performed to 
assess the range of pile hammer energies 
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required to drive the piles. The major purpose 
of this study is to: 

• estimate the feasibility of driving the piles 
to the design depth with the selected 
hammer; 

• to evaluate pile tensile and compressive 
stresses and pile driving resistances for 
the selected range in hammer energies; 
and, 

• to develop pr~liminary driving criteria. 

While available offshore pile driving hammers 
with a rated energy of 3,000 kilo Joules or more 
are capable of installing piles with diameters 
as large as 4.5 meters (15 feet), newer higher 
capacity hammers with adaptors for even 
larger pile diameters are being developed. 
Sp'\ce limitations prevent inclusion of a case 
study on the driveability of very large diame
ter piles.I 

Issues Pertaining to. Lateral Response of Large
Diameter Piles. Another issue of current ill.terest 
is the effect of increased pile diameter on later
al response and how it is modeled with avail
able numerical models. Typical loading condi
tions for the 5 megawatt (and larger) offshore 
turbines in water depths of 20 meters (66 feet) 
or more will require pile diameters up to 6 
meters (20 feet), which are pushing the enve
lope of current experience in design and instal
lation. Current procedures for the analyses of 
laterally loaded piles are of semi-empirical 
nature25 and only indirectly consider the effect 
of the diameter on the pile behavior. Moreover, 
they have not been validated with ~oad tests on 
very large-diameter piles. Although piles with 
diameters of up to 4.5 meters (15 feet) have 
been recently designed and installed,26 no data 
on their long-term pile response are available. 
Hence, any extrapolation of available methods 
of lateral load analyses to large-diameter 
monopiles for offshore wind turbines requires 
an evaluation of the effects of scale on the pile 
response under lateral loads. 

A review of available literature shows that 
only a few studies have been published to 
date. Stevens and Audibert found that the 
conventional p-y curves significantly over
predicted the displacements for larger diame
ters and published a correction for normaliz-
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ing the standard curves.27 A number of studies 
have reported on lateral load tests on piles 
with diameters of 0.27, 1.22 and 1.83 meters (1, 
4 and 6 feet) at a site where the clay was over
consolidated.28-30 They found that Matlock's p
y curves over-predicted displacement and 
suggested a moq.ification. Other researchers 
have also performed three-dimensional finite 
element modeling to evaluate laterally loaded 
piles of large diameters in sand.31-33 

Juirnarongrit and Ashford concluded that 
the effect of pile diameter was relatively 
insignificant in the small deflection range but 
increased somewhat near ultimate loading 
where shaft rotation and non~linearity 
increased.31 Due to the simplicity of the three
dimensional finite element model used in 
their study, some other important aspects 
could not be incorporated that could have 
made significant contributions to the effect of 
pile diameter on the pile response. These 
aspects include soil-pile separation, increased 
friction between the soil and pile, and the 
effect of soil confinement. 

Abdel-Rahman and Achmus evaluated a 
relatively short 7.5 meter (25 foot) diameter 
pile, 20 meters (66 feet) long and found that p
y models under-predicted deflections - i.e., 
showed a stiffer lateral response compared to 
a finite element model.33 The details of the 
finite element model, however, were not avail
able. Lesny et al. evaluated a pile with diame
ter of 6 meters (20 feet) and length of 38.9 
meters (128 feet) and drew a similar conclu
sion.32 Their results indicated that, compared 
to the load transfer approach, the pile 
response determined by finite element analy
sis is somewhat softer and results in a deeper 
depth of fixity. Both researchers, however, 
indicated that their results have not been veri
fied with actual field test observations. It is 
somewhat unclear whether appropriate soil 
characteristics at the applicable stress range 
and yield models relating to cyclic loading, 
gap-separation and alteration from pile driv
ing were selected in these analyses. 

More recently, numerical modeling studies 
for large caissons for bridge foundations have 
been performed by Professor George Gazetas 
and his co-workers.34-37 They have developed 
a non-linear Winkler model that, through a 



pre-defined pinching function, can model 
gapping and slippage. However, these models 
are complicated and cannot readily be used by 
the practitioner. 

The key to obtaining useful solutions using 
the finite element method is characterizing the 
material properties accurately. Even if appro
priate material properties can be obtained 
from sophisticated testing in the laboratory, 
the behavior of deep foundations poses two 
significant problems, 

• how substantially the soil properties were 
modified during pile driving; and, 

• how soil properties change during con-
tinual cyclic loading. 

Neither of these two issues have been 
addressed sufficiently enough for a practition
er to readily quantify them in a numerical 
model. Perhaps the main shortcoming of the 
finite element method in analyzing a pile 
under lateral load is that it requires that the 
engineer obtain clearly defined stress-defor
mation relationships for the soil prior to, and 
also after, pile installation at various distances 
from the pile. In addition, if the loading is 
repetitive or extreme, it would require further 
knowledge about the soil response to cyclic 
loads and large strains. 

In any finite element method analysis, the 
use of an appropriate interface element (gap
ping and slippage) between the pile and the 
soil is of utmost importance. Constitutive 
models of soil and pile, an interface element 
between pile and soil, and the degradation of 
soil stiffness under cyclic loading can simulate 
the actual behavior of pile and soil only once it 
has been calibrated to actual field load tests. 
The application of the finite element method 
to deep foundations under various loading 
conditions must by necessity use the results of 
complicated testing that determines the char
acteristics of the soil as a function of distance 
from the structure and incorporates the effects 
of installation and the nature of loading. 
Nevertheless, the approach is quite useful in 
performing parametric studies and sensitivity 
analyses in pile design. 

Physically, the effect of diameter on pile 
response could be explained as follows: For a 

slender pile of small diameter, as the pile flex
es under lateral load, there is some rotation of 
the pile segments. Any vertical shear resist
ance offered by the soil to the rotation of the 
pile segment is considered insignificant. 
However, for larger diameter piles the greater 
surface area causes the vertical shear resist
ance and related moment offered by the soil to 
the rotation of the pile segment to become 
large enough to be significant. In addition, the 
installation method (such as post-grouted 
piles, drilled shafts or driven piles) would 
likely alter the lateral response of the pile. If 
the piles are relatively short, a rigid body rota
tion mode dominates the lateral response of 
the pile. In this case, the response of the pile 
soil system is affected by the deformation of 
the soil not only near the ground surface, but 
also adjacent to the pile tip and beneath the 
pile tip. Base shear along with the resisting 
moment associated with the normal pressures 
at the base of the pile become significant. If 
base slippage or base separation occurs, it 
should be included in the model. Accordingly, 
any laterally loaded pile model should incor
porate components of axial load transfer. 

Load transfer curves obtained from field test
ing offer a relatively simple and practical way of 
modeling laterally loaded pile behavior.38 A 
load transfer model"used in the design of large
diameter suction cai~sons was developed by 
Wang and Arrellaga.39 It incorporates well 
accepted t-z, Q-w and p-y curves and can accom
modate axial tip resistance and base separation 
along the rim of the caisson. Such a model could 
be used for large-diameter piles as well. 

In, summary, the issue of the effect of pile 
diameter on lateral response requires further 
study involving laboratory testing, scale mod
els, field testing and numerical models. Until 
that time, a degree of conservatism is required 
in soil parameter selection and in designing 
pile lengths with the load transfer approach. 
Further discussion on the subject is provided 
in another study.1 

Suction Caissons. Geotechnical design meth
ods for suction caissons focuses on two 
aspects:39 

• installation and retrieval; and, 
• compressive .and uplift capacity. 
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The main objective of the design is to select a 
caisson size that can develop the required 
compressive and uplift capacity and with
stand the installation suction needed to pene
trate the caisson without buckling the walls or 
failing the soil plug. A typical suction caisson 
design will require the prediction of: 

• penetration resistance with depth; 
• required suction with depth; 
• optimum location of pad eye for lateral 

loads (if any); 
• self-weight penetration depth; and, 
• maximum penetration depth. 

Once the caisson is sized, a caisson penetra
bility study is performed to ensure that the 
soilresistance offered is less than the driving 
force on the caisson. The driving force on the 
caisson consists of the buoyant weight of the 
caisson and the applied suction. The maxi
mum attainable value of suction is limited 
by: 

• the absolute pressure at which the water 
cavitates, resulting in pump failure; 

• the minimum absolute pressure that can 
be achieved by the given pump; and, 

• the minimum relative pressure that can 
be achieved by the pump. 

In addition to the limit imposed by the maxi
mum available suction, there is a limit to the 
depth of penetration that can be ·achieved by 
applying suction. If the difference between the 
vertical stress inside and outside the caisson at 
the level of the caisson tip exceeds a certain 
amount, then local plastic failure may occur 
and further penetration may not be possible. 
This mechanism may be thought of as a 
"reverse" bearing capacity problem in which 
the soil {lows into the caisson. A detailed dis~ 
cussion of the design process with design 
examples (see Figure 20) are provided in 

· Malhotra.I The capacity of a suction caisson to 
resist tensile loads is sensitive to the dynamic 
characteristics of the load. Moreover, sediment 
movement and local scour are important con
siderations that· can affect caisson perform
ance. Other factors that must be considered for 
suction caisson design are: 
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• the set-up time required to develop full 
shaft resistance; and, 

• formation of a gap under inclined loading 
and potential loss of side resistance. 

For preliminary design purposes, suction 
caissons are analyzed in their final installed 
condition as gravity base foundations with the 
theoretical foundation base at the caisson tip 

• level. However, since the suction caissons 
encounter cyclic oblique tensile loads, other 
methods of analyses have been developed. 
The performance of suction caissons to cyclic 
oblique tensile loads has been a subject· of 
intensive study in the last two decades. 
Procedures and design equations have been 
developed from the results of model tests per
formed at the University of Texas and at 
Oxford University.40,41 During detailed design, 
the bearing capacity and load deformation 
performance of the caisson is evaluated using 
finite element procedures or other available 
procedures using the p-y approach. For initial 
sizing purposes, the designer may assume a 
length to diameter ratio between 5 and 8. 
Buckling ~onsiderations will govern wall 
thickness. 

Fatigue 
Fatigue is the process of gradual damage 
done to materials when subjected to continu
ally changing stresses. Due to these repeated 
stress changes, the material slowly deterio
rates, initiating cracks that will eventually 
propagate and lead to eventual failure. 
Offshore wind turbines are by default sub
jected to loads varying in time from wind as 
well as waves. This condition means that the 
stresses on the support structure will also 
vary continuously, making them prone to 
fatigue. Tubular steel structures (such as 
monopiies, braced lattice frames and tripods 
in deep water and exposed to wave loading) 
are particularly susceptible to fatigue. To be 
able to take fatigue into account in the design 
process, an empirical design method for the 
design of steel structures is commonly used. 7 

Fatigue evaluation during design involves 
comparing the intended design life of the 
structure with its predicted fatigue life as 
limited by "hot-spot" stresses - i.e., areas of 
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FIGURE 20. Typical flow diagram in the design of suction caissons. 

high local stress reversals. Fatigue, which 
spans the)ifetime of the structure, is particu
larly sensitive to any changes in the dynamic 
stiffness of the foundation. Small increases in 
stress levels will result in exponential 
increase in fatigue damage. Experimental 
data on tubular steel joints indicate an expo
nent of about 4.7 

Minor amounts of scour can result in rela
tively minor changes in foundation stiffness 
and consequent cyclic stresses, yet result in 
major changes in fatigue response. It can be 
shown that, for a typical monopile, lowering 
the natural frequency of the foundation by a 
small amount (5 to 8 percent), will have a dra
matic effect on fatigue (almost 100 percent).1 
At the lower natural frequency of the pile, 
more wave energy will create a resonant 

response of the wind turbine and increase 
fatigue. Therefore, great emphasis is placed on 
foundation selection and foundation dynam
ics. 

Other Considerations 
Corrosion Protection. Since the most intensive 
corrosion typically occurs in the splash zone, 
the transition piece is usually provided with a 
heavy duty protective coating. To protect the 
underwater part of the transition piece and 
piles against corrosion, sacrificial cathodic 
protection is used in addition to the shop
applied coating. 

Scour Potential. Since scouring can lower the 
foundation stiffness and fatigue performance, 
potential scouring of the seafloor should be 
carefully evaluated during the design phase 
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with a site-specific study. Typical scour protec
tion measures include scour mats made up of 
buoyant polypropylene fronds and polyester 
webbing that . is anchored securely to the 
seabed or crushed rock mattresses. 

Marine Growth. The plant and animal life on 
the site causes marine growth on structural 
components in the water and in the splash 
zone. The potential for marine growth should 
be addressed, since it adds weight to the struc
tural components of the system and may 
increase hydrodynamic loads. Special paints 
and coatings are available that prevent marine 
growth. 

Impact from Ship Collision. Accidents 
between ships and wind farms can result in 
damage to the wind farm, the ship and the 
local environment in a variety of ways. 
Although the probability of occurrence of 

' ship collisions is relatively low, the conse
quences could be serious. Mitigating meas
ures are therefore warranted. Generally, miti
gation techniques involve a two-pronged 
approach: 

• reduce the frequency of collision; and, 
• reduce the consequences of collision. 

Collision risks can be reduced by passive 
me~sures, such as proper marking of the 
wind farm and the individual wind turbines 
using classical techniques as marking lights, 
painting, buoys or by active measures such 
radar-based ship detection in combination 
with emergency towing capabilities. Collis
ion damage can be reduced by classical fend
ering techniques designed,based on the exist
ing experience with pier, ship, tug and buoy 
fendering and specifically developed for off
shore wind farm applications. Damage 
reduction solutions for offshore wind farms 
are different from classic applications used 
for marine bridge foundations. For individ
ual monopile-supported wind turbines, the 
designer has to balance the need to absorb, 
without damage, the impact of small vessels 
with the requirement of total collapse of the 
monopile when the colliding ship is a larger 
oil or chemical tanker in order to avoid dam
age to the tanker. The collapse mechanism is 
facilitated with a structural fuse, such as a 
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plastic hinge mechanism forming at or below 
the sea-bed. 

Construction Considerations 
Transportation. Monopiles, tripods, braced 
frames and suction caissons are usually trans
ported to the site on barges. For the larger 
diameter monopiles, the ends are capped and 
sealed. and they are floated to the site (see 
Figure 21). Gravity caissons either are floated 
to the site, and then filled withballast or trans
ported by barge (see Figure 22). The turbine is 
usually transported in one piece. However, 
the newer turbines require that the compo
nents be transported separately and be assem
bled on the barge or on the tower. 

Erection. A jack-up rig serves as a fairly sta
ble platform for carrying out the operation of 
installing the piles, the tower, nacelle and 
rotors. However, its inherent stability brings 
with it a lack of maneuverability during 
installation of the tower (see Figure 23 on 
page 40). Ship-shaped vessels and flat-bot
tom barges are most commonly available but 
provide the least stability for construction 
work. Ship-shaped vessels with rotating 
cranes offer the optimum mix of stability and 
maneuverability in carrying out the construc
tion work (see Figure 24 on page 40). 

Offshore Electric Cabling. Undersea power 
transmission cables are deployed using an 
environmentally sensitive process called 
"hydro-plowing" in which the cables are 
buried 2 to .3 meters (6.5 to 10 feet) under the 
ocean flobr. This process uses high-powered 
jets to fluidize a pathway in the sea floor. The 
cables are then laid in the pathway and are 
buried as the sediment settles around them. 
This technique is minimally invasive and 
quickly returns the sea bed to its original 
form. 

Construction Operations Planning 
Significant savings in cost and schedule can be 
achieved by evaluating each step of the con
struction process and assuring that it is indeed 
necessary and being performed in the most 
efficient manner. Minor changes in design can 
often lead to significant changes in the con
struction process, such as reducing the num- . 
ber of construction steps or removing a con-



struction step altogether. Therefore, 
d~signers should be familiar with 
the construction processes 
involved and be able to consider a 
constructability review as well as a 
schedule and cost analysis. 

The wind farm at Scroby Sands 
in Norfolk, United Kingdom, is an 
example of how minor design 
changes can lead significant sav
ings in construction schedule and 
costs. The designers decided to 
make minor modifications to the 
monopile by welding a flange to 
which the wind tower could .be 
bolted, thereby elimi~ating the 
transition piece and expensive 
grouting used to connect it to the 

FIGURE 21. Monopile being floated to site at North 
Hoyle. (Courtesy of RWE npower.) 

monopile altogether.13 · 
The Nysted Wind Farm at Rodsand in 

1 Denmark involved fabricating the gravity 
bases on the barge itself at a casting yard off 

. Poland's Baltic Coast.11 The significantly 
lower labor cost, along with the more efficient 
construction process, ·led to considerable cost 
savings. 

The gravity bases used at Middlegrunden 
Wind Farm, near Copenhagen, Denmark, were 
designed using composite construction.- i.e., a 
steel cylinder was encased in reinforced con
crete and filled with ballast to create 
the gravity base.42 Composite con
struction saved substantial construc
tion time and led to cost savings. 

Similarly, transportation and 
erection means and methods can · 
also be streamlined by minimizing 
the number of operations required 

, to perform the work. For example, 
the monopiles and the wind tower 
can all be placed on the same jack
up barge before towing to the site, 
thereby reducing the need for 
another ship. 

Trends in Wind 
Farm Economics 

over a longer period and by investing in tow
ers and foundations designed to enable future 
upgrades to larger, higher capacity turbines. 
As a late entrant irt the offshore wind farm 
industry, the United States could benefit con
siderably by using fewer larger 6 to 10 
megawatt turbines located further from shore 
(instead of more smaller turbines closer to 
shore), resulting in much less visual and envi
ronmental impact. Other trends include the 
use of multiple technologies to garner energy 

The economic feasabilty of offshore 
wind farms could be improved by 
extending the design life of the tur
bines and amortizing their cost 

FIGURE 22. Gravity bases being lo'Vered from barge by 
a special crane at Nysted. (Courtesy of Bob Bittner, Ben 
C. Gerwick, Inc.) 
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FIGURE 23. Wind turbine being erected with 
a crane from a special ship at Kentish Flats 
Offshore Wind Farm in the United Kingdom. 
(Courtesy of Elsam.) 

from wind and waves and to use floating 
foundations in deeper waters. 

Conclusions 
Increasing wind turbine and tower sizes and 
installations in deeper waters have clearly 
demonstrated a need for more innovative and 
cost-effective foundations. There is room for 
improvement in all areas of wind farm devel
opment - in design, through the innovative 
use of composite materials, support structures 
and foundations, and in construction processes, 
through improvements in installation tech
niques, fabrication and transportation. Six basic 
types of offshore wind turbine support struc
tures and foundations have been described, 
along with their advantages and drawbacks. 
General considerations in the selection, design, 
analyses and construction of these structures 
have been pmsented to assist wind farm devel
opers and engineers in identifying various 
issues that are likely to arise in the develop
ment phase of an offshore wind farm, 
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Case Study 

Urban Stream Restoration 
& Daylighting - Is 
Boston Ready for Another 
Emerald Necklace? 

' 

Totally or partially restoring 
waterways in urban settings 
can offset their costs by 

.. bringing in economic, social 
and environmental benefits to 
the localized urban areas as 
well as to the city as a whole. 

VLADIMIR NOVOTNY 

F
or millennia urban streams and rivers 
have been the lifelines of many cities and 
an integral part of the urban landscape. 

Paris has its Seine, Rome has the Tiber, 
London is on the Thames, Milwaukee has the 
Milwaukee River and Boston has the Charles 
River. In all cases, these water bodies spurred 
city development in the past and often result
ed in city core demise when these rivers 
became highly polluted a century ago. Boston 
is now enjoying a revival of its river bank and 

new residential developments are being built 
on the bank of the Charles River after the 
recent clean-up. This revival can be viewed as 
a major accomplishment considering that a 
couple of decades ago the Charles River was 
ranked as one of the most polluted rivers in 
the nation.1 

Until the middle of the nineteenth century, 
the pollution problem of urban streams was 
mostly due to urban runoff and flooding. 
Some side streets were unpaved and partially 
permeable. Human excreta from outhouses 
and latrines were collected in tanks that were 
emptied periodically by private haulers. To 
alleviate the flooding and the nuisance prob
lem due to runoff, many cities at the beginning 
of the industrial age built storm sewers. 
However, in the second half of the nineteenth 
century these storm sewers became combined 
sewers due to the invention of flush toilets, 
which were connected from individual build
ings to existing storm sewer lines. Because of 
the continuing discharges of heavily polluted 
urban runoff contaminated with feces from 
animals (mostly horses) and from humans via 
building sewer outlets, the pollution of urban 
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Circa 1850 

FIGURE 1. Urban surface streams in :i,:»hiladelphia. To the left is a map of the city circa 1850; 
to the right is a map from 2000. (Courtesy of Howard Neukrung, City of Philadelphia.) 

rivers became unbearable and most smaller 
rivers became open sewers. 

At the end of the nineteenth century, com
munities were building combined sewers and, 
later on, treatment plants as engineering 
methods to solve the problem of polluted sur
face waters. The goal of pollution control was 
fast conveyance of wastewater and urban 
runoff out of sight from the source to the near
est large water body. At the same time, imper
vious pavements were being placed on road
ways throughout cities, thus preventing rain
fall from infiltrating the ground. Concurrently, 
increased withdrawals of water from urban 
streams reduced the base flow needed for the 
dilution of pollutant loads between rain 
events. During dry weather, some streams car
ried a large amount of sewage, which made 
them effluent dominated. Effluent-dominated 
streams are those that during at least some 
time of the year carry mostly treated or even 
untreated sewage and wastewater.2 The aim of 
these fast conveyance urban drainage systems 
(sewers, lined and buried streams) was to 
remove large volumes of polluted water as 
quickly as possible, protecting both public 
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safety and property and discharging these 
flows without treatment into the nearest 
receiving water body. 

A century ago horse-drawn wagons and 
coaches made up the majority of the street 
traffic. In the absence of effective treatment 
technologies to remove putrescible pollution 
from sewer outfalls and polluted urban 
runoff, city engineers and developers of that 
time resorted to grandiose projects in order to 
alleviate the pollution problems. In Boston; 

. between 1857 and 1890, several square miles 
of tidal marsh of the Charles River estuary 
(what is now the Back Bay area) that were 
plagued by standing sewage pools were 
filled and converted to upscale urban devel
opment. This effort. more than doubled the 
size of the city. At the same time, because of 
poor water quality - including bad odors 
and flooding - unsightly urban streams 
were buried into underground culverts and 
essentially converted to combined sewers. 
Such was the case with Stony Brook in 
Boston. The only visible reminders of this 
stream are place names such as Stony Brook 
Park or Stony Brook Subway Station. Many 



Boston residents do not know that a medium
size historic river existed in the city one hun
dred fifty years ago. 

The history of the disappearance of urban 
streams by burying them is not unique to 
Boston. The practice is ubiquitous to almost 
every large city in developed countries. Over a 
relatively short period of fifty to one hundred 
years, many urban streams that flowed freely 
from before the middle of the nineteenth cen
tury have disappeared from the surface and 
the urban landscape. Figure 1 shows the 
example of Philadelphia. Only the largest 
streams (for example, the Charles River in 
Boston) remained, mostly polluted, on the sur
face at the end of the nineteenth century. 

The Emerging New Paradigm 
of Urban Drainage of Integrated 
Waste/Stormwater/Wastewater 
Management 
Mitigating Urban Flooding. Building storm and 
combined sewers did not alleviate urban 
flooding problems and the increased use of 
impervious surfaces exacerbated flooding. 
Storm sewers were traditionally designed to 
carry flows resulting from storms having a 
recurrence interval of once in five to ten years. 
The capacity of combined sewers is generally 
six times the dry weather flow, which means 
that every rain with an intensity of approxi
mately 3 millimeters (0.1 inches) per hour will 
result in an overflow. This overflow initiating 
flow rate is related to the generally accepted 
dimensioning of combined sewers to have 
design capacity at about six times the dry 
weather sewage flow.3,4 

In parts of Tokyo, which is highly impervi
ous, floods occur with a frequency of once in 
two years. Because the land in cities became 
highly valuable for development, cities 
expanded into floodplains. To minimize flood
ing, streams were straightened, diked and 
lined in order to increase the velocity and the 
streams' capacity to carry more flow. Figure 2 
shows the Los Angeles River today, a concrete 
fast-flow flood conveyance channel that, dur
ing flooding, often has supercritical flow, 
especially under bridges. Increasing the veloc
ity during high flows creates adverse safety 
problems, which are especially dangerous to 

children wanting, to play or falling into the 
supercritical flow sections during floods. The 
answer to this problem was to fence off the 
streams. Streams lined with concrete or simi
lar masonry materials cannot support aquatic 
life and the result is equivalent to· putting 
them underground. The rivers converted into 
flood conveyance channels also received over
flows from combined sewers and stormwater 
runoff (see Figure 3). Hence, lining streams 
and building sewers did not resolve neither 
the flooding nor pollution problems. At best, 
the problem was moved downstream and 
accentuated. 

Rediscovering Urban Rivers. Many cities have 
viewed sewer separation as a solution to the 
pollution caused by combined sewer overflows 
(CSOs) - thus, creating a dual system, one for 
sewage and other wastewater, and the second 
for cleaner yet still sometimes unacceptably 
polluted urban stormwater runoff, snowmelt 
and clean upstream flow (such as in the water
shed of Stony Brook). Separating flows was 
deemed beneficial by many wastewater utili
ties since it eliminated the need to treat 
stormwater (which is costly). However, pollu
tion problems were not fully solved by separat
ing combined sewers. Current and future regu
lations require discharge permits and further 
removal of pollutants from storm sewers, 
whi~h may require the installation of costly and 
inefficient end-of-pipe stormwater treatment 
systems. It does not provide any social benefit 
to put cleaner stormwater back underground 
into a storm sewer. Even in dense areas, best 
management practices (BMPs) for surface 
water management are available for incorpora
tion into the landscape in order to prevent 
and/ or control storm runoff and snowmelt pol
lution and to recharge groundwater resources, 
which in Boston would be needed to prevent 
the subsidence of historic buildings (especially · 
in the Back Bay area, which is built on the old 
tidal marsh area).4,5 · 

For the past decade, urban planners, land
scape architects and environmental visionar
ies have been promoting an approach to max
imizing surface water in urban areas. Cities 
that make use of this approach have been 
termed water-centric, sustainable, ecocities or 
cities of the future. Some fundamental concepts 
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FIGURE 2. A view of the Los Angeles River. This river was once a natural river but it was 
converted into a lifeless flood conveyance channel with no connection to the population liv
ing nearby. The river in some sections is a perrenial effluent-dominated channel; in other 
sections, it has no dry ·weather flow. (Courtesy of the U.S. Army Corps of Engineers, National 
Archives.) 

have emerged and what seemed to be an 
utopian vision ten years ago is becoming a 
reality.6-s Developing concepts of "Cities of th~ 
Future" is now a major effort of the 
International Water Association (IWA) and the 
Water Environment Federation (WEF), as well 
as of visionary urban planners and architects. 
One of the major 11goals of water-centric eco
cities is to significantly reduce water use by 
reclaming used water (in this approach, using 
the term wastewater is not appropriate because 
the intent is not to waste water), rain water 
harvesting and capture; and the use of runoff. 
Ecocity concepts build on the concepts of low 
impact development (LID) but differentiate 
from LID by more stringent performance cri
teria that also include net zero carbon foot
print. 9 In both approaches, storm drainage is 
on the surface, combined and storm sewers 
become obsolete, and surface water bodies are 
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integral and dominant features of the land
scape. Cities such as Malmo and Goteborg in 
Sweden and Zurich in Switzerland have most 
of their storm and clean water drainage on the 
surface. By cleaning up both sewage using 
advanced treatment and urban runoff by set
tling, biofilters and other BMPs, restored and 
daylighted streams become a resource from 
which clean water and energy can be 
reclaimed. 1 

Ideally, the fundamental goal of restoration is 
to return the ecosystem to a condition that 
approximates its condition prior to distur
bance,10-13 This approach does not mean that a 
densely built urban environment would be 
returned to a pristine state or, more likely, to 
agricultural land that preceded its development. 
The goal is to have ecologically and hydrologi
cally functioning urban system in which rain 
water would recharge aquifers and natural sys-



FIGURE 3. A view of Lincoln Creek in Milwaukee before restoration in the 1990s. The stream 
was a concrete-lined channel that received CSOs. 

terns would be interconnected, expanded and 
protected. Currently, a compromise between the 
ecological goals and economic reality may be 
necessary in some places and LID professionals 
are sometimes focusing on the most feasible 
solution, recognizing that pre-disturbance con
ditions are not immediately achievable given the 
money, time and politics involved. 

Daylighting is a more recent term used to 
describe uncovering buried and highly modi
fied underground culverted streams by restor
ing the surface water body ecological func
tions and conducting landscape enhancement. 
Current preserved or restored, as well as day
lighted, water bodies are generally an integral 
part of an ecological green urban corridor. 

For more 'than one hundred and fifty years 
landscape/urban development architects, 

beginning with Frederick Law Olmstead, 
recognized the value of water bodies for 
recreation, enjoyment and health of urban 
populations. Cleaning up urban streams can 
be a force to attract people back to the cities 
from the suburbs, thus increasing real estate 
values near these water resources. Today, 
cities are also beginning to rediscover the 
increased economic and social value of water 
bodies, large at).d small, transecting their 
urban areas. Citizens and city governments 
now realize that streams buried by unre
stricted development have intrinsic no social 
and economic value. As a matter of fact, the 
areas above and around buried streams in 
most cases deteriorated and left disadvan
taged populations in dilapidated neighbor
hoods. 
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FIGURE 4. Cheonggye overpass built a 10-lane road over the Cheonggyecheon River in 
Seoul in the 1980s. Alternate public transportation by electric buses and subway replaced the 
traffic capacity lost by removing the overpass. (Courtesy Seoul City.) 

· Realizing only economic and social gains 
without addressing the environment and pol
lution may not be sustainable but the econom
ic and social revitalization success of daylight
ing of urban rivers and their restoration have 
shown the attractiveness of these projects. For 
example, after some clean-up, cities such as 
San Antonio in Texas and Ghent in Belgium 
have modified and beautified their aban
doned streams and Ghent is now opening 
(daylighting) its buried water bodies - in 
each instance the economic benefits far sur
pass the restoration costs. The most dramatic 
case of discovery and metamorphosis of a lost 
water body occurred in the early 2000s in 
Seoul (see Figures 4 and 5). Examples of other 
stream restoration projects are listed in Table . 
1. Pinkham14 and France15 list additional case 
studies. 

The Cheonggyecheon River in Seoul 
(Republic of Korea) is an artificial river with
out an upstream flow, which \-Vas lost by the 
urbanization of the watershed.16 Flow is pro-
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vided during dry periods by pumping 1.4 
cubic meters (1.8 cubic yards) per second of 
water from the large Han River located about 
15 kilometers (9.3 miles) downstream. This 
pumping requires a· lot of energy, which 
makes the project carbon negative. Also, 
almost no BMPs (such as pervious pavements 
and other infiltration that could restore base 
flow) have been implemented in the water
shed, resulting in frequent CSOs. A warning 
system has been installed along the river ask
ing people to leave the paths along the river 
because of the CSOs and high flow danger 
occurring at times when rainfall intensity 
exceeds 5 millimeters (0.2 inches) per hour. 

However, the above three examples, no 
matter how architecturally attractive they 
might be, are not sustainable based on the 
triple bottom line (economic, social and 
environmental) assessment. All three exam
ples provide substantial economic benefits, 
including increased tourism, higher values 
of real estate and businesses surrounding 



FIGURE 5. A view of the recreated Cheonggyecheon River in 2008. The river forms a 6-kilo
meter (3.7-mile) -long urban oasis and cultural center in Seoul. This photo shows the step
ping stones that allow people close contact with the river and provide water cascade for aer-
ation. · 

the river and social benefits to people for 
enjoyment, pleasant environment and 
employment. However, the San Antonio 
River is not ecologically and also not hydro
logically functional (it is essentially an 
impounded concrete-lined channel that in 
some places suffers from hypoxia or even 
anoxia and cannot support a sustainable and 
healthy fish population). Canals in Ghent 
also provide poor habitat and in 2008 still 
suffered from pollution by CSOs that had 
not been fully abated. 

The Cheonggyencheon River in Seoul is a 
highly sophisticated hydraulic system with 
engineered CSO discharges, parallel sewer 
lines and pipelines bringing flow to the river. 

Nevertheless, this type of river restoration 
project ultimately may not be fully replicated 
elsewhere on the same scale. On the other 
hand, water quality in the river is relatively 
good, habitat has been established and the 
river supports fish population. 

New Developments & Retrofitting 
Renaturalizing the Urban Landscape. The goal of 
stream restoration is not simply to bring 
buried streams to the surface as an architec
tural decoration. Daylighting and restoration 
revitalizes urban areas and neighborhoods by 
restoring, as much as possible, the ecological 
corridor adjacent to the stream. This effort is 
similar to what · Frederick Law Olmsted 
achieved one hundred forty years ago in the 
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TABLE 1. 
Examples of Stream Restoration & Daylighting 

River Location Type of Modification Main Benefits 

Providence Providence, Daylighting the river in the downtown River festivals; riverside restau-
River Rhode area, urban landscaping rants, cafes, pedestrian paths, fishc • 

Island ing, boating 

Lincoln Milwaukee, Renaturalization of 15 kilometers (9.2 Elimination of flooding for 2,000 
Creek Wisconsin miles) of the creek by removing con- homes, restoration of flora & 

crete lining, wetland & habitat restora- fauna, water quality improve-
tion, flood storage, control of CSOs ment, recreational fishing, parks, 

neighborhood revitalization 

Emscher Ruhr Formerly a raw effluentdominated Recreational & educational bene-
River District, surface sewer; raw sewage inputs & fits; significant water quality 

Germany concrete lining were removed; renatu- improvement; the river is located 
ralization, brownfield remediation; in the formerly most industrial-
connecting river with monuments of ized part of Germany, the entire 
old heavy industrialization watershed is being converted to a 

memorial of old industrialization 

San San Engineered concrete-Ii ned ·impounded Economic benefits' from tourism, 
Antonio Antonio, channel, in places aerated with cas- conventions, downtown revital-
River Texas cades, very poor habitat & relatively ization, social benefits of employ-

poor water quality ment & aesthetics 

Cheongg- Seoul, South Engineered recreation of a manmade Large economic benefits of down-
yecheon Korea river in the historic downtown Seoul town commerce & business revi-
River fed by pumping flow from another talization, tourism, & a cultural 

larger river, good habitat with func- center, controlled flood & CSO 
tioning flora & fauna, receives CSOs conveyance, aesthetics 

Strawberry Berkeley, Daylighted & restored creek from sub- University of California campus 
Creek California surface culvert; water quality improve- beautification, education, water . 

ments by control of illicit connections, quality, the daylighting project 
recreating habitat & introduction of continues to downtown Berkeley 
flora & fauna 

Arcadia Kalamazoo, Daylighted three blocks of concrete Flood control benefits & down-
Creek Michigan lined channel (no renaturalization) & town beautification 

two blocks of open pond in densely 
populated downtown district, poor 
habitat 

Streams in Zurich, 20 kilometers (12.4 miles) of streams Daylighting highly desired by the 
Zurich Switzerland buried in the city have been daylight- population, brooks & creeks have 

ed and renaturalized, additional 15 been recreated even in dense 
kilometers (9.2 miles) revitalized, base parts of the city, drainage for 
flow & habitat recreated clean water 
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TABLE 2. 
Natural Systems & Their Equivalent BMPs 

Natural Systems Nature-Mimicking BMPs 

Watershed With Infiltration Pervious pavements, green roofs with French drains, rain 
garden infiltration of roof downspout excess water, bioreten-· 
tion, other infiltration practices. 

Ephemeral Pre-Stream Channels Rain gardens, vegetated buffers or sand filters connected to 
landscaped swales or dry storage ponds for flood water. 

1st Order Perennial Streams With Base Daylighted, restored or created streams with base flow 
Water Flow From: from: 

■ Springs ■ Groundwater infiltration 
■ Headwater Wetlands ■ Clean water inputs from dewatering basements or con-
■ Headwater Lakes densation from air conditioners 

■ Decentralized high efficiency treatment plant effluents 
■ Restored or created wetlands 
■ Wet ponds with stored stormwater 

2nd Order Streams Restored original streams with reclaimed floodplains & 
riparian wetlands; floodplain converted to recreational park 
& buffer zones; storage in lakes & ponds in the reclaimed 
floodplains. 

3rd & Higher Order Streams Removal of channelization & impoundments wherever pos-
sible, providing passage to migrating fish & flood storage. 
Significant portion of flow may originate from upstream 
non-urbanized areas. 

Note: From Ref. 2 

Muddy River Watershed in Boston, which was 
originally muddy undeveloped land. There
fore, restoration should restore the hydrology 
of the watershed to a more natural status and 
create ecological functioning ecotones 
between the restored water body and the built 
surroundings. These goals can be accom
plished by implementing various BMPs, 
including rain gardens, pervious pavements, 
biofilters, infiltration, swales, etc. Table 2 pres
ents a comparison of natural and equivalent 
BMP systems and restored streams. It shows 
that each natural hydrological and ecological 
feature can be replicated by BMPs and stream 
restoration. Furthermore, landscape architects 
realized the hydrological and ecological func
tionality of BMPs and, as a result, BMPs are 
not aimed only at treatment but also on the 
prevention of pollution. 

The proposed drainage concept for Stony 
Bro·ok contains BMPs featured in many urban 
stormwater management manuals.4 The nov
elty is only in using them in an integrated con
text of the urban landscape and the total 
hydrologic cycle as an alternative to the tradi
Honal fast-conveyance subsurface drainage. 
The concepts were introduced in Novotny and 
Hi1117 and also covered in Novotny.2 Stream 
restoration and management technologies are 
extensively covered in the Interagency Task 
Force manual.13 

Establishing base (dry weather) flow in 
daylighted/ restored urban streams is a chal
lenge because groundwater regime has been 
greatly altered by imperviousness and sewer
ing and cannot be restored solely by landscape 
BMPs. New sources of base flow, in addition 
to increasing groundwater recharge by infil-
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FIGURE 6. Map of the Stony Brook and surrounding watersheds. 

tration BMPs, may also include clean water 
from dewatering basements, underground 
garages and tunnels, as well as from highly 
treated effluent discharges. These efforts may 
require a small satellite water reclamation 
(treatment) plant that would retrieve a portion 
of sewer flow, treat it to a high degree and 
reuse the water locally for various purposes 
such as toilet flushing, irrigation, cooling and 
providing ecological flow to restored 
streams.18 

Daylighting Stony Brook 
The Stony Brook watershed is located south of 
the Muddy River and has an area of 35.8 
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square kilometers (13.84 square miles), larger 
than that of the Muddy River (see Figure 6). 
The headwaters are in the Stony Brook 
Reservation in Hyde Park. Before the early 
1800s, the brook's flow was unusually clean 
and clear. It became a vitai and an important 

· water resource due to the development of the 
area between Forest Hills, Roxbury and the 
present Northeastern University campus.17 
The area surrounding the brook attracted 
many breweries and other industries that 
eventually disappeared in the second half of 
the twentieth century. Because of flooding, the 
brook was sequentially "tamed" since the 
1830s by channelization and later by culverts.19 



FIGURE 7. A picture of the gate house of Stony Brook (with screens) before the stream 
entered underground. (Published in the City Records and Boston News-Letter. Courtesy of 
BostonHistory. TypePad.com.) 

In the second half of the 1800s, lowlands in 
the neighborhoods into which the brook was 
discharging became terminal sewage pools. 
Periodic epidemics swept through the adja
cent neighborhoods regularly. Raw sewage 
from Stony Brook flowed directly into the 
tidal Back Bay, with environmentally destruc
tive results. Historian Cynthia Zaitzevsky 
describes the effect of sewage on the Back 
Bay:20 

"[T]he residue lay on the mud flats, bak
ing odiferously in the sun. Eventually it 
became incorporated into the mud. Under 
these conditions, the last vestiges of the salt 
marsh could not remain healthy for long. 
When the park commissioned surveyed the 
area in 1877, animal life was no longer able 
to survive in the waters of the Back Bay." 

The gate house shown in Figure 7 is gone 
today but the river still flows underground, 

paralleling the Orange Line mass transit corri
dor and discharging its flow into the Charles 
River. To control flooding, Stony Brook was 
converted from an open-walled channel in 
1873 to a large culvert (4.7by 5.2 meters [15.67 
by 17.33 feet]) and in some sections into a dou
ble conduit (2.5 by 2.7 meters [8.25 by 9.5 feet]) 
combined sewer in 1934 (see Figure 8). The 
location of the original channel was changed 
for the culvert, separating the watershed of 
the brook into a "New" Stony Brook that car
ries most of the flow from the watershed and 
an "Old" Stony Brook, which carries today 
combined flows from the Northeastern 
University (NEU) campus and the area of 
Roxbury south between Columbus, Tremont 
and Washington streets. The New Stony Brook 
borders the Northeastern University campus 
and flows under Parker Street. It now carries 
all of the natural flow of Stony Brook, urban 
runoff flows from areas of Jamaica Plains 
between Forest Hills and the Museum of Fine 
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FIGURE 8. A double culvert of the underground Stony Brook. 

Arts, and clean water infiltration into the cul
verts (see Figure 9). The New Stony Brook dis
charges into the Charles River via the Boston 
Gatehouse #1 and the Charles Gatehouse 
behind the Museum of Science. Currently, the 
bottom of the culvert is about 6.5 meters (21 
feet) below Parker Street. 

The Old Stony Brook is contained in two 
large culverts under Forsyth Street transecting 
the campus of NEU between the Ruggles T 
Station and the Muddy River (see Figure 9). 
The Old Stony Brook is essentially a combined 
sewer, cut off from its headwater flow, with 

· infiltration between rain events. At the bank of 
the Muddy River it is diverted to the Prison 
Point CSO Facility via Boston Gatehouse #2. 

In the new millennium, between 2002 and 
2007, the entire New Stony Brook between 
Forest Hills and Muddy River was separated 
and a new sewer was built for collecting 
sewage. The relatively clean water originating 
in the Stony Brook headwater nature conser
vancy area upstream is now flowing mostly in 
oversized underground single and double cul-
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vert storm sewers. The Old Stony Brook 
remains a combined sewer. 

Meanwhile, since Stony Brook was buried 
in the 1930s a large portion of a once very live
ly and important part of the city that used to 
surround the brook has deteriorated. 
Daylighting Stony Brook could bring signifi
cant city revitalization benefits that would 
enhance the quality of·life for people living in 
the areas of Roslindale, Forest Hills, Roxbury 
and Jamaica Plain where Stony Brook is 
buried. 

Daylighting Proposal. Three teams of NEU 
senior students, in their capstone design proj
ects under the guidance of the engineers/ 
mentors from the Charles River Watershed 
Association, and one team of graduate stu
dents analyzed the potential of daylighting 
Stony Brook on the NEU campus as well as on 
neighboring areas. The NEU campus suffers 
from frequent flooding of basements, the lat
est in 2008. The last disastrous flood of NEU 
and surrounding areas occurred in 1996. Since 
not much has been done in the watersheds of 
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FIGURE 9. A map of the culverted Stony 
Brook, with locations of the Old and New 
Stony Brook culverts. (Replotted from the 
U.S. Geological Survey.) 

Stony Brook and more campus development 
with impervious area was added, it is safe to 
conclude that the area is still in the one hun
dred year flood zone, with more frequent 
basement flooding to come. Basements at 
NEU have laboratories, university stores, 
classrooms, shops and underground passages 
(tunnels). 

The objectives and tasks given to the stu
dents by their instructor were to: 

• Rediscover Stony Brook and consider 
daylighting to revitalize the NEU campus 
and surrounding neighborhoods by con
necting the campus and areas in Roxbury, 
to Olmsted's Emerald Necklace of 
Muddy River; 

• Make the daylighted stream an asset to 
the campus - as a place where students 
could relax and study the hydrology and 
ecology of urban streams; 

• Consider revitalizing the surrounding 
neighborhoods; ' 

• Develop viable hydrology of the day
lighted stream with a permanent natural 
base flow and address the flooding prob
lem of the campus; and, 

• Consider in the design also "greening" of 
the campus to reduce flows and pollution 
by urban runoff from the campus and 
surrounding contributing watershed by 
implementing BMPs such as green roofs, 
pervious pavements and rain gardens. 

(j)t should be pointed out that most of the 
undergraduate students on the teams were a 
part of the junior "Hydrologic Engineering" 
class that entered the 2007 GE-MTV 
Ecomagination national student contest in 
which they were runner-up [out of more than 
one hundred entries] with their design of the 
"Green Campus" hydrology. This student 
project proposed and evaluated BMPs on the 
campus such as green roofs (to retain rainfall 
and provide insulation to the mostly flat roof 
buildings on the campus in order to reduce 
their carbon footprint), infiltration in raingar
dens and treatment of surface runoff in swales 
and biofilters. The project found that by mod
eling with the Hydraflow model based on 
National Resources Conservation Service 
(NRCS, formerly the Soil Conservation 
Service) Runoff Curve Number that the hun
dred year flood flow from the campus can be 
reduced by 15 to 25 percent. 

Daylighting the New Stony Brook under the 
Parker Street was rejected by the teams 
because this street and Ruggles Street are 
important traffic arteries. Parker Street is also 
in a densely built environment. Furthermore, it 
would not alleviate the flooding problem 
because most stormwater from the campus 
discharges into Old Stony Brook (see Figures 6 
and 10). Daylighting New Stony Brook under 
Parker Street would be very difficult, disrup
tive and would bring little or no benefits to the 
community. The teams focused on Forsyth 
Street, which currently does not carry traffic 
and is an unsightly dead end street that con
nects Huntington Street with the Ruggles T 
Station. This street with the daylighted stream . 
could become a pedestrian mall in the middle 
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FIGURE 10. NEU campus map with Stony Brook alternatives. 

of the campus, connecting the campus with the 
Fens and opening the university to those who 
arrive by train or subway. The stream would 
also provide educational opportunities to 
study the ecology of urban streams and also 
would provide opportunities for students to 
relax. The teams developed three alternative 
designs as shown in Figures 10 and 11. 

Alternative 1. This alternative was a new 
near-surface channel over the existing culverts 
under F,orsyth Street that would receive base 
flow (0.15 cubic meters [5 cubic feet] per sec
ond) from New Stony Brook by a pumping sta
tion located at the intersection of Parker and 
Ruggles streets, connecting with the Old Stony 
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Brook location north of the Ruggles T Station. 
The low flow of New Stony Brook is about 
twice the flow to be withdrawn. It would also 
receive treated stormwater and clean water 
discharges (basement sump pump flows and 
condensate from air conditioning systems) 
from the surrounding campus. Forsyth Street 
would become a pedestrian mall allowing 
emergency vehicular access (fire trucks and 
ambulances). The rendering of this channel is 
shown in Figure 12. The channel connected 
with the "greener" campus surface drainage 
could be designed to carry one hundred year 
runoff as calcµlated by the Hydraflow soft
ware based in the NRCS Runoff Curve 
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FIGURE 11. Map of the alternative path of the daylighted channel to Forsyth Street on the 
NEU campus. 

Hydrological model. This flow would be sub
tracted from the one hundred year flow in the 
culverts below and could eliminate the prob
lem of campus flooding. The design team also 
proposed BMPs in the watershed south of the 
campus, including a storage pond, to reduce 
flooding. The channel would be 1.2 to 1.5 
meters (4 to 5 feet) below the present grade 
between the Ruggles T Station and Huntington 
Avenue (see Figure 12) and would slide before 
the Huntington Avenue crossing by a "water
fall" or cascade to the grade of the right culvert 
of the Old Stony Brook. This scheme would 
eliminate the need to build an underpass 

under the Huntington Avenue. Before the slide 
and crossing the avenue, the CSO in the right 
culvert would be diverted into the left barrel, 
which would have enough capacity as proven 
by calculation. Figure 13 depicts the channel 
north of Huntington Avenue, showing that the 
daylighting would have beneficial effect on the 
flooding situation of the campus. This alterna
tive would benefit mainly the university com
munity and would provide a connection to the 
Fens. 

One problem with Alternative 1 was the 
energy requirement for pumping, which 
would have a negative effect on greenhouse 
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FIGURE 12. Alternative 1- Monument to Stony Brook on the campus of NEU. The natural 
base flow would be delivered from New Stony Brook under Parker Street by a pumping sta
tion and a similar surface channel along Ruggles Street. On the left is Forsyth Street near 
Ruggles Station looking towards· Huntington Avenue today. On the right is a rendering of 
the same site by the students in the 2007 capstone class. 

carbon emissions because the pumping ener- sewage from the watershed upstream (south
gy would be provided by a fossil fuel electric east) of the Ruggles T Station; the other culvert 
power plant. The creek through the campus would be converted to the daylighted stream. 
would be a "monument" to the buried water The connecting channel would bring the natu

. body that would have a limited function to ral flow from New Stony Brook to the day
collect surface runoff and clean flows from the lighted Old Stony Brook by gravity; hence the 
campus to eliminate campus flooding. water surface elevation of the daylighted Old 

Alternative 2. As shown in Figures 10 and Stony Brook on th~ campus would be about 5 
11, this alternative would connect Old Stony meters (16.4 feet) below the current grade of 
Brook by a naturalized channel similar to that Forsyth Street. This scheme would create a 
shown on Figure 5 paralleling the Orange Line river oasis for the entire campus. The stu
mass transit corridor either on the southeast or dents' rendering of the channel is shown in 
northwest sides of the corridor. In either case, Figure 13 but it could be more simila'r to 
the recreated connecting stream would benefit Figure 5. The location of the urban river corri
the Roxbury community. Base flow would be dor / oasis below the elevation of the sur
withdrawn from theStony Brook culvert east rounding built urban environment is very 
of the cross-section of Tremont and Gurney common and almost every major city has 
streets and the channel would also receive them. Creating the connection channel south
treated (by BMPs) stormwater runoff. east of the Orange Line would put it info a 
Pumping may not be required. The area . current park setting. 
between Gurney and Albert streets is now Alternative 3. As shown in Figures 10 and 
unsightly empty paved lots (see Figure 14). 11, this alternative would connect Old Stony 
Between the T station and Ruggles Street is a Brook with New Stony Brook at the point 
low-income housing development. The chan- where New Stony Brook was diverted to 
nel would continue under Ruggles Street. Gurney and Parker streets many years ago. 
through a new underpass and connect with · This alternative would follow approximately 
either the right or left· culvert. of Old Stony the old pre-development channel of the 
Brook on the NEU side of the Ruggles T brook that was culverted in the nineteenth 
Station. This culvert would be converted into century. It would daylight one barrel of the 
an aesthetic channel. One culvert would two-culvert Old Stony Brook sections in the 
remain a combined sewe.r carrying combined Linden Park neighborhood (see Figure 15) 
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Two Underground Culverts 

Approximate 100 Year Flood Level 

°'ne-Way Traffic With Daylighted Creek 

Base Flow 

Stone Masonry Culverts 2.5 x 3.2 rn (8.2 x 10.5 ft) 

FIGURE 13. Forsyth Street on the NEU campus north of Huntington Avenue today (left) and 
after daylighting (right). A daylighted stream with hydrologically functioning landscape can 
reduce flooding and increase resilience against extreme events. (Rendering by students in the 
2007 class.) 

and continue towards Ruggles and Forsyth 
stree.ts. The Old Stony Brook also transects 
Roxbury Community College. The location of 
the Old Stony Brook culvert. is well docu
mented on · restored maps from 1895, 
although some street names have changed 
and area was transformed from semi-indus
trial to residential and education.21 The 
underpass under the Ruggles T Station also 
has twq culverts; consequently, a new under
pass may not be needed. Both Alternatives 2 
and 3 would be more beneficial to the 
Roxbury neighborhoods and the college cam
pus; Alternative 2 would be far less disrup
tive and most likely more economical. 
However, connecting the NEU and Roxbury 
College campuses by a surface water body 
with bike and pedestrian paths appears to be 
socially very attractive. A socio-economic 
study should establish the preference. 

The social benefits of the Alternatives 2 and 
3 include new parks with foot and bike paths, 
playgrounds, places for riverside restaurants, 
etc., thus making the neighborhoods highly 
desirable places to live. 

Pros & Cons of Daylighting Stony Brook. The 
daylighting of former streams turned into 
storm sewers and underground culverts is rel
atively straightforward and creates increased 
economic and social revitalization benefits. 
Nu~erous case studies of daylighting and 
stream restoration (see Table 1) have 
improved neighborhoods and attracted new 
development. Architecturally, urban streams 
are attractive for urban dwellers - providing 
places for relaxation and for enjoying urban 
nature. These new stream corridors could 
become ecotones between nature and the built 
urban zones. However, these daylighted and 
restored urban streams are not the same as the 
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FIGURE 14. Alternative 2 - The area between Station and Albert streets where the connect
ing channel between New Stony Brook and Old Stony Brook could be located and land
scaped. The Orange Line is behind the trees in the background. 

pre-development natural water bodies and 
may need maintenance. The restoration proj
ect must also include watershed restoration by 
implementing BMPs that would reduce 
imperviousness that could cause flash floods, 
loss of base flow and pollution as well as 
necessitate treatment of surface runoff. 

Daylighting Stony Brook would be socially, 
environmentally and economically beneficial. 
Social benefits would include improving the 
quality of life and creating more attractive 

· neighborhoods. The students of NEU, 
Roxbury Community College and area high 
and middle schools would get opportunities 
for education and research on the ecology of 
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urban streams. The corridor would also be a 
place for relaxation and entertainment. 

Environmental benefits would include sig
nificant reduction of flooding, which is espe
cially troublesome on the NEU campus. Many 
on the campus are not aware that the flooding 
of basements is most likely caused by the 
backing up of combined sewage/stormwater 
flows in the Old Stony Brook conduits under 
Forsyth Street. Basements on the NEU campus 
are vibrant places of work and also include 
underground passages between the buildings. 
After daylighting, the channel under Alterna
tives 2 and 3 will carry clean base flow (about 
0.3 cubic meters [10 cubic feet] per second) 



FIGURE 15. Alternative 3 - Whittier Street (former Culvert Street) in the Linden Park neigh
borhood south of Tremont Street and southwest of the Ruggles T Station. The Old Stony 
Brook culvert is located under the street based on the 1895 map and also indicated by the 
large manhole cover. 

from New Stony Brook, clean infiltration and 
inflow (for example, from sump pumps of 
basements), and clean urban runoff treated by 
BMPs such as surface grassed swales, biofil
ters and rain gardens. Current low flow of 
Stony Brook at Parker Street is 0.3 cubic 
meters (10 cubic feet) per second. 

Technologically, daylighting is less costly 
than sewer separation and inherently 
includes landscape aesthetical and ecological 
improvements that also serve as runoff 
BMPs (rain gardens with biofilters; infiltra-

, tion ponds and decorative swales). In con
trast, sewer separation has no social and 
only marginal environmental benefits. Storm 
sewer flow still has to be treated. By leaving 
one culvert. of Old Stony Brook buried as a 
(temporal) combined sewer, part of the 

urban runoff can be diverted into the day
lighted channel by surface conduits (swales), 
treated by biofilters - and not by catch 
basins - into the combined sewer culvert. 
One would also expect that, as part of day
lighting, implementing storm water infiltra
tion by pervious pavements and infiltration 
areas would also alleviate the groundwater 
problem of the city. No new street under
passes may be needed; they are already in 
place in a form of large masonry culverts. 
Decorative small foot bridges will be built on 
the campus and in the adjacent neighbor
hoods. However, if Alternative 2 is chosen 
with the connection channel northwest of the 
Orange Line corridor (current Albert Street), 
then an underpass under Ruggles Street will 
be needed. 
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In built environments daylighting has 
many challenges that are social (resistance of 
local public works and sewerage utilities due 
to a lack of funds to maintain additional open 
spaces, objections of nearby residents, access 
to riparian properties); institutional (new 
waterway ownership and maintenance, open 
channel liability, potential new restrictive reg
ulations to future riparian homeowners, lack 
of leadership); and technical (underground 
utilities will be affected, soil suitability, 
groundwater table and· contamination, and 
location of streamside paths, picnic areas, 
green vegetation, etc.).14 Reasonable resident 
concerns include also include litter control, 
vandalism and loitering. 

Conclusions 
The proposal for daylighting the historic 
Stony Brook presented herein covers less than 
25 percent of the total length of the buried his
toric river. Other proposals for monument
type daylighting of Stony Brook have 
emerged upstream for Jamaica Plain and else
where. There are several web sites showing· 
the history on, and nostalgia for, this long-lost 
important water body.22 However, most peo
ple living nearby, even in places bearing the 
name of the buried water body, and the stu
dents and staff of NEU and Roxbury 
Community College do not know about this 
lost resource. 

It was a great mistake of the last century to 
embark on large-scale sewer separation 
instead of considering daylighting. Current 
experiences of Berkeley, Zurich, Malmo, Port
land, Seoul, Beijing and many other cities are 
proving the great benefits of daylighting.23-2s 
Daylighting of urban streams and canals in 
Ghent is on a much larger scale than would be 
the case of Stony Brook. The people of Ghent 
and their city government, once they realized 
the tremendous social and economic benefits, 
have become enthusiastic about and proud of 
their project. They also realized that the clean
ing up of CSOs must be contained in the proj
ect for it to become truly sustainable. The 
same is true for Malmo, Seoul and other cities. 

The civil engineering students of NEU have 
done a great service to the city and the profes
sion by working on the project which, at the 
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beginning, looked impossible. They have 
proven and concluded that daylighting Stony 
Brook is feasible and would bring great bene
fits to the campus and the community. Iri. a 

1 

sense, daylighting Stony Brook is less chal- · 
lenging than the task Frederick Law Olmsted 
was facing one hundred fifty years ago when 
he embarked on converting waste mudflats 
and the relatively unattractive Muddy River 
(note the name) into what is now a jewel of the 
ecological urbanism known througl).out the 
world - the Emerald Necklace. The daylight
ed Stony Brook will not be the same as the his
toric Stony Brook. The design will be thread
ing the channel into a built environment and 
will have to be connected to urban renewal 
and revitalization efforts. But the current 
urban environment needs renewal and day
lighting should be a major part of it. It may 
also bring jobs and, with the economic and 
social benefits, it might be economically viable 
as has been proven in the other already imple
mented daylighting sites. Furthermore, gov
ernment grants may be available. The feasibil
ity analysis should be done by the triple bot
tom line assessment because strictly economic 
analysis of cost and benefits may not provide 
a true picture. If the daylighting of the entire 
buried section of Stony Brook is done in this 
century, Boston would get its second Emerald 
Necklace. The conclusion of the student teams 
was: "It is doable. Let us do it." 

NOTES - This article summarizes the work of 
NEU senior civil engineering students in classes 
2007 and 2008, as part of their capstone senior 
design class. Three teams with five members each 
worked on the project. Additional analytical work 
was done by the graduate. students in the 
Hydrology class in 2008. Their work was profes
sional and praised by their peers, mentors and civil 
engineering professionals who evaluated their work 
as a part of the senior design class. Legally, the stu
dents cannot take any responsibility for their find
ings and opinions nor can the author of this article. 
The worth of the student work and of this article is 
solely educational but it could be an impetus for 
further analyses and proposals by professionals, 
foundations and citizens interested in bringing the 
historic Stony Brook back to life. In March 2010, 
hundreds of professionals from all over the world 



will be gathering in Boston at an international con
ference to discuss and exchange knowledge and 
experience on developing the Cities of the Future 
and on stream restoration and daylighting. The 
conference is organized by the Water Environment 
Federation and the International Water Associa
tion. Daylighting of Stony Brook should be a dis
cussion topic at the conference. 
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Issues 

Tewksbury Collection 
System Expansion: 
The Development & 
Implementation of a 
Major Infrastructure 
Program 

Public acceptance of publicly 
funded construction projects 
depends on establishing lines 
of communication, adapting 
project components to public 
input and paying attention to 
details. 

JEROME SELISSEN & MICHAEL J. WALSH 

0 ne of the most difficult challenges 
faced by municipal officials and pub
lic worl5s professionals is the need to 

gain widespread public support for the 
financing of large infrastructure projects. This 
task has become even more difficult in recent 

years since reductions in federal and state aid 
have placed increased pressure on local budg
ets and forced necessary infrastructure invest
ment to be deferred indefinitely or eliminated · 
altogether due to competing demands for lim
ited public funds. 

ln October 2002, Tewksbury, Massachu
setts, residents approved funding for an $80 
million sewer expansiof\ program that, over 
an eight-year period, would provide sewer 
service to all town residents. This town meet
ing vote is one of the largest single funding . 
articles ever approved in Massachusetts for 
sewer construction, and represents a progres-

. sive approach to infrastructure investment for 
a community with a population of approxi
mately 30,000. In May· 2008, town residents 
approved another $19 million to address the 
extraordinary increases in the cost of pipe, 
pavement, fuel and other commodities that 
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occurred from 2004 to 2008, and to fund addi
Honal road improvements. This second fund
ing authorization increased the total budget 
for the program to $99 million. 

These positive votes were the culmination of 
several years of work in the development of an 
implementation plan that addressed communi
ty concerns and intensive public outreach and 
education that built grassroots support for this 
major infrastructure program. The inclusive 
approach to gain public support and approval 
for the Tewksbury program provides a model 
for other communities seeking public approval 

· for the funding of new infrastructure and/ or 
rehabilitation of existing infrastructure. 

Background 
Like most Massachusetts communities, 
Tewksbury has periodically expanded its 
wastewater collection system over the past 
thirty years as funding was available, with 
priority placed on providing sewer service to 
the older, more densely populated areas of the 
town. Between the years 1980 and 2000, over. 
twenty sewer construction contracts were 
completed, providing service to approximate
ly 45 percent of Tewksbury's residents. 

By 2000, town leaders felt that, while signif
icant progress had been made in expanding 
the town's collection system, a new plan for 
providing service to the remaining unsewered 
areas of town was needed. This renewed 
emphasis on the sewer program was brought 
about by several factors, including: 

• Title V regulations (Massachusetts regula
tions governing the siting, construction and 
maintenance of on-site sewage disposal 
systems) that increased pressure on home
owners with aging or faulty septic systems 
to repair or replace their systems, particu
larly at the time of sale of a property; 

• Increased cost of septic tank repair and 
replacement from 1998 to 2002; 

• A sense that the historical piecemeal 
approach to funding articles may no 
long~r be successful when over 50 per
cent of the population receive sewer serv
ice; 

• A desire to meet the public expectation 
created in the early years of the program 
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(1980s) that all residents would have 
sewer service in future years; and, 

• Environmental and health concerns 
resulting from people delaying septic sys
tem repairs due to the cost or a desire to 
wait until sewer service becomes avail
able. 

In response to these pressures and in recog
nition that the above factors had raised public 
awareness of the benefits of sewer service, a 
sewer committee comprised of residents and 
town officials was formed to develop )a plan to 
provide sewer service to the entire town and 
gain public support for this initiative. 

Program Development 
& Implementation 
The sewer committee reviewed previous plans 

. for expanding the existing collection system 
and, based on its knowledge of the town and 
the needs of the general public, developed a 
new plan that was highlighted by ~n aggres
sive program schedule that would reduce the 
impact of inflation on total program cost. The 
committee noted that a major sewer funding 
article had been voted down at town meeting 
in 1998 and reflected on the reasons for this 
negative vote. This older article included a 
schedule that required many residents to wait 
over ten years for sewer service and thereby 
receive the benefit of a positive vote. 
Additionally, the lack of a strong economic 
driver for the program (such as the cost of sep
tic tank repair and replacement) and the lack 
of a strong committee to champion the issue 
throughout the public decision-making 
process were believed to be factors in the 
defeat of the 1990 article. 

The committee realized that, to be success
ful, these perceived shortfalls would need to be 
addressed by the new plan. The committee's 
recommended plan included construction. of 
over 90 miles of gravity sewer and force main 
over fifteen cons,truction contracts and six 
phases of work (see Table l and Figure 1). 
Phasing priorities were based on a number of 
considerations, including the need to address 
concentrated areas of old or failing on-site sep
tic systems, protect the water quality of the 
Shawsheen River and facilitate construction 



Phase 

6 

7 

8 

9 

10 

11 

Total 

Lowell 

TABLE 1. 
The Recommended Program Included Over 90 Miles of Sewers 

Installed Over Fifteen Construction Contracts 

Number of Approximate Approximate · 
Construction Length of Pipeline Number of Number of 
Contracts (linear ft.) Pumping Stations Properties Served 

1 24,600 1 290 

4 121,900 9 1,300 

3 92,300 8 880 

3 97,400 3 880 

2 62,400 , 1 610 

2 78,200 7 790 

15 476,800 29 4,750 

Andover 

Sewer Phases 

r:::J 6 -7 
8 . -..... , 

:_ - .. ! 9 

10 

11 
Billerica 

FIGURE 1. Town-wide sewer construction was divided into six phases of work. 
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EIR 

Phase 7 

~~I---+--'-+---+--+--

Mar 2006 - Sep 2008 

Phase 10 Mar 2007 - Jun 2009 

Phase 11 Mar 2008 - Jun 201 0 

2003 .. ! 200_4~_2_00_5_, 2006 

FIGURE 2. Preliminary schedule for the town of Tewksbury's proposed sewer construction 
progam. An aggressive program schedule can serve to reduce program cost, making it attrac
tive to voters. 

sequencing and control issues. The program 
included an eight-year construction schedule, 
about half the time normally expected for con
struction of a program of this size (see Figure 
2). As a result of this aggressive schedule, up to 
ten construction contracts. would be active at 
certain times during the program, requiring a 
high level of construction management and 
coordination to avoid excessive traffic and 
general community disruption. 

The committee then held a series of public · 
meetings to inform and invite public feedback 
regarding the proposed program. Some of the 
meetings were televised on the local cable 
access channel, but their location and schedul
ing encouraged resident participation and 
face-to-face discussion of the project issues. 
The meetings were well attended, with pe_ople 
expressing near unanimous support for the 
goals of the program but also reservations 
about certain elements (such as the size of the 
proposed betterment assessment). Throughout 
this series of meetings, the committee revised 
the program to reflect the ideas received from 
the public. Moreover, committee members met 
with local newspapers to discuss the program 
a1'.d request assistance in disseminating infor
mation regarding the program. 

Ultimately, the committee proposed a final 
plan for consideration at the October 2002 town 
meeting. With an $80 million cost, it was 
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believed that town meeting approval of the 
plan would be difficult. However, the town 
meeting article that authorized funding for the 
program and associated articles passed with 
over 90 percent approval. This overwhelming 
support for such a large program was attrib
uted to the intensive public education effort put 
forward by the committee and the willingness 
of the committee to receive public input and 
reflect public feedback in the final program. 

Following the positive October 2002 vote, 
the program proceeded on schedule and on 
budget until 2005, when extraordinary increas
es in construction costs began to result in bid 
prices in excess of program budget projections. 
There were several reasons for these extraordi
nary cost increases: a tripling of petroleum 
prices and the associated impact on pavement, 
PVC pipe and equipment operating costs; 
industry-wide material shortages resulting 
from hurricanes Katrina and Rita; and a high 
level of volatility in the construction and com
modity markets, resulting in higher bid prices. 
These price trends were closely monitored and, 
at the approximate midpoint of the program 
duration, it was recognized that additional 
funding would be required to fully complete ' 
the original program scope. 

Accordingly, town leaders initiated a public 
dialogue . regarding program costs, with· 
detailed discussion of the issue held at board of 



selectmen and other public meetings. 
Additionally, the town initiated an outside 
audit of the program, the results of which con
firmed for the public that the program was 
being well managed and that the additional 
program costs were justified and could not 
have been reasonably anticipated at the onset 
of the program. This effort culminated in the 
presentation of an additional funding article at 
town meeting in May 2008. The article would 
provide for an additional $19 million in pro
gram funding, which would allow the original 
program scope to be completed in its entirety. 
Again, while it was believed that town meeting 
approval of the article would be difficult due to 
competing pressures on town finances, the arti
cle was approved overwhelmingly as residents 
made the decision to follow through on the 
commitment made in 2002 to provide service to 
all Tewksbury residents. 

In any infrastructure project, the communi
cations and public relations aspects of the proj
ect are often as important to the project's suc
cess as the technical dimensions. This belief 
was particularly true for the Tewksbury pro
gram given the size and intense nature of the 
construction program and the need to success
fully obtain two major town meeting appropri
ations to allow for full funding of the program. 

Keys to Success 
Reflecting on the success of the Tewksbury pro
gram, certain critical factors have been identi
fied and highlighted as issues that should be 
considered by other communities that seek to 
build public support for the funding of an 
infrastructure improvements program. 

Dedication & Persistence. In January 2001, 
the newly formed sewer committee met for 
the first time to develop plans for a town-wide 
sewer expansion program that could be 
brought to town meeting for consideration in 
October 2002. Over the following twelve 
months, this group of volunteers would par
ticipate in twenty-two meetings and presenta
tions, induding twelve meetings of the sewer 
committee and five with the public, and pre
sentations to the town's board of selectmen, 
the board of health and the finance committee. 

Additionally, in preparation for the May 
2008 town meeting vote, town leaders provid-

ed opportunities for public discussion regard
ing the need for additional funding and 
options to mitigate the size of the additional 
funding. These presentations included detail
ed discussion of the rate and scope impacts of 
the various alternatives, thereby allowing the 
public to make an informed decision regard
ing whether to complete the original program 
scope within the original timeframe. An out
side audit team was also used to provide inde
pendent confirmation that the cost informa
tion provided to the public was reasonable 
and reflective of actual construction market 
conditions. 

· This extraordinary level of commitment 
ensured that information provided to the 
pubic and town officials was carefully consid
ered and accurate, and presented profession
ally. Additionally, this high level of dedication 
built trust and credibility with the public since 
residents recognized that committee members 
were genuinely seeking to deliver a compre
hensive plan that addressed financial, techni
cal and public concerns. 

Communicate Early & Often. Although the 
town meeting vote was not until October 2002, 
the sewer committee first met with the board of 
selectmen in March 2002 to present the outline 
for the proposed sewer expansion program and 
began a series of public meetings in June 2002 
to describe the program to the public and invite 
public feedback. Five public meetings were 
held between June and the town meeting in 
October. These meetings were well publicized 
and well attended, with over a hundred people 
at many of the meetings. Additionally, several 
meetings were broadcast multiple times on the 
local access television channel to further 
increase public awareness of the program. 
Similarly, program funding issues were dis
cussed publicly for several months prior to the 
May 2008 town meeting vote, including pre
sentations at meetings of the board of select
men and articles in local newspapers. 

These steady, frequent communications cre
ated a productive dialogue between the sewer 
committee and residents, thus allowing the 
public to be an active partner in the develop
ment of the program. Also, beginning the pub
lic process early - a full six to twelve months 
before the town meeting vote - allowed time 
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for public education and debate, and avoided 
any sense that the sewer committee was forc
ing a last-minute decision from the public. 

Invite & Accept Feedback. A critical factor in 
winning public support for the proposed pro
gram was the willingness by the sewer com
mittee to not just present information at public 
meetings, but to listen carefully to public feed
back received at these meetings and incorpo
rate this feedback into the proposed program. 

For example, the sewer committee initially 
proposed an approach to program financing 
that relied heavily on betterments to be paid 
by residents receiving service as a result of the 
program, with a relatively small portion of the 
costs applied to sewer user rates. At early pub
lic meetings, the committee received strong 
feedback on this issue, with most meeting par
ticipants expressing the view that a more equi
table method of financing the program would 
be to have a relatively small betterment (or 
connection fee) and more program costs 
applied to user rates. This view was shaped by · 
past practice in Tewksbury, where sewer proj
ects had traditionally been financed by the 
general fund in combination with a modest 
connection fee. Residents felt that the imposi
tion of a large betterment fee would be unfair 
to new users, given that existing users had not 
been subject to such fees. The public meetings 
provided a forum regarding the equitable dis
tribution of costs between new and existing 
users, and the committee eventually adopted 
a financing plan that reflected the majority 
view expressed at the public meetings. 

This willingness of the sewer committee to 
invite and accept feedback from the public cre
ated buy-in and support for the program. 
Ultimately, while all residents may not have 
agreed with every aspect of the proposed pro
gram, there was a strong sense that all partici
pants · had the opportunity to present their· 
views and ideas, and that these ideas received 
a· fair hearing. While this public process was 
difficult at times, it improved the proposal 
because of the intense discussion and debate. 

Provide the Details. In many cases, the gen
eral public has a natural skepticism of large, 
long-term public works programs. At public 
meetings, residents often question whether 
fundamental program decisions regarding 
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schedule, phasing and financing could be 
modified or reversed in the future and express 
concern that such changes could adversely 
impact their situations. This skepticism 
regarding how the program will actually be 
implemented can lead undecided or unsure 
voters to question whether they will receive 
the promised benefit of the program ·and, 
because of these lingering doubts, ultimately· 
oppose funding for it. 

To address this skepticism, the sewer com
mittee's plan included great detail regarding the 
issues most important to the public - project 
schedule, phasing and financing. Detailedmaps 
and street listings were developed so that every 
resident could easily, determine which program 
phase would provide service to his or her home 
and the years of construction for that phase of 
work. Regarding project financing, a detailed 
financial model was developed so that sewer 
rate impacts could be projected and presented 
to the public with confidence. This level of 
detail took significant effort but was critical in 
building public confidence in the program and 
assuring the public that program fundamentals 
would not be significantly altered due to 
changed financial or political priorities or other 
unforeseen circumstances. This assurance that 
the program would proceed in accordance with 
a detailed, well-constructed plan was essential 
to the two positive town meeting votes. 

Build Support Among Town Leaders. In addi
tion to building public support for the pro
posed program, it was just as important to be 
sure that town leaders and officials were fully 
informed and supportive. Accordingly, several 
town officials (town manager, superintendent 
of public works and finance director) were part 
of the sewer committee, providing the commit
tee with the benefit of their experience in devel
oping other town-wide programs and their 
knowledge of the community. Also, the sewer 
committee met with the bbard of selectmen reg
ularly and met with the board of health and the 
finance committee at appropriate times to 
inform them of the sewer committee's progress 
and solicit feedback on both the content and 
public presentation of the program. 

This dialogue withpublic officials built sup
port for the program and created a network of 
advocates who could assist in informing the 



public regarding its key issues and benefits. 
This "word of mouth" distribution of informa
tion is, in many respects, the most effective and_ 
credible means of communicating the key ele
ments of a complex issue, such as the approval 
of a major capital works program. 

Provide Strong, Collaborative Project Manage
ment. Throughout the duration of the program, 
representatives of the town, the engineering 
design team and the construction oversight 
team met regularly to anticipate, discuss and 
resolve potential problem issues and minimize 
community-impacts resulting from project con
struction. Strong inter-department cooperation 
between the police, school and other town 
departments allowed construdion on major 
school bus routes to occur during school vaca
tion periods and allowed a number of traffic 
management issues to be addressed in an 
orderly, coordinated manner. The ability of 
multiple town departments and the profes
sionals supporting the design and construction 
of the sewer system to communicate effective
ly and function as a single integrated team 
helped reduce community impacts and the 
negative publicity that often accompanies such 
impacts, and served to strengthen public sup
port for the overall program. 

Get Out the Vote! While the program devel
opment's public education component 
extended for several months, the three weeks 
prior to town meeting were particularly criti
cal in building momentum and ensuring a 
high turnout for the vote. This final push was 
intended both to maintain engagement among 
voters who had been involved since the early 
public meetings but may be suffering from 
"issue fatigue" and to engage voters who, as 
town meeting approached, were only now 
focusing on this major funding article. 

As part of this final public education effort, 
two public meetings - a presentation to the 
board of selectmen and a presentation to the 
finance committee - were all held in 
September, within four- weeks of the town 
meeting vote. Also, a project "fact sheet" was 
prepared and distributed by mail to town res
idents and was posted at public locations 
throughout the town (see Figure 3). The result 
was one of the highest voter turnouts ever 
recorded at a Tewksbury Town Meeting, with 

Tewksbury Sewer Committee 
Fact Sheet 

' • Installation of sewers throughout the town will 
eliminate need for septic system (Title V) compliance 
•Currently average cost of septic system replacement is 
$15,000 
•Article 4 proposes a connection fee of $3000 without 
interest payable over 5 years to fund sewer availability 
•If Articles 1-4 pass town meeting septic system (Title V) 
waivers will be available. 
• Waivers will enable home sellers to postpone 
compliance with current Title V rules 
•All sections of town without sewer will be available for 
hookup by the year 2011 · 
•In addition, all sections of town without sewer will have 
a newly paved street. _ 
•Sewer connections town wide will substantially lncrease 
the quality of water in the Shawsheen River. 

Please vote yes on Articles 1-4 

TUESDAY OCTOBER 1, 2002 
TEWKSBURY MEMORIAL HIGH SCHOOL 

7:00P.M. 

FIGURE 3. A project fact sheet provided 
information to town meeting voters. 

718 residents voting on this important issue. 
The final vote was overwhelmingly in favor of 
the program, with 675 votes in support of the 
$80 million funding article and only 43 votes _ 
against the article - a 94 percent approval. 

Summary 
Since it was approved by town meeting in 2002, 
the Tewksbury sewer expansion program has 
proceeded precisely in accordance with the 
schedule presented and approved at that town 
meeting and, as a result, all sewer pipe will be 
installed by the end of 2009 and final paving 
will be completed in 2010. (Figures 4 and 5 
show views of project construction.) Adherence 
to schedule has been critical to maintaining 
public support for the program and reducing 
the impact of considerable construction cost 
escalation over the past few years. 
, Additionally, total program costs are pro

jected to be at or below the budget approved 
at the May 2008 town meeting. With over ten 
construction contracts active at any time, 
effective public relations have continued to be 
critical to the success of the program. The 
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FIGURE 4. Over 90 miles of new sewers serv
ing almost 5,000 properties were installed 
over an eight-year period. 

town has used several methods to inform the 
public of project progress and minimize com
munity disruption due to construction, 
including: 

• Public meetings for impacted neighbor
hoods before initiating construction; 

• Regular traffic updates posted on the 
- town Web site and in local newspapers; 

• Frequent progress, meetings with town 
officials, the media and the puBlic; 

• Reverse 911 telephone calls to inform the 
public of critical project information; 

• Extensive use of message boards to notify 
drivers of detours and other traffic 
impacts; and, 

• Restriction of work on major streets to 
certain times of the year to reduce public 
inconvenience and minimize impacts to 
the school busing program. 

These methods have helped identify and 
address public concerns in a timely fashion, 
allowing the program to proceed on schedule 
while minimizing community impacts. 

The Tewksbury program demonstrates 
that, to be successful, a major public works 
project must not only have a sound technical 
basis, but requires careful planning and pro
gram management, an effective and inclusive 
public communications program, a viable 
plan for project financing and, perhaps most 
importantly, a willingness to actively engage 
project stakeholders (including the general 
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FIGURE 5. With over ten construction con
tracts active at a given time, careful coordina
tion of construction activities was critical to 
the success of the program. 

public) and incorporate their comments and 
suggestions into the project implementation 
plan. When these factors are addressed, it is 
possible to gather and maintain public sup, 
port for required infrastructure investment. 

JEROME SELISSEN served as a mem
ber of the Town ofTewksbury's Board 
of Selectmen from April 2003 to 
March 2009, including one year as 
Board Chairman. Previously, he 

served as Chairman . of the Tewksbury Sewer 
Advisory Committee, and was named Citizen of 
the Year by the Lowell Sun in 2002. He has been 
a resident of Tewksbury for thirty-seven years and 
works as deputy chief financial officer for the 
Electronic Systems Center's Joint STARS 
Program Office at Hanscom Airforce Base in 
Bedford, Massachusetts. 

MICHAEL J. WALSH is a Vice 
President and Client Service 
Manager with Camp · Dresser & 
McKee (COM). Based on Cambridge, 
Massachusetts, he provides technical 

and managerial oversight for water and waste
water projects throughout New England. He is a 
graduate of Merrimack College and Northeastern 
University, and is a registered professional engi
neer in several states. He also is an active member 
of several professional and civic organizations, and 
serves as an adjunct professor at Merrimack 
College. 



.Essay 

When I Was a Contestant 
on Jeopardy 

It doesn't happen that often -
some might say never - but 
when blind luck catches up with 
you, it can lead to a nice cake 
walk along a very pretty bridge. 

BRIAN BRENNER 

This is Jeopardy! Here are today's con
testants. 

[Contestants walk one by one into the 
studio.] 

First, meet Kyle, a brain surgeon and classi
cal stage performer from Chicago, Illinois. 

[Applause.] 
Next, here is Charise, a poet from Berkeley, 

California. 
[Raucous applause.] 
Finally, meet Brian, a bridge engineer from 

Burlington, Massachusetts. 
[Very polite applause.] 
And now here is your host, Alex Trebeck! 
Alex walks to his podium. He says, 

"Welcome contestants. Welcome viewers. We 
have a really exciting show today with terrific 
participants. Let's meet today's contestants. 
Hello, Kyle." 

"Hello, Alex," Kyle replies. 

,;Kyle, you .have quite an interesting back
ground. I understand that you specialize in an 
unusual type of brain surgery. That must be 
quite difficult to do." 

Kyle says, "Well, Alex, thanks, but truthful
ly it's not that hard. Brain surgery is not rock
et science. Anyone can become a brain sur
geon with enough work, years of training and 
perseverance." 

"I see," Alex says. "Tell us about your work 
on stage." 

"I am lucky to work with a troupe of 
Shakespearian performers. We've been pre
senting works of Shakespeare in a simulation 
of the original Globe Theater north of 
Chicago." 

"That's fascinating. Good luck, Kyle." 
[Applause.] 
"Now let's meet Charise. Charise, you have 

quite an educational background. You were a 
triple major in college. That's very impressive. 
What subjects did you major in?" 

"Yes, Alex," says Charise, "I majored in 
English poetry, ancient Roman history and 
psychology." · 

"What a diverse field of study! You should 
be well prepared for the categories we typical
ly have on Jeopardy," Alex says. "Good luck on 
today's show." 

[Applause.] 
"Now let's meet our final contestant, Brian, 

a structural engineer from Massachusetts. 
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Brian, you've also shared with us an interest
ing story. I understand that you used to take 
your wife on what you call bridge dates. Can 
you tell us more about them?" 

I answer, "When I first started dating my 
. future wife, Lauren, I would take her to go see 
bridges that I helped design." 

Alex says, "How unusual. That's not a typ-
ical date." · 

"You're right. Lauren was surprised at first. 
I think she expected to go out to dinner at a 
nice restaurant and not walk around in the 
mud up abutment slopes. But after a while, 
she grew to appreciate the design layouts and 
the detailing of the bridges." 

"I see," Alex si;iys. "Where do you go on 
dates today?" 

I respond, "I think today Lauren prefers to 
go out to a nice restaurant." 

[Nervous laughter.] 
"OK, contestants, now it's time to play 

Jeopardy. In a moment, I will reveal the six cat
egoriei, on the board. These categories have 
been developed by our board of experts, and 
h.,~ve been selected utterly by chance. Remem
ber that when you provide an answer, it must 
be in the form of a question." 

[Excited applause. Camera pans to reveal cate
gories on the Jeopardy game board.] 

Alex points at the game board and says, 
. "Let's take a look at our six categories." 

Reinforced Concrete 

Steel Surface Preparation 

Aggregate 

CPM 

The Finite Element Method 

Lateral Loads 

Kyle rings his buzzer. 
"Yes, Kyle," says Alex. 
Kyle asks, "CPM. Does that stand for 

Cardio-Pulmonary Method?" 
"No," says Alex, "CPM stands for Critical 

Path Method. It's a technique that's frequently 
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used in the scheduling of engineering proj
ects." 

Kyle rings his buzzer again. 
"Yes, Kyle," says Alex. 
"Alex, these categories do not seem fair." 
"I'm so sorry, Kyle. I didn't understand 

your question." 
Kyle rings .his buzzer yet again. 
"Yes, Kyle," says Alex. 
"What is, These categories don't seem 

fair?" 
"How so, Kyle?" asks Alex. 
"What is, Because the categories are all 

based o'n engineering topics?" 
Alex responds, "Kyle, as you know, the cat

egories were selected completely at random. 
After decades of episodes of Jeopardy, with cat
egories such as Elizabethan drama, generals in 
the Civil War and overall subjects that only 
liberal arts majors could master, you have to 
admit that it is statistically possible for us to 
have a confluence of engineering questions 
occurring at one time, especially since these 
topics have never come µp before on the 
show." 

Kyle says, "Yes, I suppose that it is theoret
ically possible." 

"Very well then. It's time to play Jeopardy," 
says Alex. "Backstage, we drew lots to decide;.. 
who would select first. Brian, please choose 
the first category." 

"Alex," I say, "I hardly know where to 
begin. How about Reinforced Concrete for 
$200?" , 

[Camera pans to the game board, where the first 
answer is revealed.] 

After several intense minutes of play, both 
the Jeopardy and Double Jeopardy rounds are 
complete. Alex reviews the scores: 

"At the conclusion of Double Jeopardy, 
Charise has minus $3,200, Kyle has minus 
$6,000 and Brian has $117,400. Brian, I believe 
your score is an all-time record. You are very 
knowledgeable about today's randomly 
selected topics." 

"Thank you, Alex," I reply. "You know, it 
has been a real honor for me to appear on 
Jeopardy. I am so fortunate that the categories 
were somewhat familiar to me. Usually the 
categories are subjects like Ancient .Greek 
Mythology and Phonetic Haiku; It's nice that 



there were some concrete questions for a 
change." 

''.Brian, I know what. you mean" Alex 
agrees. "Now let's prepare for Final Jeopardy. 
Contestants, in a moment I'll show you the 
final answer. Although in this case, since both 
Kyle and Charise are embarrassingly deep in 
the negative column, there's no point in play
ing. But let's do it anyway, just for fun. You'll 
have thirty seconds to write your response. 
Please be sure it's in the form of a question." 
/ [Camera pans to the game board.] 

"And now, here is today's Final Jeopardy 
category: Suspended Spans. Contestants, 
good luck!" 

NOTE - This essay is not an entirely original 
idea. There was an episode of the television show 
Cheers where the mailman, Cliff, is on Jeopardy 
and all the categories are about collecting the mail 
or going to a bar - you can view it· on You tube: 
http:/ /www.youtube.com/watch?v=botdms 
QilnU. But this version is most probably thefirst 
to be about structural engineers (for what it's 
worth). 

BRIAN BRENNER is a Vice President with Fay, 
Spofford & Thorndike in Burlington, Mass. He also 
teaches. engineering classes at Tufts University. He 
served as Chair of the editorial board for Civil 
Engineering Practice for seven years. 
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iilAi WEIDLINGER ASSOCIATllS® INC 
CON:SUI.TJNO liN<HNfllRS 

201 BROADWAY, 4TH FLOOR 

CAMBRIDGE MA 02139-1955 

617 374.0000 FAX 617 374.0010 

Structural Engineering 

Civil Engineering 

Transportation 

Construction Support 

Value Engineering 

Geotechnical Engineering 

Applied Science 

Advanced Analysis 

Building Investigations 

Protective Design www.wai.com 

Gale Associates, Inc. 

Airport. .. Engineering and planning 
services to non-hub commercial 
service airports, general aviation 
airports and military airfields. 

Building Technology ... Design and 
· consulting services related to the 
performance of exterior building 
envelope systems (roofs, walls, 
windows, foundations, plaza 
decks). 

Structural...Design and consulting 
services for demolition/parking 
structures/structural augmenta
tion for renovations, code 
compliance and seismic 
upgrades. 

Civil ... Planning, permitting, and 
design services for land 
development projects/athletic 
and recreational facilities. 

800.659.4753 I www.galeassociates.com 
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At PMA, people come first. 
The Best Collection of Project Management Professionals 

■ Program/Construction 
Management 

■ Project/Cost Controls 

■ Green Building 

• Dispute Avoidance & 
Resolution 

• IT/Training Services 

For career opportunities, visit us at 
www.pmaconsultants.com 

Northeastern 

Department of Civil and 
Environmental Engineering 

Graduate research programs and curricula address 
pressing societal needs in the following thrust areas: 

•Sensors and Infrastructure Monitoring, 

, Condition Assessment and Diagnostics 

• Urban Water Environmental and Public 

Health Modeling, Treatment and Remediation 

•Natural and Manmade Hazards Characterization, 

Design and Mitigation 

For more information contact: 

Northeastern University 

Graduate School of Engineering· 

617-373-2711 

grad-eng@lcoe.neu.edu 

Civil and Environmental Engineering Department 

617-373-2444 

Web: www.civ.neu.edu 

CIVIL ENGINEERING PRACTICE 
Journal of the B<;>ston Society of 
Civil Engirteerihg Section/ASCE 

Call for Papers 

Civil Engineering Practice seeks to capture th~ spirit and substance of contemporary 
civil engineering practice in a careful selection of articles that are comprehensive in 
scope while remaining readily understandable to the non-specialist. Typically using 
a case-study approach, Civil Engineering Practice places key emphasis on the presen
tation of techniques being applied successfully in the analysis, justification, design, 
construction, operation and maintenance of civil engineering works. 

Civil Engineering Practice welcomes practice-oriented papers on topics in all civil 
engineering fields. For general, non-specific topics there is a revolving deadline. All 
papers are subject to peer review and are scheduled for publication in the next avail
able issue (the typical period from acceptance to publication is six months to one 
year). 

For more information, author guidelines, or to submit papers, visit: 
http://www.cepractice.org/cepauth.html on the Web. 
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8BSCGROUP 
Land Development, 
Transportation and 
Coastal Consultants 15 Elkins Street 

Boston, MA 02127 

tel: 617-896-4300 
800-288-8123 

fax: 617-896-4301 
web: www.bscgroup.com 

CHILDS ENGINEERING 
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BOX 333 MEDFIELD, MASSACHUSETTS 02052 
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Service. Solutions. Satisfaction. 

Consulting Engineers 
Help prospective clients find your firm 
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in Civil Engineering Practice. Call 617-227-
5551 and send your card in now. 
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230 Congress Street, Suite 802, Boston, Massachusetts 02110 
617-451-6900 • www.bv.com 
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THORNDIKE 
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Trusted Partners for Design Solutions 
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www.fsllnc.com - 1-800-835-8666 
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50 Sprague Street 
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Visit us on Iha Web! 
www.hshassoc.com 
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Eff[-CllVE PARTNERING 

Howard/Stein-Hudson 
Associates, Inc. 
A TRANSPORTATION CONSULTING FIRM 
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■ Traffic Engineering 

■ Transportation Planning 
■ Public Involvement/Strategic Planning 

IV 
Civil Engineering 
Land Surveying 
Transportation Engineering 

. Sustainable Consulting 
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Nitsch Engineering GIS 

www.nitscheng.com 
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Call: 978-532-1900 
Your Natural Resource for Innovative Solutions since 1899 

Weston & Sampson Engineers, Inc. 
Five Centennial Drive. Peabody. MA 0 1960 

www.westonan::Jsampson.com 
Fax: (978) 977-0100 

1aZALLEN 
ENGINEERING 

1101 Worcester Road 
Framingham, MA 01701 

Tel. 508 / 875-1360 
www.zallenengineering.com 

Join the oldest engineering :society In the United States 

SSCES 
Membership 

• Suitds relationships, offering ner;womng opporrunities and business referra ls 

• Offe~ leadership opportunities in Society activities 
• Conveys professionalism 
• Saves you money with member discounts on meetings and seminars 
• ~presents our profession on loca l legislative and regulatory issues 
• Is an advocate. for improving the public image of civil engineers 
• Mainta ins local awa~ss of c.urrent even~ with monthly newsletter 

• Keeps members a.irrent in their technical field 

• Semina r, and technical me-eting.s 

• Complimentary subscription to BSCES lournal: CiYtf EngiMcring Pr0<tk~ 

Fot mof? infonnarjon on BSCES, contact. 
Boston SO(iety of Ci1,1il €.ngineers Section/ASCE, The Engineering Center, One Walnut Street. 
Bo<ton, MA02108; (617) 227-SSSl, Fax (617) 227-67l8 

Investigation of 
Structural Failures 

Investigation of 
Problem Structures 

Consulting in 
Structural Engineering 
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express 

1145 Massachusetts Avenue 
Boxborough, MA 0 1719 
800 434 1 062 Toll free 

info@geotesting.com 
www.geotesting.com 

the groundwork for success 

MSHTO and GAi-LAP accredited 
U.S. Army Corps of Engineers validated 

Millions of people will find what we do 
. 

very moving. 

• Project Development 
Planning 

• Design 
• Program/Construction 

Management 
Operations and Maintenance 

DMJM HARRIS Ct >~1 
€6 Long Wharf, Boston, MA 02110 
p 617 723.1700/f 617.723.6856 
._..,._.,"'.'·' dmJmharris.corr. 
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