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Editorial 

The Practice . .. 
of Civil Engineering 

The dedicated team of the Editorial Board of Civil Engineering Practice works throughout the 
year to solicit, encourage, review, edit and compile the four to six practice-oriented techni

cal papers that appear every six months between orange-colored covers. During the past seven 
years, our efforts have been guided by the thoughtful leadership of Professor Ali Touran who 
served as Chair of our Editorial Board. Ali has done yeoman's work in pursuing the vision of 
Civil Engineering Practice as an independent, practice-oriented journal. Over the past several 
years, with the completion of the local "super-projects" of the Big Dig and the Deer Island 
Treatment Facility, it has not been as easy as it once was to procure authors and topics that used 
to be bountifully piled up right on our doorstep. However, with Ali's dedication and hard work 
in guiding our Editorial Board, we have managed to continue to provide BSCES membership 
with a high-quality publication that is unique in the technical literature for its focus on the prac
tical aspects of the practice of Civil Engineering. Ali has also been at the helm of the journal in 
a period when budgetary pressures have been mounting, and as new media formats have 
become widespread. Questions on information delivery at the dawning of the digital media age 
continue to swirl around in Editorial Board meetings. During Ali's stewardship, the Editorial 
Board has remained resolute to the task at hand and believes that the orange-covered print ver
sion of Civil Engineering Practice provides each member of BSCES with a tangible benefit of your 
membership in BSCES. I am happy to note that Ali will continue to serve as a journal board 
member as I begin my tenure as Chair of the Editorial Board. 

On a more solemn note, it is with great sadness that the Editorial Board acknowledges the 
passing of Saul Namyet. For almost twenty years from the inception of Civil Engineering Practice, 
Dr. Namyet volunteered his time, after retiring from Northeastern University, to assist the jour
nal's professional editor in being another set of eyes to proofread page proofs of the journal 
before sending an issue to the printer. His efforts helped to maintain high standards for the 
information delivered to readers in the journal. 

Civil Engineering Practice continues its mission to present timely practice-oriented papers. The 
journal receives papers from authors across the country, and even throughout the world, for 
review and possible publication. The journal provides a mix of developments from throughout 
the nation and the world, as well as serving as a means to bring important developments and 
innovative techniques in the area to a larger audience. Our journal is the only known practice
related publication that covers every discipline within Civil Engineering. We members of 
BSCES are indeed fortunate to have Civil Engineering Practice. 

CIVIL ENGINEERING PRACTICE FALL/WINTER 2008 5 



But our search for new technical articles is never-ending and we reach out to the member
ship to help us identify topics and authors who are busy doing the work of Civil Engineering, 
and who just might be coaxed into writing about an innovative project, new technical applica
tion or advancement in materials that we use in designing and constructing the built environ
ment of our world. Please contact me, or Brian Brenner, or any member of the Editorial Board 
with ideas, suggestions or draft papers on an aspect of Civil Engineering practice that you 
would like to see or offer for publication. 

I look forward to serving as Chair of the Editorial Board, and I am committed to continue 
delivering the high-quality of journal that all of our members expect and deserve. 
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Case Study 

Construction of 
Underground Facilities 
for the Narragansett Bay 
Combined Sewer 
Overflow Program, 
Phase I 

An ambitious project 
overcame a rocky start and 
used innovative practices to 
meet significant construction 
challenges. 

boring machine (TBM) mining and adit exca
vation by blasting. 

Project Background 
The quality of sewage treatment for ten com
munities of 350,000 people in the Providence 
metropolitan area of northern Rhode Island . 
has markedly improved since the formation of 
the NBC in 1982. Each day, the NBC provides 

, secondary treatment for 66 million gallons of 
----------------- sewage at two wastewater facilities; however, 
JOHN KAPLIN & GEOFFREY HUGHES 

the addjtion of rainfall to the system results in 

By any measure, the Narragansett Bay overflows into the Upper Narragansett Bay an 
Commission's (NBC) Combined Sewer average of seventy-one times annually. This 
Overflow (CSO) Tunnel was a large, condition is being addressed by implementing 

demanding project comprised of several risky the CSO Abatement Program, which has been 
elements, and included some considerable in design and construction since 1992. 
challenges, delays and disputes involving During the development of the conceptual 
ground freezing, shaft construction, excava- and preliminary design, significant hurdles 
tion and support of a large rock cavern, tunnel were experienced that led to approximately 
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three years of delay prior to construction. 
Originally, a comprehensive plan was devel
oped in 1993 and approved by the Rhode 
Island Department of Environmental Manage- · 
ment (RIDEM). A preliminary design was then 
developed in 1995 that consisted of three deep 
storage tunnels and seven underground stor
age facilities. The cost of the facilities was con
siderable and beyond the limits that many 
wanted to fund. 

A formal stakeholder process was imple
mented to maximize due process and encour
age the development of general consensus on 
a chosen plan of action. Therefore, between 
1996 and 1998 multiple alternative methods 
and strategies were revisited, leading to the 
selection of an alternative that reduced the 
amount of tunneling and that did not require 
underground storage tanks. The final scope of 
the program consisted of two deep off-line 
storage tunnels, five near-surface interceptors, 
twelve sewer separation areas, a wetland facil
ity and a wastewater treatment plant upgrade. 
The construction would stretch over twenty 
years, with three sequential phases to reduce 
the immediate increases to the costs of capital 
improvement. In 1999, RIDEM issued a 
"Finding of No Significant Interest" based on 
the environmental analysis for the three-phase 
program. Phase I design was initiated in 1998 
and. completed in 2001. 

As summarized in Figure 1, the Phase I sys
tem intercepts existing sewers at nine diver
sion/ relief structures and transfers 'flow 
underground via seven gate and screening 
structures and 5- to 9-foot-diameter drop 
shafts. At the bottom of these shafts, 8.75- to 
15.75-foot-diameter de-aeration chambers in 
turn connect to 8-foot-diameter adits. The 
adits total 4,057 feet in length and carry flows 
to the 16,284-foot-long, 26-foot-diameter, 230-
foot-deep main spine tunnel (MST). At the 
north end of the project area, the 26-foot-diam
eter foundry shaft provides ventilation/ 
access, while in the· south the Sl screening 
shaft sits adjacent to the new 50 million gal
lons per day (mgd) Fields Point Tunnel Pump 
Station (FPTPS). The pumps are housed in a 
300-foot-deep cavern, with dimensions 117 by 
61 by 68 feet. This cavern is connected to the 
surface by an 11-foot access shaft and a 32-foot 
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utility shaft. Following each storm event, flow 
from the tunnel will be transferred to the exist
ing Fields Point Wastewater Treatment Facility 
(FPWWTF) for secondary treatment and 
release. 

The majority of underground construction 
work was packaged together in a single con
tract referred to as Contract 6, which included 
the MST, adits, two work shafts (S-1 and the 
foundry), one drop shaft (OF067) and the 
FPTPS cavern and shafts. (The work per
formed under this contract is the subject of 
this article.) In the interest of minimizing dis
turbance to the surface, construction of each 
drop shaft was packaged geographically with 
each of the remaining six near-surface con
struction sites (WRI, OF032, OF009, 
OF006/007, MRI and OF004/061), the details 
of which are described in Castro et al. 1 Lastly, 
a contract was packaged to fit out the FPTPS 
and install system-wide controls. 

A total drilled footage of 32,800 feet was 
gathered from 146 soil and rock borings con
ducted in 1994 through 1995 and in 1999 
through 2000. It was found that lower surfi
cial conditions generally consist of a basal 
glacial till overlain by discontinuous strata 
of glaciofluvial and glaciolacustrine cobbles, 
sands and silts. Nearer the surface are estu
arine, alluvial and urban fill deposits. The 
bedrock is comprised of a Devonian- to 
Pennsylvanian-aged sedimentary series that 
is weakly metamorphosed and deformed by 
folding. In addition to relatively competent 
conglomerate, sandstone, siltstone and shale 
with average unconfined compressive 
strengths (UCSs) of 10 to 13 kilo-pound per 
square inch (ksi) and a maximum UCS of 25 
ksi, there lay intermittent deposits of weak 
graphitic shale with a UCS of less that 1 ksi. 

Bedrock topography is extremely variable, 
with soil depths of 26 to 170 fe~t along the 
main spine alignment. The profile was select
ed so that the tunnel crown would remain two 
diameters below the lowest apparent top of 
rock elevation and a constant invert slope of 
0.0012 percent could be achieved. Apart from 
regional variability, it was also documented 
that extreme localized irregularity exists both 
in the elevation and composition at the 
soil/rock interface. Groundwater levels are 



FIGURE 1. Project layout - MST alignment and shaft locations. 

generally within 10 to 20 feet of the surface. 
Anticipated ground conditions were original
ly reported by Dill et al.2 

The raw geotechnical data were summa
rized in data reports and ranges of soil and 

rock properties were categorically stated in a 
geotechnical baseline report (GBR). Three 
types of ground behavior were expected dur
ing tunneling: stable (65 percent) with fewer 
fractures and longer stand-up time, poor (25 
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percent) and very poor (10 percent). In the 
interest of simplicity and conservatism, the 
poorer ground was grouped together and des
ignated Type II tunneling ground. For a two
pass tunneling operation, steel ribs and steel 
mats would be needed in Type II ground; 
whereas pattern rock-bolts and welded wire 
fabric were specified for Type I. The tunnel lin
ing would consist of 18-inch-thick cast-in
place (CIP) concrete, reinforced with rebar in 
the Type II ground. The bid documents also 
included an option to use 15-inch-thick bolted 
precast segments if bidders wished to con
struct the tunnel using a one-pass method. 

It was estimated that 3,300 gallons per 
minute (gpm) of groundwater ingress could 
be encountered during tunnel construction. 
Probing was specified to be conducted ahead 
of all excavations and substantial unit price 
quantities were included for pre-excavation 
grouting. Lastly, the possibility of encounter
ing coal, and thus methane gas, was of suffi
cient concern that the contract documents 
required bidders to assume that construction 
would be performed in a gassy environment. 
This designation was later modified to "poten
tially gassy" upon receiving input from bid
ders during procurement. 

Contrad6 was advertised in June 2001 and 
three bids were received on September 25, 
2001: $163.5 million, $167.6 million and $227.4 
million. The engineer's estimate was $175.0 
million. The contract was awarded in 
December 2001 to the low bidder. 

S-1 Shaft - Soil Excavation 
Sinking large diameter shafts through 170 feet 
of unconsolidated, saturated soil constituted a 
significant challenge. The contractor had the 
option of supporting the soil by either slurry 
wall or freezewall. The contractor retained a 
subcontractor to install freezewalls at all six 
shafts in the contract. The method involved 
circulating -13 to -22°F refrigerated brine 
through a closed circuit system of pipes locat-

. ed within the ground, thereby freezing the 
water in the surrounding soil pores. 
Freezepipes were arranged in a ring around 
the shaft at 4-foot spacing and drilled to 
depths of 170 to 180 feet, terminating 10 feet 
into rock. At the S-1 shaft, the goal was to pro-
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duce a SO-foot-diameter, 9-foot-thick frozen 
soil ring to serve as a hydraulic barrier and as 
a structural support surrounding the shaft 
during excavation. 

Instrumentation to monitor the freeze con
sisted of observation and thermoprobe wells. 

· Closure of the freeze ring would be verified 
and excavation of the shaft core could start 
once soil temperatures reached 30°F at a cer
tain distance from the freezepipes and the 
water level inside the shaft had risen relative 
to the prevailing water table. 

A 14-foot-deep collar (see Figure 2) at the 
S-1 shaft was construc~ed in May 2002, the 
subcontractor installed the freeze system and 
the freeze was initiated in late June 2002. The 
bottom of the collar was situated just above 
the groundwater table, 

It was originally estimated that the freeze
wall would close in thirty-eight days from the 
start of the freeze and by fifty days the freeze
wall thickness would be sufficient for excava
tion to start. The actual duration for closure 
was 122 days and excavation started at 138 
days. This delay led to considerable efforts to 
determine the cause and mitigate further 
delays. 

Several types of monitoring techniques were 
employed to locate anomalous warm zones 
that, in turn, could shed light on unwanted 
"windows" of unfrozen soil in the developing 
freezewall. At first, it was discovered that the 
freezewall from the surface to a few feet below 
the groundwater table was not developing as 
planned. The contractors claimed that gasoline 
contamination was delaying the freeze by 
depressing the freezing point. Other theories 
on the cause of the delay were based on the 
premise that moving water put an extra heat 
load on the freeze system and delayed the for
mation of ice. Eventually, problems deep in the 
freezewall were also suspected. 

In September 2002, bentonite and cement 
grout were pumped from inside the S-1 shaft 
in an attempt to close off suspected deep 
openings. Next, additional freezepipes were 
installed at shallow depths just below the col
lar from a ring exterior to the main vertical 
freezepipes. Neither effort resulted in closure. 

Four pump tests were then performed 
within the shaft. The drawback of pumping is 



FIGURE 2. S-1 shaft collar construction in June 2002, with the freezepipe casings in the fore
ground prior to being plumbed and operated. 

that the test itself may induce flow through a 
freezewall breach. However, the tests did pro
vide valuable data that were used to locate 
windows in the freeze. 

By mid-October, there was growing certain
ty that the top of the freeze had closed but two 
windows in the freezewall located 120 feet 
and 155 feet below the surface were prevent
ing full closure. Additional observation wells 
and freezepipes were installed, and grouting 
was performed from outside the shaft using 
sodium silicate and cement/bentonite grout 
materials. Closure was verified in early 
November and excavation started by the end 
of the month. 

Due to the extended freeze period, the 
freezewall grew considerably thicker than 
planned, which resulted in slower than 
expected excavation rates since the frozen 
material had to be chipped with a hoe ram 
(see Figure 3). Upon reaching the top of rock, 

a CIP concrete liner was placed using the 
slipform technique and the freeze was turned 
off. 

The contractor submitted a claim that con
tended how three differing site conditions 
(DSCs) had interacted to cumulatively delay 
the freeze from the anticipated 38 days to 122 
days. They contended that "free-phase" gaso
line contamination delayed the freeze near the 
top of the shaft and was remedied by the 
installation of shallow freezepipes. This prob
lem masked two deeper windows that were 
caused by higher than anticipated permeabili-

. ty and groundwater flow up from bedrock 
through pre-construction grout holes that 
were incompletely sealed by a previous NBC 
contractor. 

In response, the owner's team investigated 
and concurred· that the freeze had been 
delayed near the surface and later by two win
dows at depth. However, there was disagree-
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FIGURE 3. With depth, the width of the outer rim of frozen soil increased while the inner 
core of unfrozen soil decreased, slowing production. 

ment with the causes asserted by the contrac
tor. Direct evidence of free-phase gasoline was 
never discovered and soil contamination was 
found to be no worse than described in the bid 
documents. Testing showed that soil samples 
froze as expected. It was judged that warmer 
than expected groundwater likely delayed the 
freeze near the top of the shaft. The owner's 
team concurred that there likely was leakage 
up from rock into the shaft core, but found the 
flow could have come through bedrock frac
tures, the subcontractor's own observation 
well or the grout holes. Deposits of gravel 
were found that had a higher permeability 
than anticipated, but their continuity beyond 
the excavation could not be confirmed. Lastly, 
the gradient of the groundwater table was no 
steeper than described in the contract docu
ments. 

The contract also called for the contractor 
to perform an exploration at each site to 
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determine groundwater flow and thermal 
properties sufficient to design a freeze sys
tem. The subcontractor took the position that 
the contract data were sufficient, and that cur
rently available techniques for establishing 
groundwater flows were unreliable. In hind
sight, it may be that more intensive explo
ration should have been performed by the 
NBC and/ or the contractor, but this would 
still not have guaranteed the problems could 
have been avoided. 

It should be apparent that sorting out 
responsibility for these delays was not an easy 
task. The ·. contractor · and subcontractor 
worked diligently to troubleshoot the problem 
and mitigate the delay. A discussion on this 
topic from the contractor's perspective can be 
found in Schmall et al.3 The claim was further 
complicated by a concurrent delay associated 
with TBM delivery and fabrication. Ultimate
ly, the claim was negotiated as part of a global 



FIGURE 4. Sinking the S-1 shaft into rock below the concrete lining through soil. 

settlement with the cost shared by the contrac
tor and the NBC. 

S-1 Shaft Rock Excavation 
A proactive approach was taken with respect 
to blasting in an urban setting. During the 
design phase, a test blasting program had 
been performed to allay concerns from the 
owners of a very sensitive manufacturing 
facility located near to the site. Several meet
ings had also been held to advise and receive 
input from public safety officials. Immediately 
prior to shaft construction, an information 
package was distributed to surrounding 
neighborhoods and public meetings held to 
address the commonly held fears and misper
ceptions about blasting methods. The. NBC 
paid for the city of Providence to retain an 

independent consultant to review the contrac
tor's blasting plan and assist in writing the 
terms of the blasting permit. Despite these 
efforts, the project encountered a five-day 
delay in obtaining the blasting permits, which 
were ultimately obtained following agreement 
between the NBC and the city of Providence. 
No major incidents or substantive complaints 
occurred due to blasting operations through
out the project work. 

Following the first blast in March 2003, the 
S-1 shaft was excavated to tunnel elevation as 
a 34-foot . square centered within the 50-foot 
cylindrical soil liner, as depicted in Figure 4. 
From the bottom of the shaft, a 366-foot-long 
circular-shaped starter tunnel was driven 
north in two headings -:- an upper and a 
lower - starting in May 2003. A 180-foot-long, 
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10.5-foot-diameter horseshoe tail tunnel, in 
line with the MST, was excavated southward 
concurrently. 

Foundry Shaft Construction 
Events at the S-1 freeze prompted concern 
from the contractor and the NBC's project 
team regarding the feasibility of freezing at 
the other main shafts. The NBC proceeded 
with a program to recover continuously sam
pled borings using sonic drilling and install 
additional wells at the foundry shaft. The sub
. sequent analysis confirmed that soil perme
ability and gradients were not sufficiently 
adverse to preclude freezing. The site investi
gation did show, at one boring location, that 
the top of rock was overlain by very coarse 
gravelly soils, raising concern that the absence 
of the impermeable basal till. could complicate 
excavation at the soil/rock interface. 

Potential difficulties at the soil/rock contact 
were further confirmed during the shaft pre
grouting. This program originally consisted of 
sixteen vertical holes drilled 276 feet deep with 
the goal of reducing the water-bearing charac
teristics ofthe bedrock. Significant water losses 
during drilling were noted at the soil/rock 
interface. The program was expanded to an 
additional sixteen grout holes targeting the 
upper 20 to 30 feet of bedrock where water loss
es were the greatest. Even with this additional 
grouting effort, further water loss was noted 
during subsequent freezepipe drilling. 

It was agreed, through a change order, that 
freezepipes would be extended to 185 feet 
deep, or 25 feet below the top of rock, and 
additional groundwater monitoring would be 
performed. The freeze was completed by mid
November as planned. At that point, concern 
remained that a residual mass of unfrozen soil 
or rock still existed at the center of the shaft 
near the top of rock. This worry was an espe
cially sensitive matter, considering the poten
tial for rapid freezewall erosion if flowing 
water were to be induced during excavation. 
Probe holes were drilled once the excavation 
reached the top of rock to check for unfrozen 
water-bearing zones. Drill-and-blast excava
tion was used to sink the shaft 2 to 5 feet at a 
time to a depth where a completely frozen 
core well into rock was verified. 
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The top of bedrock was found to vary con
siderably between 145 and 162 feet deep with
in the confines of the excavated 30-foot-diam
eter shaft. The cause of the drill water losses 
was discovered as the shaft was sunk into 
rock. Fissures in the rock 0.5 to 2 inches thick 
were found to contain clean fine to medium 
sand as deep as 20 feet below the top of rock. 
The sand was clearly detrital in origin and 
undisturbed except for being frozen. In other 
locations, lenses of grout from the pre-groµt
ing program were discovered sandwiched in 
the sandy fissures, but by no means had the 
grouting provided a complete sealing. Based 
on visual evidence alone, these seams would 
have had the capacity to permit large inflows 
into the shaft had they not been sealed off by 
freezing. The initial CIP concrete liner was 
taken down to an elevation to cover these 
sand seams in order to prevent inflow after the 
freeze was turned off. Even then, chemical 
grouting through the liner was required to cut 
off silt-laden inflows. 

The remainder of the shaft sinking through 
rock proceeded uneventfully to 235 feet deep, 
a receiving chamber for the TBM was opened 
up at the base and the WRI adit was driven in. 

Expanded Precast Segment Lining 
On previous projects the contractor- had suc
cessfully employed a two-pass excavation and 
lining system whereby expanded precast seg
ments temporarily support the rock during 
tunnel mining and a permanent liner is placed 
thereafter. Shortly after the award of the con
tract, the contractor proposed that in lieu of 
the 18-inch CIP contract lining that would be 
placed within the contractor's 10-inch precast 
initial support for a total concrete thic~ess of 
28 inches, a 22-inch-thick composite liner con
sisting of 10-inch-thick precast segments and 
12-inch-thick CIP should be considered (see 
Figure 5). Ultimately, this value engineering 
cost proposal was accepted and the contract 
price reduced. The savings were realized pre
dominantly from a reduction of nearly 28,000 
cubic yards of concrete and a similar reduction 
in handling mined rock. 

The 5,000 pounds per square inch (psi) UCS 
precai;t segments were fabricated by the con
tractor at a yard located adjacent to an existing 
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FIGURE 5; The composite MST lining system. 

batch plant approximately 10 miles from the 
tunnel. The yard produced up to sixty-eight 
segments per day, starting nearly a year before 
mining commenced. 

MST Excavation 
The TBM was designed by the contractor in 
2002. The cutterhead, main shield and tail 
shield were fabricated in Japan, arriving by 
ship in Providence in February 2003. The 
remaining electrical, hydraulic and mechani
cal components and the trailing gear were 
purchased individually or fabricated by the 
contractor and assembled at the S-1 shaft site 

/ 

___ Unreinforced 
/ · Concrete Lining 

j r- 10" Thick PCC .. -- / 
/ Segment Lining 

/ Designed by 
Contractor 

(see Figure 6). Power for the thrust, head rota
tion, conveyors and segment erection was 
electric over hydraulic. · 

The cutterhead was 30 feet in diameter and 
was dressed with sixty-five 17-inch-diameter 
back-loading cutters. The machine employed 
twenty jacks to propel and steer off precast 
segments with a total available thrust of 6.3 
million pounds. The cutterhead rotated at 3 to 
5 revolutions per minute (rpm) and was driv
en by twenty hydraulic motors rated at a total 
of 2,465 horsepower. 

The TBM allowed for lining installation 
within a full shield. The preca~t ring was com-
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FIGURE 6. The TBM nearly fully assembled at the surface prior to disassembly and instal
lation in the tunnel. 

prised of four 48-inch-wide, 10-inch-thick pre
cast segments each weighing 11,000 pounds. 
As the TBM advanced forward and the precast 
ring emerged from the tail shield, hydraulic 
jacks were engaged in a 2-foot-wide open key
gap at the crown to expand the segments 
against the rock. Steel struts were then 
installed at the keygap to hold the segments in 
place. 

The TBM and trailing gear were lowered 
and assembled underground beginning in · 
October 2003. The focus then moved to the 
build-out of the mining support equipment in 
the shaft area (such as the main rail switch, a 
muck car roll-over dump system and a verti
cal belt conveyor). A radial stacking conveyor 
was installed at the surface. Other activities 
included the installation of a 4,000 gpm capac
ity dewatering system, the ventilation system 
and personnel hoist. The ventilation system 
consisted of two 125-horsepower fans at the 
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S-1 shaft surface exhausting from the back end 
of the TBM trailing gear and through a 60-inch 
hardline mounted along the tunnel. Smaller 
fans and ductline were installed on the trailing 
gear to move air between the tunnel face and 
the rear of the trailing gear (see Figure 7). 

Tunnel Mining 
TBM mining of the MST commenced on 
March 8, 2004. Within a month, production 
was in the 40 to 45 feet per day range. Other 
than relatively minor issues with the mucking 
system and hydraulic power to the motors, 
the TBM and support systems operated 
smoothly. 

A typical day on the TBM consisted of a 
mining shift from 6:30 A.M. to 6:00 P.M,, a 6:00 
P.M to 1:30 A.M swing shift to perform mainte
nance and a graveyard shift from 10:30 P.M to 
6:00 A.M to change cutters and scrapers. The 
basic mining cycle consisted of mining 



through 4 feet of rock in 25 to 40 minutes, sep
arated by time to install segments and wait for 
trains. Haulage by rail was performed' using 
three locomotives hauling five cars each -
three muck cars and two segment cars (see 
Figure 8). To allow trains to pass side by side 
in the tunnel, a moveable "California" rail 
switch was employed at roughly the mid
pqint between S-1 shaft and the heading, 
which was ·relocated forward as the excava
tion advanced. 

During design, bedrock lithology had been 
estimated in the GBR based on relative per
centages of rock types logged in retrieved 
cores. The rock types that were encountered 
were largely as expected, as shown in Table 1. 

The GBR also included a ground classifica
tion system established for tunnel construc
tion. The classification system was based on a 
number of criteria including rock quality des
ignation (RQD), unconfined. compressive 
strength, rock type and anticipated tunneling 
conditions. The purpose was to provide an 
estimate of corresponding rock support type 
for a two-pass system where decisions had to 
be made as to the type of ground support to 
install. The contractor's precast segments 
made the selection of ground support unnec
essary since the precast segments could sup
port either ground type, essentially making 
the ground classification system moot. 

However, the classification system did 
become a source for a DSC claim related to the 
TBM penetration. rate. The contractor noted 
that in preparing its bid it had assumed that 
the TBM penetration rate would be 7.5 feet per 
hour in Type I ground and 14.8 feet per day in 
Type II ground. The contractor anticipated 
that the TBM would penetrate weaker, broken 
ground faster than less fractured, more com
petent ground, relying upon the· ground clas
sification quantities provided in the GBR for 
its estimate. Considering the information pro
vided in the baseline report, this approach 
was not an unreasonable one to estimate pen
etration although certainly not the one intend
ed by the authors of the baseline report. . 
Considerably more Type I ground was 
encountered than the 65 percent predicted by 
the GBR. The claim was eventually settled as 
part of a global settlement. For future GBRs, it 

FIGURE 7. A view of the locomotive at the 
rear of the trailing gear. Note the ventilation 
intake on the left side and exhaust from the 
TBM face into the tunnel hard line at right. 

is recommended that baseline statements of 
ground support be clearly distinguished from 
those ground properties used to predict TBM 
performance, otherwise conservatism in the 
estimation of support could result in an over
ly aggressive penetration prediction. 

Apart from the slower than anticipated 
advance rate, the contractor's mining opera
tion was performed exceptionally well. The 
contractor's approach was atypical in that the 
contractor designed and assembled the min
ing equipment on its own, the general trend 
being for tunnel contractors to rely upon spe
cialist suppliers. The TBM and support sys
tems were operated at very high rates of avail
ability with minimal unanticipated downtime 
and hole-through was achieved in December · 
2005. Mining production is displayed in 
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FIGURE 8. The bottom of the S-1 shaft was a busy place during TBM mining. Segment cars 
were lowered by crane to the track as seen at the left, while muck cars spilled their load onto 
a rollover dump that fed a vertical conveyor on the right 

Figure 9; the mining crew at hole-through are 
shown in Figure !O, Figure 9 also shows the 
impact of pre-excavation grouting on mining 
production. 

Pre-Excavation Grouting 
The GBRprojected that a steady-state ground
water ingress of3,300 gpm would be expected 
from the mined tunnel and adits. Invert water 
flowed downslope away from the face to the 
S-1 shaft where it was pumped from a dewa
tering station to a settlement and treatment 
system at the surface. Diverting this treated 
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flow to NBC's FPWWTF avoided the need to 
obtain a project-specific discharge permit. It 
was predicted that there would be long 
stretches of the tunnel- that would produce lit
tle water, with intervening geologic structures 
that could be significant water bearers. 
Contract specifications called for 100- to 170-
foot-long horizontal probe holes to be drilled 
from the TBM ahead of the excavated face. If 
water flows from the probes exceeded 50 gpm, 
then these holes as well as additionally drilled 
holes would be grouted with Type III Portland 
or microfine cement mixes. Grouting was per-



formed through holes drilled through the slots 
in the cutterhead with a grout plant set-up sit
uated in the tunnel behind the trailing gear. 
The TBM would then advance within the 
envelope of grouted ground to approximately 
30 feet from the end of the grouted zone, at 
which point the next probe hole would be 
drilled. 

This pre-excavation grouting program 
went through several stages of modification in 
response to the conditions that were encoun
tered. First,. water inflow into the tunnel was 
encountered at flow rates greater than the pre
dicted average. By the time 25 percent of the 
tunnel had been mined, nearly 1,200 gpm (or 
36 percent) of the total anticipated inflow had 
been encountered. Yet, probe holes were yield
ing less than 15 gpm, well below the grouting 
trigger. Second, grout takes at the 500 psi 
grout pressure being used were quite high, 
often 5,000 to 6,000 cubic feet. It was suspect-

TABLE 1. 
A Comparison of Rock Types 

Encountered in the .MST 

Actual GBR 
Encountered* Encountered 

Rock Type (%) (%) 

Shale 23 25 

Sandstone 56 48 

Siltstone 16 14 

Graphitic 5 9 
Shale 

Conglomerate 1 4 

Coal 0 <1 

Note: •Based on rock samples collected from keygap, conveyor, 
muck pile and core samples from the tunnel invert. 
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FIGURE 9. TBM advance rates. 
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FIGURE 10. TBM hole-through at the foundry shaft. 

ed that at this pressure grout was. being 
pushed through fractures far outside the tun
nel envelope. Third, it was believed that two 
grout holes were insufficient to provide ade
quate grout coverage over the tunnel enve
lope. 

The program was modified after several 
rounds of changes. The maximum grouting 
pressure was reduced to 350 psi. The grouting 
trigger was decreased to 15 gpm and the start
ing mix was changed to less expensive Type 
III cement when the probe inflow exceeded 50 
gpm. Grouting was performed through four 
holes rather than just two. 

Also at this point, both parties agreed that 
negative impacts to the schedule could be mit
igated by reducing the duration of grouting 
events from two mining days to one. To enable 
quicker mobilization of grout equipment and 
faster grouting, the NBC paid for several 
equipment upgrades (such as a new rolling 
gantry to boost the air compressor capacity 
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and a second mixing and grouting plant). The 
goal was to drill and grout multiple holes 
simultaneously. Furthermore, the pumping 
capacity was increased from 4,000 to 5,700 
gpm in order to boost the margin of safety for 
dewatering. 

The final inflow at the end of mining 
peaked at 2,500 gpm. There were a total of 
forty-four grouting events in which 4,400 
cubic yards of grouf was pumped over fifty
nine working days. The inflow increased rap
idly over the first third of the tunnel. In the 
second two-thirds of the tunnel, the rate of 
increase of inflow diminished. The reduced 
grout takes at lower grouting pressures 
appeared to be no less effective at controlling 
water into the excavation than the higher pres
sure grouting. The equipment upgrade 
allowed grout events to be accomplished in 
one day versus two days in which no mining 
could be performed, thus reducing costs and 
aiding the schedule. Rather than a simple 



TABLE 2. 
Pre-Excavation Grouting Performance Summary 

for the MST (Cumulative Values) 

Ratio of Tunnel 
Tunnel Inflow Probe Inflow Inflow to Probe 

Tunnel Length (ft) (gpm) 

Grouted Intervals 7,957 1,201 

Un-grouted 7,465 1,436 
Intervals 

reliance on empirical rules and stkking rigid
ly to the original plan, the MST grouting pro
gram succeeded by modifying the plan along 
the way based on frequent monitoring and 
feedback. 

The MST grouting program cost $10 million 
· (versus $5.8 million in the bid estimate) and 

effectively kept inflow within manageable 
limits. Without it, the inflow would have 
threatened the ability to successfully place the 
CIP liner and would have impacted the NBC's 
treatment plant operation. There was wide
spread agreement among project participants 
that using a less aggressive pre-excavation 
grouting program and trying to tackle heavy 
inflows with cut-off grouting would have 
been less effective and more costly. 

The effectiveness of the grouting program 
can be estimated in gross terms by comparing 
water inflow in the grouted zones versus the 
ungrouted zones, as shown in Table 2. This 
table also shows the importance of probing 
because in nearly half the tunnel there was no 
grouting triggered at all. 

Adit Construction 
Seven adits were excavated off the MST to 
connect the tunnel to the previously installed 
drop and vent shafts installed by other NBC 
contractors. All adits were excavated and 
lined concurrently with the excavation and 
lining of the MST except for the 067 and WRI 
adits, which were driven from the base of the 
main shafts. A typical intersection of adit de
aeration chamber and vent shaft is shown in 
Figure 11. 

(gpm) -Inflow 

3,261 0.37 

305 4.71 

The 067 aditwas driven concurrently with 
the excavation of the starter tunnel since the 
adit portal was within 50 feet of the S-1 shaft. 
The adit at the far north end, the WRI adit (see 
Figure 12), was driven from the base of the 
foundry shaft since it too was within 50 feet of 
that shaft. 

The 004/061 adit was the first one driven 
off the MST, commencing in February 2005, 

· nearly a year after the start of TBM mining. 
Temporary work decks were installed in the 
MST at the adit portals so that adit operations 
would not block the passage of trains to the 
TBM heading (see Figure 13). Due largely to 
the demonstrated success of shaft blasting, 
both city and state authorities permitted 24-
hour blasting within the tunnel. Blasting was 
performed on the second and third shifts so as 
to not disrupt the operation of the TBM. 
Materials were delivered to the adit deck by 
rail during the third shift. Load-haul-dump 
(LHD) vehicles were used to load and trans
port muck from the face. In the 1,800-foot-long 
MRI adit, a widened turn-out station was 
excavated at the mid-point to allow LHD vehi
cles to pass. The excavation rate for the adits 
averaged approximately 13.6 feet per work
day (three shifts). 

Vibration and noise monitoring was per
formed by the owner's representatives and 
measured against Rhode Island's legal limits; no 
complaints or exceedences occurred. Consider
able outreach was performed to adjacent neigh
bors, but the task was simplified by the lack of 
residences in the project area. In addition, near
by businesses generally did not operate at night. 
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FIGURE 11. Intersection of the adit de-aeration chamber and the vent shaft in the 004/061 
adit, with the MST visible in the background. 

One potential problem did arise when authori
ties at a neighboring hospital expressed conster
nation regarding blasting vibration. Their sensi
tivity regarding this issue had been heightened 
the previous year when transmission relays 
located above the adit had tripped for reasons 
unrelated to construction, causing a loss of 
power to the hospital. Additional monitoring 
instruments were installed and blasting started 
with reduced charge weights per delay, enabling 
excavation to proceed with minimal delay. 

Concrete placement in the adits was per
formed during the day, pumped from the sur
face of the drop shaft using ready-mix trucks 
and a high-capacity pump. A de-aeration 
chamber is shown in Figure 14. Following con
crete placement, contact grouting was per
formed by injecting cement grout through 
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holes drilled in the crown of the adits and 
chambers at 10-foot intervals using a mobile 
grout plant located at the top of the drop 
shafts. All of the adits were completed by 
February 2006. 

One lesson learned from the adit work is 
related to the use of embedded cylinder pipe 
(ECP) to line four pairs of the drop and vent 
shafts. ECP consists of· a thin steel cylinder 
inside a layer of concrete reinforced with pre
stressed wire and an interior lined with mortar. 
In October 2005, as the contractor was complet
ing the concrete work for the connection 
between the de-aeration chamber and the drop 
shaft in the WRI adit, the bottom 20 feet of the 
shaft lining failed. It was determined that water 
pressure had leaked into the inner layers of the 
pipe, causing it to burst inward under the full 



head of water pressure. The section was 
replaced with shotcrete and wire mesh. 

Of the other ECP shaft locations, two had 
already been completed and were undamaged. 
At the 032 adit, reduced blast rounds and hand 
mining were performed as the chamber exca
vation approached the shafts. In hindsight, a 
steel pipe transition· section for the bottom 10 
feet of the shaftwould have been a more robust 
lining material at the shaft/ chamber intersec
tion where ECP was used. 

Water inflow was minimal in all of the adits 
and the MRI adit was also the only one to need 
pre-excavation grouting. While direct meas
urements were difficult to acquire, the highest . 
flow recorded was from the MRI adit, which 
produced an estimated 200 gpm This flow was 
reduced to about 15 gpm following lining and 
grouting. There were no differing site condi
tions in any of the adits. 

MST CIP Final Lining 
Following TBM hole-through, the MST was 
lined starting at the foundry shaft. The con
tractor erected an on-site batch plant at the 
S-1 shaft site. A fleet of eight ready-mix trucks 
were used to deliver the concrete to pump 
sites at the foundry shaft, 009 and 004/061 
adits, and S-1 shaft as the lining advanced. A 
slickline ran from the concrete pump located 
near the shaft collars to the forms (see Figure 
15), with pipe added each day as the forms 
were advanced. The maximum pumping dis
tance was 3,300 feet. 

Panning materials were installed ahead of 
the concrete placement area to keep the fresh-

FIGURE 12. The installation of ribs and lag
ging in the WRI adit. 

ly placed concrete separated from the 2,500 
gpm of inflowing groundwater. A main drain 
was formed by placing corrugated steel sheets 
over a channel cast into the precast segment 
invert. One-foot-wide strips of thin steel 
sheets were tacked along the vertical joints of 
the precast segments, forming- channels to 
transfer flow down to the drain. _Sandbag 
dams were used to isolate the forms and water 
was diverted by pumping. 

After the initial learning curve, production 
achieved 165 feet of advance per day. This rate 
required a sustained delivery of 580 cubic yards 
of concrete over eight hours. A 4,000 psi concrete 
design mix with 0.375-inch aggregate was used. 

FIGURE 13. Typical work deck installation, with the adit portal visible at right. 
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FIGURE 14. Concrete work in a de-aeration chamber, looking out toward the MST. Adit 
forms are partially visible in the background. 

Additives included new-generation full-range 
and high-range water reducing admixtures, 
retarder, fly ash and an air-entraining admixture. 
A total of 58,000 cubic yards of CIP concrete was 
placed in the MST for the final lining. 

A typical placement day involved hauling, 
pumping and placing from 7:00 A.M. to 3:00 
P.M. Preparation for the next pour, stripping of 
the bulkhead and movement of the forms 
occurred over the back two shifts. A single set 
of 35-foot-long invert forms was always left at 
the rear end of the pour, with 165 feet of forms 
leapfrogged past for the next pour (see Figure 
16). At the downstream end of each form set
up, a vertical bulkhead enabled the concrete to 
be placed vertically to within a few feet of the 
crown. Above this, the end of each day's con
crete placement would slope back for about QS 
to 40 feet until it met the crown. The next day's 
concrete was placed against this geometry, 
creating a construction joint. The final lining 
was completed in September 2006. 

24 CIVIL ENGINEERING PRACTICE FALL/WINTER 2008 

Contact grouting was performed from a 
mobile grout mixing plant situated at the sur
face of the shafts. A 1:1 cement grout was 
pumped down the shafts through slicklines, 
then through packers installed in drill holes at 
the invert and crown. Grouting started at the 
foundry shaft end of the tunnel, and the grout 
plant was relocated southward to shaft sites as 
grouting progressed down the tunnel. 

In September 2006, a block of concrete about 
2 by 4 feet was discovered to have fallen onto 
the MST invert. The block had fallen out along 
the face of a construction joint. Distress was 
noted at a number of other locations, all con
fined to the sloping construction joint. The 
investigation revealed that concrete in the 
crown area was displacing away from the pre
cast segments along the sloping joints, possibly 
as a result of increasing pressure from the 
recovering groundwater table. A repair plan 
was developed that involved removing a 2-
foot-wide slot of CIP concrete along the con-



FIGURE 15. Forms and form carrier assembled in the MST just downstream from the 
foundry shaft. 

struction joint using hydro-cutting until the 
underlying segment was fully exposed. Steel 
dowels were installed in the slot and embed
ded in the precast segments and adjacent CIP 
liner as reinforcement. This slot was then back
filled with shotcrete and trowelled to a smooth . 
finished surface. Repairs were completed by 
February 2007 without impact to the project 
schedule. Costs to perform this work were 
split between the NBC and the contractor. An 
inspection performed a year after the work 
was completed revealed that the repairs were 
successful. Sloping cold joints in large-diame
ter CIP liners should be avoided and full bulk
head pours should be a requirement. 

Following tunnel lining, both the foundry 
and S-1 shafts were lined with CIP concrete 
using the slipform technique. The 067 adit drop 
and vent shafts were excavated using ground
freezing and raise boring, then lined with CIP 
concrete by slipforming. Inflow as measured at 

the base of the S-1 shaft at the completion of the 
underground structures was approximately 700 
gpm, but had attenuated to 250 gpm one year 
later, a dramatic reduction from the 2,500 gpm 
measured at the end of TBM mining. 

FPTPS Cavern Construction 
Shortly after notice to proceed in early 2002, 
the contractor communicated to the NBC its 
lack of comfort in building the FPTPS cavern 
as designed with regard to rock stability and 
support (see Figure 17). The contractor 
requested additional exploration of rock con
ditions, further modeling and analyses, and 
the involvement of a third-party rock mechan
ics expert to review the design. 

The NBC agreed to perform additional 
investigations. The schedule allowed time for 
this work without negatively impacting the 
critical path. Two additional borings were 
drilled and downhole geophysics were con-
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FIGURE 16. Looking downstream at the finished concrete lining and the forms in the MST. 

ducted within the footprint of the cavern to 
obtain more data on rock conditions in the 
roof. Next, the NBC hired a third-party 
reviewer who concluded that rock conditions 
could be expected to be predominantly as 
described by the contract, but recommended 
the following modifications: 

• The addition of mechanical end anchor
ages on roof dowels to prov;ide immedi-
ate support; · 

• The addition of dowels at the utility 
shaft/ cavern intersection as spiling 
(installed prior to excavating adjacent 
openings); and, 

• The addition of dowels angled out from 
the intersection of the arch roof and walls 
(haunch). 

Further discussion on the design of the pump 
cavern is contained in Hughes et al.4 

· 

Work on the shafts to reach the cavern start
ed in 2002. The procedure for shaft construe-
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tion for the utility and access shafts was simi-
. lar to the S-1 shaft procedure. Following pre

excavation grouting from the surface, freeze
pipes were installed, a collar to just above the 
water table was installed, the freeze was com
pleted without delays, a slip-lined CIP liner 
was placed and rock excavated to the cavern 
level by the drill-and-blast method. 

Two notable issues were encountered during 
the excavation of the utility shaft. The first was 
the occurrence of a highly uneven contact 
between soil and rock, with nearly 10 feet of 
relief across the 35-foot shaft footprint. In order 
to create an even surface from which to start the 
overlying slip-formed liner, the deep soil pock
et was excavated and backfilled with concrete. 
A second issue was the presence of soil-filled 
lenses and seams encountered within bedrock 
below the soil-rock contact. Remedial work 
consisted· of over-excavating the areas where 
soil was discovered, installing weep pipes, then 
shotcreting over wire mesh held to the rock 
with dowels and following up with chemical 
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FIGURE 17. The FPTPS design - lining and excavation sequence. 

grouting where inflows were detected. The 
material filling the rock fractures. and making 
water was a fine, clean detrital sand. 

FPTPS cavern construction commenced in 
October 2003 with the bell-out of the utility 
shaft into the top heading of the center drive 
of the cavern. The contractor designed a tran
sition from a circular section to a rectangle to 
square up with the cavern geometry. The 
cheeks were shot out so that by the time the 
horizontal drive of the cavern top bench start
ed in December 2003, the full width and end
wall of the cavern were opened to a level 24 
feet below the cavern crown. 

A probe hole drilling and pre-excavation 
grouting program was undertaken from the 

utility shaft end of the cavern. Holes were 
fanned out along the cavern crown, extending 
to the mid-point of the cavern. Approximately 
2,500 gallons of ultrafine cement grout were 
pumped into five holes. A second phase of 
probing in four holes was undertaken near the 
mid-point of the cavern to the access shaft 
endwall that did not trigger grouting. 

The bedrock geology of the cavern consist
ed of sloping layers, from top down, of con
glomerate, sandstone, graphitic shale and 
shale (see Figure 18). · Actual conditions 
encountered were reasonably close to those 
that were predicted. The sharply dipping con
tact between the conglomerate and sandstone 
at the utility shaft/ cavern intersection proved 
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FIGURE 18. A three-dimensional view of the pump cavern with 
general geologic rock units predicted by site investigation. 

the end of the hole. Once 
the collar was set and hard
ware installed and torqued, 
a 9,000 psi UCS thick 
cement grout mix was 
pumped into a short grout 
tube until return was 
observed from a vent line 
that reached the end of the 
hole. The grout mix includ
ed an additive. to provide 
shrinkage control, improve 
bonding and improve 
flowability characteristics. 
In the walls, 30-foot-long 
galvanized 1.25-inch-diam
eter dowels were angled 
downward at 3 degrees on 
a 5- by 5-foot spacing and 
installed similar to the roof 

troublesome with respect to ground behavior 
and water inflow. Sandstone blocks fell out 
below the contact and additional initial sup
port bolting was required to prevent further 
loosening. Secondly the 30-foot permanent 
wall· dowel holes drilled through this contact 
produced up to 100 gpm of water inflow from 
two holes. It was decided initially to leave 
these holes to drain the formation rather than 
grout the flow off and potentially fight inflows 
as successive dowel holes were drilled. In gen
eral, this approach worked since inflow from 
these two holes remained high with light or no 
inflows from following holes. 

The top heading was driven horizontally at 
a height of 24 feet at the center of the roof arch 
and 15 feet at the sides. This height was neces
sary to install the 20-foot-long roof bolts. The 
heading progressed forward in roughly 8~ 
foot-deep, 19- to 25-foot-wide drifts, so that 
the width of the cavern was advanced three 
drifts wide. The center drift was advanced 
several rounds before the side drifts were 
pushed forward. A two-boom drill jumbo was 
used to drill the heading blast holes and holes 
for the roof and wall dowels. · 

· The 20-foot-long galvanized roof dowels 
were I-inch-diameter, all-thread bar and 
installed on a 5- by 5-foot pattern with a spin 
lock anchor assembly used for anchorage at 
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dowels except that mech
anical anchors were unnecessary and that the 
grout tube was run to the end of the dowel. A 
5,000 psi wet-mix shotcrete was applied to a . 
minimum thickness of 8 inches over the walls 
and roof. Synthetic fibers at a dosage rate of 17 
pounds per cubic yard were approved as a 
substitute for the specified steel fibers. 

Water inflow created difficulties grouting 
both the roof and wall bolts. As little as 0.5 
gpm of water inflow from the bolt hole could 
wash through the freshly placed grout. Partial 
encapsulation was unacceptable considering 
the need for a high degree of corrosion protec
tion. Several techniques were developed to 
completely cut off the water. Where the inflow 
exceeded 5 gpm from a single hole, it might be 
abandoned and a new one drilled adjacent to 
the water maker. The· dowel would be 
installed in the hole making the least amount 
of water, the other one cut-off grouted with a 
microfine cement mix after the dowel was suc
cessfully grouted. Where water flowed from 
the grout tube or from around the plate fol
lowing set-up of the grout, the tube would be 
re-grouted using a microfine cement mix. 
Dowels were not accepted until all flow was 
cut off. Where efforts to control water in the 
dowel holes was exceptional, the parties 
developed a means to change the work and 
pay items without dispute. 
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FIGURE 19. The FPTPS cavern excavation sequence. 

Four multiple point borehole extensome
ters (MPBXs) were installed 50 feet deep into 
the roof to monitor rock movement. With a 
threshold of acceptable movement of less than 
0.36 inch, actual displacement in all roof 
MPBXs never exceeded 0.10 inch. MPBXs 
were also installed in the wall, where the 
allowable displacement was 1.2 inches and a 
maximum of less than 0.5 inch was actually 
observed. 

Following completion of the cavern top 
heading, work proceeded on the final slip lin
ing of the access and utility shafts. This work 
involved setting up a shoring tower on the 

invert of the top heading beneath the two 
shafts. Cavern excavation resumed in May 
2004 and proceeded downward in a total of 
nine benches until completed in September 
2004. The cavern excavation sequence is 
shown in Figure 19, and the fully excavated 
cavern is shown in Figure 20. 

A sloping layer of graphitic shale was 
encountered on the second bench at the access 
shaft end of the cavern. The graphitic shale 
could be ripped with an excavator making 
blasting unnecessary. Control of the wall exca
vation line proved difficult in that scaling the 
graphitic shale for safety often resulted in 
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FIGURE 20. The pump cavern viewed from the portal of suction tunnel, fully excavated to 
invert, with the utility shaft visible in the upper background. 

development of a belly in the wall, where 
overlying loose rock slumped off well beyond 
the excavation line. This condition resulted in 
the need to build the wall back out with shot
crete. It was noticed that while shotcrete 
would stick to a fresh surface of graphitic · 
shale, the outer surface of the thin platy layers 
would often delaminate, sending chunks of 
rock and shotcrete to the invert shortly after 
shotcrete application. These problems were 
overcome by adapting the application tech
nique to apply an initial thin coat of shotcrete 
to minimize fall-out. Beyond these observa
tions, the graphitic shale proved no worse to 
deal w~th than expected. 

Following completion of the excavation, a 
drainage system of gravel, filter fabric, slotted 
drain pipe and sumps was installed in the 
invert. A 230-foot-long, 9-foot-wide, 9-foot
high horseshoe tunnel was then excavated by 
drill and blast to connect the pump cavern to 
the S-1 shaft. This suction tunnel was lined 
with 54-inch-diameter precast cylinder pipe 
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and backfill grouted in October 2004. A rolling 
scaffold system was then erected on the cav
ern invert and used to install the galvanized 
steel roof beams and decking during 
December 2004. The beams were attached to 
wall brackets bolted into rock just below the 
arch. The wall had to be built out at this eleva
tion with shotcrete so the wall brackets could 
be located at the proper position since blasting 
overbreak in the wall was as great as 2 feet. 

A gutter/ downspout system consisting of 
. hypalon hung as a gutter lined the edge of the 

roof draining to .stainless steel downspouts 
and floor drains leading to a main sump. 
While this system did not create a bone-dry 
cavern perimeter, it did work as intended and 
eliminated the need for a watertight cavern 
lining designed to withstand 140 psi of hydro
static groundwater pressure. 

In early February 2005, the contractor 
turned over the access and utility shafts and 
pump cavern to the NBC so that the subse
quent fit-out contract could start. The contrac-
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FIGURE 21. Project schedule summary. 

tor's expertise in cavern construction was 
demonstrated by completing the pump cavern 
on schedule, safely and with minimal change 
orders associated with additional rock sup
port and shotcrete build-out. The final water 
inflow into the pump cavern was approxi
mately 35 gpm. 

In the final analysis of the cavern construc
tion, several points are worth noting. First, the 
third-party review performed after the con
tract was awarded is somewhat unusual in the 
fact that the contractor deman:ded it and the 
owner agreed to it. However, the cost was not 
excessive nor did it delay delivery of the cav
ern, and overall it is considered to have been a 
beneficial process. The importance of address
ing the impact of water inflow on the installa
tion of the designed ground support cannot be 
overemphasized. Techniques also had to be 
adapted to achieve an 8-inch thickness of shot
crete where flowing water occurred, by chan
neling or controlling the inflows. Finally, it 
would have been beneficial for the design doc
uments to have more clearly defined the blast
ing methods and specified the tolerances of 
finished wall and roof surfaces. 

Schedule & Project Cost 
Substantial completion was achieved in March 
2007, approximately one year later than 
planned. A global settlement was reached for 
all outstanding change-order requests and 

claims, and a time extension was awarded. 
The contract was completed for $173 million, 6 
percent above the bid price but still under the 
project budget. 

The schedule in Figure 21 shows that, in 
essence, a year was lost prior to the start of 
MST mining. Of this year, eight months had 
been lost on the S-1 shaft freeze and excava
tion. A concurrent and continuing delay asso
ciated with TBM delivery, fabrication and set
up in the starter tunnel caused a further four
month slippage. As a recovery measure, the 
contractor modified its work plan so that the 
six adits were mined concurrent to MST min
ing. The complication to daily operations was 
well managed by the contractor and greatly 
mitigated earlier delays. From the start of MST 
mining until project completion, there was no 
further erosion of the schedule. 

Contractual Features 
The contract included three elements typical 
to major U.S. tunneling projects: a GBR, a dis
pute review board (DRB) and escrow bid doc
uments. The purpose of the GBR was to estab
lish a contractual baseline of anticipated 
ground conditions and assist bidders in evalu
ating requirements for supporting ground and 
controlling groundwater. The DRB was a 
three-person panel jointly selected by the con
tractor and the NBC. There were fifteen board 
meetings in total, held approximately at a 
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quarterly frequency. No hearings on specific 
claims or disputes were ever held. In hind
sight, the regularly scheduled ORB meetings 
were productive and provided a positive 
influence on the outcome of the project where
by issues were brought into the open. 

As with most publicly bid lump-sum con
tracts, payment was made through monthly 
requisitions from a schedule of values negoti
ated after contract award. Approximately 22 
percent of the contract price was paid out in 
allowances or unit price items that were bid 
and included for those activities where the 
scope of work could not be determined with a 
reasonable degre~ of certainty, such as grout
ing, discharge water treatment rock support 
and panning. 

Closing 
On November 1, 2008, the Phase I CSO system 
was made operational. The tunnel is now 
accepting flows from storm events that other
wise would have overflowed into Upper 
Narragansett Bay. The project is a fine exam
ple of a mid-size city making cost-effective use 
of underground space to improve the environ
ment, in this case dramatically reducing water 
pollution to an estuary of national signifi
cance. The system is operating as planned, 
and the NBC has embarked on the design of 
Phase II of its CSO system. 
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shield of the TBM were fabricated by Hitachi of 
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Figure 11 - Peter Goldberg; all others - John 
Kaplin. 
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To Zoom or 
No,t to Zoom 

The use of zoom technology 
provides a less expensive and 
less time-consuming means 
to inspect sewer pipeline 
infrastructure. 

JESSICA RINNER & SUSAN PRYPUTNIEWICZ 

The town of Auburn, Massachusetts, 
conducted a townwide inflow /infiltra
tion (I/I) and sanitary sewer evaluation 

survey (SSES) program in an effort to develop 
a plan and implementation schedule to locate 
and identify sources of I/I, and recommend 
and prioritize cost-effective rehabilitation 
methods to reduce I/1. This program was con
ducted in two phases. Phase I, which was 
completed in October 2007, consisted of com
piling existing data, analyzing pumping sta
tion flow data, delineating drainage basins, 
ranking drainage basins by extraneous flow 
per inch diameter mile of tributary sewer and 
developing a plan and implementation sched
ule to locate and identify sources of I/I. Phase 
II, which was completed in June 2008, consist
ed of performing SSES investigations, which 
included dye testing, smoke testing, zoom 
inspection, CCTV inspection, building inspec
tions and manhole inspections. 

Techniques 

Based on the analyses conducted in Phase I, 
tributary areas exhibiting excessive levels of 
infiltration were flow isolated. Flow isolation 
was performed at intersections and locations 
approximately 1,000 feet upstream of intersec
tions rather than on a segment-by-segment 
basis. Doing so permitted defining small areas 
to be further analyzed for infiltration. At the 
completion of flow isolation, approximately 
60,000 feet of sewers were recommended for 
further investigation due to infiltration rates 
in excess of 4,000 gallons per day per inch 
diameter mile (gpd/idm). 

In a "typical" SSES program, these pipes 
would likely have been investigated using tra
ditional CCTV inspection to identify sources 
of infiltration. Rather than using CCTV 
inspection as the primary investigation tool, 
zoom technology was used to quickly and cost 
effectively screen the 60,000 feet of sewer and 
connecting manholes. 

Zoom Technology Overview 
As shown in Figure 1, zoom technology uses 
a camera that is lowered into a manhole to 
inspect the manhole and/ or sewer in both the 
upstream and downstream directions. The 
camera has a powerful zoom lens that allows 
it to view a significant portion of the pipe 
without having to travel up the pipe. The 
length inspected with the zoom camera 
depends on the diameter and condition of the 
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FIGURE 1. Zoom technology permits inspection of manholes and pipes to identify defects 
and to make observations. 

pipe, with greater lengths being recorded in 
larger diameter pipes. For 8-inch diameter 
pipes, the zoom camera can typically inspect 
40 to 60 feet in each directionif the pipe does 
not have any major obstructions that limit the 
view (such as root balls, protruding taps, 
bends or offset joints). Video clips of the sew
ers/manholes zoomed are collected for analy
sis. Follow-up CCTV inspection was conduct
ed on pipes that had been identified as having 
defects using zoom. In these instances, CCTV 
inspection permitted acquiring a more com
plete picture of the defects and their exact 
locations by obtaining footages along the 
length of the pipe. This coordinated and com
plementary zoom/CCTV program used 
resources effectively and enabled the investi
gations to be completed in the same ground
water season. 

The truck-mounted zoom camera is a 
unique video inspection system for manholes 
and pipelines. The camera (see Figure 2) can 
be lowered into the manhole to inspect the 
manhole and/ or sewer to record infiltration 
sources, structural defects, and operation and 
maintenance (O&M) issues. The camera offers 
unparalleled imaging technology with a 25:1 
optical zoom that is stabilized and remotely 
controlled by a telescopic boom to produce 
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high picture clarity with enhanced detail. The 
camera head can pan 360 degrees continuous
ly, tilt mechanically 45 degrees up or 90 
degrees down and tilt optically 166 degrees. 
The camera imager, optics, mechanics and 
electronics are housed in a damage-resistant, 
waterproof, rugged enclosure that is 7 inches 
in diameter and 16 inches in length. The front 
camera head housing includes a view port of 
distortion-free, heat-resistant glass. The sys
tem includes the camera, high-intensity dis
charge (HID) lighting heads, mast system and 
controller. The system can be provided on var
ious means of transportation (shown in Figure 
3) includiµg inspection vans, all-terrain vehi
cles· or trailers. Zooming· can be inspected on 
off-road sewers, assuming the line is within 
300 to 350 feet of the road. 

Application of zoom technology is fast and 
efficient. A two-man crew can inspect approx
imately 5,000 feet of pipe (including 25 man
holes) per day, or approximately 10,000 feet of 
pipe without manholes per day versus CCTV 
inspection that typically covers 1,500 to 2,000 
feet per day, not including manholes. In 
Auburn, the crew spent thirteen days zoom
ing the system, resulting in approximately 
4,600 feet inspected per day, including man
hole observations. Approximately 5,000 feet of 



sewer were located off-road that required 
more labor-intensive efforts in order to collect 
the data and search for the structures. 

Background 
The town of Auburn is located in south central 
Massachusetts, 8 miles south of downtown 
Worcester and 44 miles west of Boston. The 
town covers 15.36 square miles and has a pop
ulation of approximately 16,216. The sewerage 
system consists of approximately 18 miles of 
gravity sewer ranging in size frorri 8 to 36 
inches in diameter ( excluding service connec
tions and private sewer extensions), 4 miles of 
force main sewer, 0.5 mile of low-pressure 
sewer and eleven town-owned and operated 
pumping stations. Wastewater flow from 
Auburn is transported to the Upper Black
stone Wastewater Treatment Facility via the 
Pinrock Road Pumping Station. 

On December 21, 2005, the Massachusetts 
Department of Environmental Protection 
(MassDEP) issued an Administrative Consent 
Order (ACO) to the town of Auburn. The ACO 
documented corrective actions to be taken in 
response to a sewer bypass event at the town's 
main pumping station on Pinrock Road. One FIGURE 2. Zoom camera. 

FIGURE 3. Zoom truck. 
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of the terms of the ACO required Auburn to 
evaluate its municipal sewer system and 
address areas with excessive I/I. No previous 
I/I investigations had been conducted in the 
town of Auburn. 

An engineering consultant assisted Auburn 
in evaluating its municipal sewer system and 
addressing areas with excessive I/I as man
dated by the MassDEP by conducting the I/I 
and SSES program. The program was con
ducted in accordance with MassDEP's Guide
lines for Performing Infiltration/Inflow Analyses 
and Sewer System Evaluation Survey, revised 
January 1993. The standard inspections that 
were conducted under the SSES portion of the 
program included flow isolation, manhole 
inspections, building surveys, smoke testing 
and dye testing. 

The only variation from the standard 
MassDEP guidelines was that instead of rely
ing solely on CCTV forinfiltration identifica
tion, zoom technology was utilized to screen 
the 60,000 feet of pipe and connecting man
holes, with follow-up using CCTV inspection 
where necessary. Zoom technology was 
selected for a number of reasons. The technol
ogy provides innovative and affordable infra
structure diagnostic services to help clients 
prioritize long-term wastewater maintenance 
and capital investments for improved per
formance. Zooming also can be quicker, 
cheaper and less disruptive than traditional 
CCTV. Fewer dollars can be spent to acquire a 
quick condition assessment, allowing for 
remaining funds to be used fore O&M, rehabil
itation or additional investigation work such 
as a program utilizing CCTV. In th~ case of 
the town of Auburn, the zoom inspections 
identified infiltration sources, as well as addi
tional structural and O&M issues that war
ranted follow-up inspection using CCTV. This 
two-step zoom/CCTV process for viewing 
the sewer lines was coordinated and conduct
ed during one groundwater season, the 
spring of 2008. 

In Auburn, the focus of the project was to 
collect data identifying sources of infiltration. 
The data obtained from zooming can also be 
used to update asset inventories and map
ping, document condition and needs; address 
sanitary sewer overflows (SSOs) and com-
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. bined sewer overflows (CSOs); prioritize 
maintenance, rehabilitation and replacement 
activities; develop annual budgets; and pro
vide critical information for preventative 
maintenance programs. 

Data Analysis 
An infrastructure diagnosis services company 
employed certified viewers who examined the 
video clips of the pipeline zoom inspections 
and graded them based on the National 
Association of Sewer Service Companies 
(NASSCO) Pipeline Assessment Certification 
Program (PACP). An evaluation of each 
pipeline was performed to analyze any 
observed deficiencies and provide an assess
ment of the defects and observations noted, 
with an emphasis on sources of infiltration. 
Each pipeline was then rated for structural 
and O&M conditions by giving it a grade from 
1 to 5 (with 1 being a pipe in acceptable struc
tural/O&M condition and 5 being a pipe in 
the worst condition with existing or imminent 
collapses/blockages). The structural and 
O&M grades of an asset were determined by 
the highest grade defect/ observation that was 
observed during the inspection. With regard 
to infiltration, lines were given a grade from 2 
to 5 for each observed source of active infiltra
tion - signifying weepers, drippers, runners 
or gushers. Weepers were graded as being the 
least severe (grade 2) and gushers were rated 
as the most severe (grade 5). These grades 
were used · to recommend lines for cleaning, 
CCTV inspection, rehabilitation and other fur
ther action. 

The infrastructure diagnosis services com
pany established criteria as to which lines 
were to be recommended for follow-up 
cleaning and CCTV inspection. Lines that 
exhibited active infiltration (Grades 2 to 5) 
were recommended for cleaning and CCTV 
inspection. Lines adjacent upstream and/ or 
downstream of sewers with active infiltration 
were also recommended for follow-up CCTV 
work in order to gain a comprehensive 
assessment of the line/ area. Lines with sig
nificant structural and O&M issues (typically 
codes 4 and 5) were also recommended for 
follow-up CCTV work. Manholes with active 
infiltration were noted for rehabilitation 



TABLE 1. 
Summary of Infiltration 

Pipeline Code Assignments 

Infiltration Number of Percent of 
Code Lines Lines 

Gusher 7 2 

Runner 22 7 

Dripper . 9 3 

Weeper 4 1 

Total · 42 13 

work in order to remove the infiltration from 
the system. 

Results of the Zoom Inspection 
In late March and early April 2008, 303 
pipelines were inspected out of 328 pipelines 
scheduled for inspection. The twenty-five 
sewers that could not be inspected were either 
too far off the road for the cable to reach, they 
did no.t exist or the crews could not locate 
them. Of the 303 lines inspected (totaling 
approximately 60,000 feet), forty-two lines 
(totaling approximately 8,200 feet) had 
observed infiltration and they were recom
mended for cleaning and CCTV inspection. 
Table 1 summarizes these results. Figure 4 
shows examples of major sources of infiltra
tion (gushers). Using a conservative approach, 

TABLE 2. 
Summary of Structural 

Code Assignments 

Structural Number of Percent of 
Code . Pipelines Pipelines 

5 1 0 

4 2 1 

3 6 ,2 

2 11 3 

1 278 92 

0 5 2 

Totals 303 100 

an additional forty-five lines (totaling approx
imately 9,000 feet) that were adjacent to lines 
with observed infiltration were also recom
mended for cleaning and CCTV inspection. 

In addition to lines with infiltration, twen
ty-nine lines (totaling approximately 5,700 
feet) were also recommended for cleaning 
and CCTV to address structural/O&M 
defects and observations that were made dur
ing the inspections. Table 2 summarizes the 
structural findings. In general, the significant 
structural deficiencies observed included 
holes, broken pipe and multiple . fractures. 
These deficiencies are shown in the photos 
appearing in Figure 5. 

FIGURE 4. Sewers with active infiltration (gushers). 
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TABLE 3. 
Summary of O&M Service 

Code Assignments 

O&M Service Number of Percent of 
Code Pipelines Pipelines 

5 19 6 

4 62 20 

3 61 20 

2 159 53 

1 2 1 

Totals* 303 100 

Note: ' Lines with infiltration are included in the O&M totals. 

Table 3 summarizes the O&M findings. In 
general, the significant O&M service condi
tion deficiencies observed included instances 
of runners and gushers as well as settled 
deposits, grease blockages and high-level 
water marks. These deficiencies are shown in 
the photos appearing in Figure 6. · 

In total, 116 pipes (38 percent of the lines 
inspected, totaling approximately 22,900 feet) 
were initially recommended for cleaning and 
CCTV inspection. This quantity was reduced 
by excluding lines adjacent to lines with active 
infiltration, since no additional infiltration 
information by CCTV inspection was expect-

FIGURE 5. Sewers with structural defects. 
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TABLE 4. 
Summary of Infiltration 

Manhole Code Assignments 

Infiltration Number of Percent of 
Code Manholes Manholes 

Gusher 11 4 

Runner 20 6 

Dripper 17 5 

Weeper 70 22 

Total 118 37 

ed to be gained. However, since I/I can 
migrate upon completion of the recommend
ed rehabilitation, surrounding pipes should 
be included in future investigations to deter
mine if any I/I has migrated to these sewers. 
Additionally, the lines with high O&M codes 
were recommended to be cleaned and CCTV 
inspected as part of the rehabilitation pro
gram. The result was a final clean and CCTV 
contract of approximately 15,000 feet that also 
included those lines that could not be zoomed. 
Lines that were not recommended for further 
cleaning and CCTV inspection were in gener
ally good operational condition. For these 
lines, it was recommended that they be moni
tored and incorporated into Auburn's future 
preventative maintenance programs. 



FIGURE 6. Sewers with O&M defects. 

Using geographic information system (GIS) 
data, maps were developed that highlighted 
the lines recommended for CCTV inspection. 
The maps were subsequently revised to reflect 
the deletion of portions of the recommended 
CCTV work and the revised maps were pro
vided to the CCTV crew for field reference. 

Although full zooming of manholes was 
not included as part of this project, 118 man
holes of the 314 observed (approximately 37 
percent) had active infiltration. Table 4 sum
marizes the manhole findings showing that 10 
percent of the manholes observed had signifi
cant infiltration as categorized by runners and 
gushers. Recommendations were made to fol
low up with rehabilitation work. 

Benefits of Zoom Inspection 
Zoom camera inspection has a number of bene
fits that makes it a successful investigation tool. 
When zooming a line, impact to traffic is mini
mal. A typical inspection in the road takes 15 to 
20 minutes from setup to breakdown. Manhole 
entry is not required during zooming because 
the camera is lowered and raised by the opera
tor via remote control. As a result, workers are 
not exposed to sewer gases or required to set up 
labor-intensive tripod systems for each inspec
tion. Because the zoom camera does not travel 
up the pipe like conventional CCTV camera 
systems, flow control and cleaning are not 
required. By viewing the pipe prior to any 
cleaning efforts, Auburn gained a more accurate 

as-is O&M condition assessment of the pipes 
prior'to washing all the "evidence" away. 

The cost of zooming approximately 60,000 
feet of sewer and quickly investigating 314 
manholes was approximately $60,000. On aver
age, zooming costs are one-third to one-half less 
than the cost of cleaning and CCTV inspection. 
Typically only 20 to 30 percent of a sewer sys
tem requires cleaning and maintenance and less 
than five percent requires immediate improve
ments to address structural defects. Auburn 
was able to save money as a result of perform
ing follow-up cleaning and CCTV inspection of 
only 15,000 feet of sewer, as opposed to the 
entire 60,000 feet that was zoomed, resulting in 
a cost savings of approximately $50,000 (sav
ings are based on CCTV costs of $1.00 per foot 
and cleaning costs of another additional $1.50 
per foot). This cost-effective allocation of 
resources freed up funds rather than spending 
them on unnecessary, time-consuming inspec
tion and cleaning. Based on the zoom-docu
mented O&M issues, Auburn has unrealized 
cost savings associated with potential insurance 
claims that would result from future backups 
and overflows if these lines were not cleaned. 
Minimizing the frequency of backups and over
flows would be beneficial to personal health, 
property and the environment. 

Zooming also saved a significant amount of 
time as compared to cleaning and CCTV 

· inspecting the entire project area. Zooming 
took approximately thirteen days, whereas 
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cleaning and CCTV efforts for 60,000 feet 
would have likely taken anywhere from thirty 
to forty-five days to complete based on the 
amount of debris present. In addition, zoom 
inspection of the sewers and manholes were 
conducted in a single deployment by one 
crew, eliminating the need to send multiple 
crews to the same location, as would have 
been the case if traditional cleaning and CCTV 
and manhole inspections were performed. 

Even though the focus of this project was 
on identifying sources of infiltration in the 
sewer system, the zoom camera also collected 
maintenance and structural information that 
is critical to overall asset management. 
Zooming id~ntified numerous maintenance 
issues, including major debris and grease 
build-up as well as a few structural defects 
such as holes with soil visible and frac
tures/breaks that could be potential sources of 
sewer backups and overflows if not properly 
addressed. In addition, zooming also identi
fied some major sources of infiltration in the 
manholes. These data and the video clips, 
which can be linked to a GIS system, allow for 
a history of the system that is beneficial when 
prioritizing future rehabilitation, replacement 
and maintenance projects. 

Conclusions 
Zoom technology was a very beneficial tool for 
the Auburn project. Instead of following the 
conventional method of using CCTV to inspect 
all the lines in the small areas with high infil
tration, zoom technology quickly and cost 
effectively screened all the pipes in order to 
minimize the length of pipe for follow-up 
inspection. From the reports provided from the 
field work, a list of lines requiring further 
CCTV inspection was prepared. CCTV inspec
tion was conducted on lines that could not be 
inspected via zoom technology .and along 
those lines that had been identified as having 
active infiltration and structural defects. 

In addition to the infiltration data collected 
with the zoom technology, information relat
ing to O&M issues and manhole defects was 
bbtained that was relayed to the town for 
rehabilitation action. Using zoom technology 
as a screening tool to narrow down lines to be 
CCTV inspected shaved approximately fifteen 
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days (or 40 percent) off the time it took to 
inspect the pipes and saved Auburn approxi
mately $50,000 (or 30 percent) in direct co.sts. 
Future projects to reduce the infiltration iden
tified during the zooming will provide addi
tional capacity in the system and reduce flows 
to the town's pump stations and the Upper 

· Blackstone Wastewater Treatment Facility. By 
identifying lines with O&M issues, the town 
can focus their efforts on cleaning .these lines 
in order to minimize backups and overflows 
that can lead to costly cleanups, and environ
mental and health issues. The combination of 
the zoom technology followed by selected 
CCTV inspection provides an innovative 
approach to addressing traditional sewer 
investigation and assessment. 
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Case Study 

Implementation of a 
Long-Term Bridge 
Weigh-in-Motion System 
for a Steel Girder Bridge 
in the Interstate 
Highway System 

Using strain gages attached 
directly to the steel girders 
provides for.a long-term 
monitoring system with 
minimal maintenance that can 
be readily applied to gain 
important information on the 
quantity and weights of trucks 
crossing a highway bridge. 

A. J. CARDIN! & JOHN T. DEWOLF 

The University of Connecticut and the 
Connecticut Department of Transpor
tation have implemented an extensive 

bridge monitoring program for the two past 
decades, including both short-term and long
term studies. The current research project is 
part of a long-term monitoring project for a 
group of bridges in the interstate hif.hway 
network in the state of Connecticut. '2 The 
bridge studied in this article is a heavily traf
ficked, composite steel girder bridge. The 
original goal of the study on this bridge was 
to develop a structural health monitoring 
approach.3,4 · 

However, based on the strain data collected 
after the first year, it was proposed to imple
ment a bridge weigh-in-motion (BWIM) pro
gram using the existing monitoring system to 
determine the weights of trucks crossing over . 
this bridge. The data from the BWIM system 
could possibly be used for research in traffic 
planning, pavement design, bridge rating and 
structural health monitoring. The data can 
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FIGURE 1. Elevation view of the subject bridge in Connecticut. 

also be used to determine how many trucks 
. crossing the bridge are overweight. 

Traditional weigh-in-motion (WIM) sys
tems use pavement-based sensors installed in 
the road. Typically, the durability of such WIM 
sensors are good; however, the surrounding 
pavement conditions can greatly affect their 
results. Other issues that can arise are truck 
drivers discovering the location of the sensors 
and avoiding them, and the issue that tradi
tional WIM sensors need roadway closures to 
install the pavement-based sensors, which are 
dangerous and can increase traffic delays. 

BWIM Advantages & 
Review of Studies 
The BWIM concept was originally developed 
almost thirty years ago, but has not been as 
widely adopted in the United States as in 
Europe. It is hoped that the following research 
could provide the impetus to use BWIM sys
tems on a wider scale. 

The advantage of BWIM is that all instru
mentation and equipment are installed under 
the bridge. Installation can be done with min
imal lane closures for bridges that provide 
underside access. BWIM systems are also 

. almost undetectable to truck drivers, and 
there are many possible locations for a BWIM 
system due to the great number of bridges 
suitable for BWIM installation. In addition, 
the dynamic truck effects are normally 
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reduced by the relatively large inertia of the 
bridge.5 The stra_in gages are also usually inex
pensive when compared to other WIM sen
sors. The BWIM system implemented in this 
research does not require use of tube-type axle 
detectors placed on top of the roadway, as 
required by previous BWIM systems. Pave
ment-based sensors that are used in tradition
al WIM implementations are subject to harsh 
roadway conditions, while BWIM sensors are 
protected under the bridge, adding to the 
durability of the system. It is. important to note 
that the ·one major disadvantage of BWIM is 
that the system must be configured to each 
particular bridge since superstructure type, 
span arrangement, number of lanes and other 
conditions differ at most sites. 

Moses first proposed a BWIM system.5 His 
concept was to use a bridge as a scale,. using 
strain gages, to estimate the weight of trucks 
crossing the bridge. Moses and Ghosn extend
ed the original algorithm to separate the 
weights of trucks traveling in multiple lanes by 
using an influence surface derived from the 
strain data collected during the crossing of cal
ibration trucks in each of the bridge lanes.6 

They also used influence lines generated from 
field measurements to help improve the accu
racy of the axle weights. Results collected from 
BWIM installations were used by Ghosn, 
Moses, et al. to develop methods for the relia
bility analysis of bridge systems, the calibration 



of bridge design and evaluation specifications, 
as well as for the safety assessment of individ
ual existing bridges.7

-
9 Ghosn and Xu modified 

the BWIM algorithm to calculate the dynamic 
amplitude of bridge vibration in addition to 
axle weights.10 More recent BWIM research by 
Kim, Sokolik and N owak11 used a WIM system 
that utilized tape switches and infrared sensors 
as axle det~ctors to determine speed, axle spac
ing and the number of axles using Moses's 
algorithm.5 Znidaric, Lavric and Kalin devel
oped several algorithms to select appropriate 
bridges for BWIM systems, and made several 
additions to the BWIM algorithm to increase 
the accuracy of the Moses method.12 Znidaric, 
Kalin, and Lavric introduced an axle-detector
free system using sensors on the underside of a 
bridge.13 Gonzalez and O'Brien developed a 
new calibration procedure, a dynamic algo
rithm and a multiple sensor algorithm to deal 
with vehicle and bridge dynamics, as well as to 
improve the accuracy of BWIM.14 Quilligan, 
Karoumi and O'Brien15 implen;i.ented a method 
previously described by Mose~ and Ghosn6 for 
automatically determining the influence line to 
include the presence of multiple vehicles on the 
bridge and their positions using pneumatic 
tubes in the road to determine the locations of 
two vehicles crossing. Dunne, O'Brien, Basu 
and Gonzalez furthered the "nothing-on-road" 
BWIM concept using only strain gages under 
the bridge to predict axle weight, vehicle spac
ing ·and vehicle velocity.16 They also used 
wavelets to clarify the peaks in the data. Ojio 
and Yamada developed a BWIM system with
out axle detectors that used stringers that were 
installed to reinforce slabs on plate girder 
bridges.17 Ojio and Yamada also developed an 
axle-detector-free BWIM system using strains 
from reaction forces and not from bending of 
the bridge.18 Jacob and O'Brien reviewed the 
recent European developments in WIM.19 This 
review also included coverage of BWIM use in 
Europe and the continued development of this 
technology. The - COST 323 Specifications 
brought WIM us~rs together and became a 
standardized accuracy classification method.20 

The Weighing of Vehicles in Europe (WAVE) 
Project, funded by the European Commission, 
resulted in a number of advances in WIM algo
rithms and sensors, as well as advances in 

BWIM technology.21 O'Brien, Znidaric and Ojio 
discuss the latest developments and applica
tions of BWIM as used in Europe and Japan.22 

Description of the Bridge & 
Monitoring System 
The bridge in this study is located in central 
Connecticut and carries three lanes of traffic of 
an interstate highway in one direction over a 
small river. The elevation is shown in Figure 1, 
the plan view in Figure 2 and a typical cross
section of the bridge is shown in Figure 3. 
There are eight girders numbered Gl to GS. 
Twenty uniaxial strain gages were installed on 
the web of the steel girders. Sixteen gages 
were placed in Span 1, located in pairs at the 
mid-span of each girder 2 inches below the 
bottom of the top flange of the girder and 2 
inches above the top of the bottom flange of 
the girde£ Four additional gages were located 
in Span 2. The sensors in Span 1 are used to 
determine weight and the sensors in Span 2 
are used to determine truck speed. 

The strain gages are connected to an on
site computer that is located underneath the 
bridge. Currently, the system is set up to 
record data when a vehicle weighing ap
proximately 90 kN (10 tons) or larger cross
es the bridge, using the gages on Girders G3 
and GS as triggers. The system is zeroed 
before each data collection session in order 
to take into account temperature and gage 
drift that occurs over time. 

BWIM Algorithm Considerations 
As shown in the literature review, there are 
several different BWIM methods. The factors 
that need to be taken into consideration before 
selecting a BWIM method include: 

• pavement smoothness; 
• the calibration procedure; 
• the superstructure type; 
• span and support conditions; and, 
• bridge geometry. 

The superstructure type has a large influence 
on what sort of BWIM data can be obtained 
from a bridge. A simply supported span sim
plifies BWIM,5 but continuous ~ans have 
been used by Moses and Ghosn.6

' '
23 In addi-
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FIGURE 2. Plan view of the subject bridge showing details of the monitoring system. 

tion, shorter bridges that have more flexible 
superstructures will have a higher strain 
response and are preferred for BWIM instead 
of longer bridges with a more rigid super
structure that will have less strain response. 
Znidaric, Lavric and Kalin stated that BWIM 
systems on bridges with a span of less than 8 
meters (26 feet) will have a higher strain 
response and will lead to systems with higher 
axle accuracy, while a span between 8 to 30 
meters (26 to 98 feet) will have less strain 

response and should provide gross vehicle 
weight (GVW) accurately.12 The bridge in this 
project has a 22.9-meter (75-foot) long simply 
supported span. Therefore, the goal of this 
system will be to determine the GVW and, as 
a result, axle weights will not be determined. 

Methods described by Znidaric et al. typi
cally use shorter span bridges that show the 
peaks from all axles on the strain plot.13 

Methods by Dunne et al. attempted to separate 
peaks using wavelet transforms,16 but since 

---------------7@ 2.24 m = 15.68 m ___________ _, 

FIGURE 3. A cross-section view of the subject bridge. 

44 CIVIL ENGINEERING PRACTICE FALL/WINTER 2008 



some axles are being detected, this method 
could be tried in the future to optimize the 
system. Since the decision was made only to 
determine GVW, it was decided to use a 
method described by Ojio and Yamada where 
the individual axle peaks are not important as 
long as the groups of axles themselves are 
detected.17 The analysis of the study bridge 
differs from their analysis since the study 
bridge's analysis used primarily the girders of 
the bridge, and not just stringers. The method 
computes the GVW by integrating the strain 
response curve and relates the curve using the 
speed to the weight of the truck using a 
known-weight truck to calibrate the system. 
The general principle is that as a load passes 
over a bridge at a certain speed it produces an 
influence area recorded by strain readings. 
The unknown truck weight, GVW, is: 

GVW =A• (GVWc/Ac) (1) 

where: 
A = truck influence area for the truck 

crossing the bridge (see Reference 
17 for the formula); 

Ac = the truck influence area for the 
truck used to calibrate the system; 
and, 

GVWc = the known-weight for the truck 
used to calibrate the system. 

The known influence area,Ac, is computed by 
multiplying the area under the strain plot for 
the known truck by the speed of the known 
truck. Using the known GVWc, an unknown 
truck GVW can be estimated using its known 
influence area, A. 

The speed of the truck must be determined 
in order to calculate the influence area. When 
a truck passes over the bridge, peaks can be 
seen in the strain readings where groups of 
axles are present. If the peaks are found at 
two different strain gage locations a known 
distance apart, the time between peaks is 
known and the speed can be determined. For 
determining speed, trucks in Lane 1 use 
Gages 8 and 5, while Lane 2 uses Gages 11 
and 14. An example strain plot used for 
speed determination can be seen in Figure 4. 
Figure 4 shows the strain response for a typi-

cal truck in Lane 2 using Gages 11 and 14. 
The plot shows two peaks for readings in the 
two different spans. Using the first peaks 
from Gage 14 and Gage 11, the time is calcu
lated using the known distance between the 
gages. In the example, the truck is moving at 
approximately 97 kilometers per hour (60 
miles per hour). The area under strain versus 
time plot is then determined for Span 1 and 
then multiplied by the speed to determine 
the influence area. 

As noted, this method requires known
weight truck data for calibration. Two differ
ent known-weight trucks passed in Lanes 1 
and 2 at a speed slightly below the speed limit 
for this bridge. The truck layouts and weights 
are shown in Figure 5. Truck 1 is a shorter 
truck that was measured statically to be 309 
kN (35 tons). Truck 2 is a longer truck that was 
measured statically to be 275 kN (31 tons). 
Multiple passes were used for each truck at a 
constant speed and the pass only counted if 

. there were no other trucks on the bridge. The 
data collected with the known-weight truck 
runs showed good consistency with respect to 
speed and peak strain values. For Truck 1, 
there were seven useable passes in Lane 1 and 
eight useable passes in Lane 2. Due to 
mechanical vehicle difficulties with Truck 2, 
there were only two useable passes in Lanes 1 
and 2. Therefore, it was determined to use five 
passes from Truck 1 to calibrate the system 
and then the remaining passes from Truck 1 . 
and all the passes from Truck 2 to validate the 
accuracy of the system. 

The influence area for Truck 1 in both lanes 
was determined for five different runs in 
Lanes 1 and 2. The strain response is taken 
from Gage 8 for Lane 1 and Gage 14 for Lane 
2. An example strain versus time plot used to 
calculate the influence area for Truck 1 in Lane 
1 (Gage 8) can be seen in Figure 6, where the 
shaded area is computed and then multiplied 
by the speed in order to acquire the known 
influence area, Ac, The accuracy of the BWIM 
method was tested by determining the 
weights of the other known-weight truck 
passes. The weights of the Truck 1 and Truck 2 
passes that were not used in the calibration 
calculation were determined using the BWIM 
method and then compared to their actual val-
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FIGURE 4. Strain versus time for a typical truck for Gages 14 and 11. 
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FIGURE 5. Known-weight truck layouts. 
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FIGURE 6. Strain versus time plot for Truck 1 in Lane 1 (data from Sensor 8). 

ues. As seen in Tables 1 and 2, the error is less 
than 5 percent for any truck in either lane. It is 
assumed that this calibration is good until the 
global condition of the bridge changes due to 
deterioration. 

BWIM Development Issues 
A sample period of a mainline traffic stream 
was used to study potential problems in 
applying the BWIM system on: this bridge. The 
system was only designed to provide BWIM 
data for the middle and right lanes, which are 

· the only lanes trucks may legally use on this 

bridge. Since there is a left-hand on-ramp 
approximately 2.4 kilometers (1.5 miles) 
upstream from the bridge, there is a possibili
ty that trucks will not be able to get over from 
the left lane to the legal lanes before they cross 
the bridge in heavy traffic situations. Using a 
randomly selected day, only 0.08 percent of 
trucks were found traveling in the left lane, 
which equaled four trucks out of about 4,800; 
therefore, it was determined acceptable to 
omit Lane 3 from the study. If these weights 
are desired in the future, known-weight data 
would be needed for Lane 3. 

TABLE 1. · 
Predicted Weights vs. Actual Weights for Lane 1 

Predicted Weight Actual Weight GVW Error from 
Truck (kN/tons) (kN/tons) Static Weight(%) 

Truck 1 314.7/35.4 310.3/34.9 1 .4 

Truck 1 321.0/36.1 310.3/34.9 3.5 

Truck 2 285.2/32.1 275.2/30.9 3.7 

Truck 2 277.7/31.2 275.2/30.9 0.9 
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TABLE 2. 
Predicted Weights vs. Actual Weights for Lane 2 

Predicted Weight 
Truck (kN/tons) 

Truck 1 316.9/35.6 

Truck 1 318.7/35.8 

Truck 2 271.7/30.5 

Truck 2 266.7/30.0 

Determining the weights of multiple trucks 
on the bridge at the same time is an important 
issue. Since the span length of the bridge is 66 
meters (217 feet), it is possible that trucks trav
eling close together can have the back axles of 
one truck on the bridge and the front axles of 
another truck on the bridge. There are also 
trucks that travel side by side, and staggered, 
that create problems separating events. Figure 
7 shows an example of two closely staggered 
trucks in Span 1 - the first truck is in Lane 2 
and has its peak in Gage 14; the second truck 
is in Lane 1 and has its peak in Gage 8. The 
issue is that the first truck's strain readings are 
influenced by the second truck, and the first 
truck strain does not return to zero until well 
after the second truck is off. Moses and Ghosn 
developed an algorithm to separate the 
weights of such trucks;6 however, there were 
insufficient data to determine an influence 
surface and implement the algorithm into this 
study (it is hoped that such an implementa
tion can be done in the future). The occurrence 
of these events is not frequent, but they do 
happen; however, this study will omit these 
events at this time. The other rare event that 
will be omitted from this study is a truck 
crossing between lanes (most likely changing 
lanes) on this bridge. 

BWIM Results 
Results from a typical weekday (a 24-hour 
period of data) were used. A combined his
togram GVW screening can be seen in Figure 
8. This histogram uses weights from Lanes 1 
and 2. As shown in the figure,· there are two 
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Actual Weight GVW Error from 
(kN/tons) Static Weight (%) 

310.3/34.9 2.2 

310.3/34.9 2.7 

275.2/30.9 -1.2 

275.2/30.9 -3.1 

peaks: one at the 126 to 150 kN (14 to 17 ton) 
range, and one at the 326 to 350 kN (37 to 39 
ton) range. It is possible that the 126 to 150 kN . 
(14 to 17 ton) range is either loaded box trucks 
(two-axle) or un-loaded semi-trucks (five
axle). The 326 to 350 kN (37 to 39 ton) range 
could possibly be loaded semi-trucks (five~ 
axle). These peaks are typical for a weekday 
and only show a slight change in rang~ for dif
ferent weekdays (for example, the first peak 
varies between the 101 to 125 kN [11 to 14 ton] 
range and the 176 to 200 kN [20 to 22.5 ton] 
range). There are days when there are more 
trucks in the higher peak than the lower peak.· 
It should also be noted that typically only 
about 8 percent of trucks exceed 355 kN (40 
tons). Trucks above this range would be per
mit trucks, or, on occasion, trucks that are 
overloaded. 

Figure 9 shows a plot of the truck GVW ver
sus time for the same set of 24-hour data. This 
plot shows the large variation in truck 
weights. At this time, there is no pattern that 
corresponds to times when heavier or lighter 
trucks cross the bridge. Due to the fact that 
only the GVW can be determined by this sys
tem, plotting the trucks by truck class is not 
possible since the number of axles is not deter
mined for each truck. 

Statistics for this same typical day are 
shown Table 3. As seen in the table, the aver
age speed in Lane 1 (the right lane) is slightly 
less than the average speed in Lane 2 (the mid
dle lane), which is expected. The peak strain 
averages for each lane are very close to 37 µt:. 
There is also a considerable difference in the 
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volume of trucks in Lanes 1 and 2. The major
ity of trucks crossing this bridge use Lane 2. 

· This is most likely due to the right-hand on
ramp immediately before the bridge since 
trucks typically move over to Lane 2 to let traf
fic merge, and from trucks that move over 
from the left-hand entrance ramp 2.4 kilome
ters (1.5 miles) before the bridge to Lane 2. The 
table also provides information on the amount 
of trucks that were missed by the BWIM pro
gram. These missed trucks typically occurred 
when it was not possible to determine the 
speed or when there were several trucks on 
the bridge at the same time. It is hoped to 
increase this accuracy and detect these trucks 
in the future by applying some of the methods 
described by Moses and Ghosn with more 
known weight testing and possibly adding . 
sensors to the bridge.6 

Approximately twelve 24-hour data collec
tion periods have been analyzed by the BWIM 
program. H is usually impractical to start a 
day of recording at midnight, so most 24-hour 
periods start in the morning and then are 
stepped the next morning to create a 24-hour 
period. A weekend period of 48 hours (mid-
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night Saturday to midnight Sunday) has also 
been analyzed. Additional BWIM results are 
contained in a separate study.4 

Conclusions 
A readily applied, reliable strain-based moni-

. taring system can be used for a long-term 
BWIM program. The BWIM system is a feasi
ble alternative to traditional WIM in that it has 
the advantage that the system is non-intrusive 
- i.e., it is not necessary to install sensors in 
the roadway pavement. The data produced by 
this BWIM system can be used 'in research for 
traffic planning, load rating and structural 
health monitoring. 

Data collected with multiple passes of two 
test trucks have demonstrated that there is 
consistency in the BWIM evaluations. The 
large amount of data studied for normal truck 
crossings did not indicate any significant dis
crepancies due to wide variations in trucks 
and their speeds. In addition, the system 
determines the number of trucks that cross the 
bridge per day. The BWIM data produced by 
this system has shown patterns in truck 
GVWs. It has also shown that, for this bridge, 



TABLE 3. 
Average Values from a Typical Weekday 

Values Lane 1 

Speed (kph/mph) 108/67 

Weight (kN/tons) 248/28 

Peak Strain (µ,e) 36 ' 

Number of Truck Events 2,084 

Number of Truck 1,716 
Weights Determined 

Number of Truck 368 
Weights Missed 

Missed(%) 18 

Trucks/hour 87 

approximately 8 percent of the trucks are 
overweight. 

In summary, the proposed BWIM system is 
being used successfully to determine the vol
ume of trucks crossing the bridge, their 
GVWs, the lanes used by the trucks and the 
number of overload trucks. 
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Techniques 

Developing an 
Empirical 90th 
Percentile Lead 
Equation £or 
Metropolitan Boston 

This equation was used to 
guide the chemical additions 
needed to balance lead and 
disinfection by-product 
formation concerns, and also 
served as a point of discussion 
with regulatory agencies on 
setting optimum water 
quality parameters. 

WINDSOR SUNG 

The Massachusetts Water Resources 
Authority (MWRA) supplies unfiltered 
surface water to over two million peo

ple in the metropolitan Boston area. Source 
water for the MWRA comes from two reser-

voirs - the Wachusett and Quabbin. The 
Wachusett Reservoir watershed is smaller and 
does not produce enough water to meet the 
summer demands of metropolitan Boston. 
Quabbin Reservoir water is typically trans
ferred to Wachusett Reservoir in the summer 
months for augmentation. This transfer also 
produces a side benefit in improved water 
quality when water yield at Wachusett is low. 
The major water treatment processes consist 
of disinfection and corrosion control. For dis
infection, the MWRA practiced simple chlo
ramination prior to 1996 and switched to chlo
rine followed by chloramination between 1996 
and 2005. Present disinfection consists of 
ozone treatment followed by chloramination. 
For corrosion control, the MWRA started to 
add sodium hydroxide in the late 1970s and. 
switched to soda ash (sodium carbonate) in 
1997. Additional chemical treatment includes 
fluoridation. The John J. Carroll Water 
Treatment Plant (JJCWTP) in Marlborough, 
Massachusetts, came on-line in late July 2005 
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FIGURE 1. MWRA compliance 901h percentile lead levels. 

and consolidated all treatment processes 
under one roof. 

The Lead Issue 
The issue of lead in Boston tap water 
became widely known in the late 1970s 
when Karalekas et al. demonstrated that 
there were elevated levels greater than 50 
micrograms per liter (µg/L) (the maximum 
contaminant limit then) in the city's drink
ing water.1 The Metropolitan District 
Commission (MDC, predecessor of MWRA) 
started to add caustic soda (sodium hydrox
ide) in the late 1970s to increase pH to 
address the issue. Continued concern over 
lead was reflected in the U.S. Department of 
Environmental Protection (EPA) lead and 
copper rule promulgated in 1991 and still in 
force. Compliance is now based on meeting 
a 90th percentile lead level of 15 µg/L. No 

· more than 10 percent of compliance samples 
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can have concentrations of lead greater than 
15 µg/L (hence, the 90th percentile lead 

,action level of 15 µg/L). Non-compliance 
necessitates public education about the haz
ards of lead and may include lead pipe 
replacement. In 1997, the MWRA adopted 
the addition of soda ash (sodium carbonate) 
to increase alkalinity and raise pH after a 
series of pilot studies and expert panels. 
Lead levels dropped dramatically at the tap. 
The MWRA has consistently met the action 
level as a system since 2004. 

Table 1 and Figure 1 summarize the com
pliance with 90th percentile lead levels from 
June 1997 to March 2008. The pH/ alkalinity 
targets, and associated water quality data, are 
also presented in Table 1. Each lead sampling 
round involved greater than 400 samples col
lected during the course of a month. The aver
age pH and alkalinity values were calculated 
from samples collected from about twenty-



TABLE 1. 
Compliance With 90th Percentile Lead Monitoring 
by the MWRA (With Water Quality Information) 

901h Average Raw Treated 
Percentile Alkalinity . Water Water Average Alkalinity 
Lead Average (mg/Las 

Date (µg/L) pH CaC03) 

Jun 97 48.0 7.9 31.0 

Dec 97 40.0 7.7 29.8 

Jun 98 44.0 7.9 30.5 

Jun 99 25.0 9.1 29.0 

Nov 99 16.0 8.8 28.1 

Apr 00 19.0 9.0 28.6 

Sep 00 17.0 9.0 30.0 

Mar 01 13.7 8.9 31.3 

Sep 01 18.7 9.1 29.1 

May 02 11.7 9.1 34.5 

Sep 02 11.3 9.2 34.5 

Sep 03 17.1 9.0 34.3 

Mar 04 14.6 9.2 . 38.5 

Sep 04 14.4 9.2 33.8 

Mar 05 13:2 9.2 38.3 

Sep 05* 13.8 9.2 39.4 

Mar 06* 12.8 9.4 43.3 

Sep 06* 12.6 9.5 40.6 

Mar 07* 9.5 9.4 38.5 

Sep 07* 8.3 9.5 42.4 

Mar 08* 7.0 9.6 41.7 

Note: *Ozone disinfection started in late July 2005. 

seven locations (typically fire stations where 
there is easy access). 

There is a significant relationship between 
pH and lead levels. However, there was not 
any significant correlation found between the 
901h percentile lead and alkalinity based on 
early limited data prior to 2002. Nevertheless, 
the question of whether the MWRA has 
achieved the optimum pH and alkalinity tar
gets requires sOme sort of quantification 
approach for both parameters. It was not 

UV-254 UV-254 Temperature &pH· 
(A/cm) (A/cm) (OC) Target 

0.092 0.066 16.0 30/8.0 

0.049 0.035 10.0 30/8.0 

0.089 0.064 15.9 30/8.0 

0.054 0.039 15.0 30/9.0 

0.037 0.026 15.0 30/9.0 

0.045 0.033 11.1 30/9.0 

0.055 0.039 19.6 30/9.0 

0.046 0.032 6.4 30/9.0 

0.048 0.037 16.8 30/9.0, 

0.039 0.028 13.6 35/9.1 

0.036 0.031 20.3 35/9.1 

0.057 0.049 19.0 35/9.1 

0.071 0.051 5.9 40/9.3 

0.046 0.033 17.0 40/9.3 

0.060 0.043 8.0 40/9.3 

0.053 O.G16. 18.0 40/9.3 

0.090 0.027 5.7 40/9.3 

0.060 0.021 19.2 40/9.3 

0.082 0.022 6.4 40/9.3 

0.049 0.017 19.8 40/9.3 

0.053 0.019 7.7 40/9.3 

apparent what the optimum pH should be 
even though lead levels dropped significantly 
as the pH target was raised. The use of chlo
rine in 1996 to meet the EPA's Surface Water 
Treatment Rule for unfiltered systems 
increased the disinfection by-product (DBP) 
levels in the system. The MWRA was con
cerned with meeting the DBP requirements 
prior to the use of ozone. It was known that 
increasing pH can increase the level of total 
trihalomethanes (TTHMs), one of the classes 
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FIGURE 2. Monthly variations in raw water UV-254 and distribution pH. 

of regulated DBPs. It was also not obvious, 
initially, whether alkalinity had a direct 
impact on lead, or whether it just provided 
pH stability. Increasing both pH and alkalini
ty also increases the likelihood of causing cal
cium carbonate scale formation. The 
Massachusetts Department of Environmental 
Protection (MassDEP) requires the MWRA to 
perform quarterly sampling of water quality 
parameters that will ensure that lead concen
trations are being controlled. These parame
ters are termed optimum water quality 
parameters (OWQPs) and consist of twenty
seven samples. This sampling program is in 
addition to twice-a-year sampling for lead 
and copper. The OWQP parameters for. the 
MWRA are minimum pH and alkalinity tar
gets of 9.1 and 37 mg/L (as CaCO3), respec
tively, in the distribution system. These tar
gets were derived partly from using the 
model equation described below. 
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The Model Equation 

Schock, as well as Edwards et al., discussed the 
control-of lead solubility when hydrocerrusite 

· (a lead [II] hydroxide carbonate solid) is pres
ent.2-4 If this solid exists, then the amount of 
soluble lead is a function of pH and carbonate 
ion activity (related to alkalinity). Noel and 
Giammar analyzed scale from lead pipes exca
vated from Boston and confirmed the exis
tence of hydrocerrusite.5 

In the process of trying to better quantify 
how changes in pH and alkalinity levels 
might affect lead, several linear and multi
linear · regressions were performed. Per
forming a simple regression of lead versus 
pH demonstrated that pH is the most impor
tant water quality parameter, producing a 
coefficient of determination, r2

, of 0.87 and a 
standard error of 4.0 µg/L. Inclusion of raw 
water UV-254 absorbance, pH and alkalinity 



improves the model, with r 2 increasing to 
0.90 and the standard error decreasing to 3.0 
µ,g/L. UV-254 absorbance can be considered 
as a surrogate measurement for natural 
organic matter (NOM). The UV-254 effect can 
be hypothesized to increase both the particu
late and soluble lead levels (as discussed in a 
number of studies6

-
8
). These findings could 

be understood as the result of forming solu
ble lead-NOM complexes and surface charge 
changes due to NOM adsorption on the lead 
solids. Changing surface charge on the solids 
can increase the amount of particulate lead. 
Figure 2 shows the variation of monthly UV-
254 of MWRA raw water from January 2000 
to March 2008, along with the distribution 
average pH. The fairly large variation in UV-
254 is mainly due to source water changes. 
Transfer of Quabbin Reservoir water typical-

. ly occurs during the summer and this water 
source has lower UV-254. It should be point
ed out that UV-254 also undergoes in-reser
voir decomposition due to photolysis. The 
UV-254 does not co-vary with distribution 
pH and is an independent variable. 

The regression result should not be extrap
olated beyond the observed ranges or a mean
ingless result such as a negative lead value can 
be the result. An alternative to multi-linear 
regression is to postulate· a power-law rela
tionship and use log-transformed variables. 
Such an empirical equation was first proposed 
in· 2002.9

'
10 This equation was in the form of 

lead= A(UV-254)"10-pHb(Alkf, where A, a, band 
c are constants. The range in alkalinity was 
extremely limited prior to 2002. The present 
equation coefficients have been refined with 
more data (June 1997 to March 2008) and the 
regression result is: 

Log Pb = 6.09 + 0.524 log (Raw water UV) 
-1.22 log (Alk) - 0.26pH (1) 

where: 
Pb = the measured· 90th percentile value 

in µ,g/L; 
Raw water UV= the UV-254 before treat

ment in amperes per centimeter 
(A/ cm); and, 

Alk = alkalinity in mg/L (as CaCO3). 

The r2 for Equation 1 is 0.91 and the standard 

error is 2.3 µ,g/L. The log-transformed model 
is preferred over the linear model since it will 
not produce a negative value for lead. It also 
has the form of a pseudo-solubility product, 
which provides some theoretical basis. 

Extension of the 
Model Equation 
In order to test the validity of the MWRA alka
linity-UV-pH model, it would be useful to 
include data from other water systems to 
extend the range in the raw and treated water 
quality parameters. In addition to published 
results, several utilities were contacted by 
phone or their consumer confidence reports 
(CCRs, an annual water quality report 
required by the EPA) were scrutinized in order 
to obtain the needed data. Relatively few sys
tems measure all the necessary parameters for 
direct comparability. 

Table 2 summarizes the data gathered 
from the following utilities: Cambridge, 
Massachusetts; Hampden Water District, 
Maine (a consecutive system to Bangor, 
Maine) and Tampa, Florida (research). 
Cambridge uses dissolved air flotation, 
ozone, filtration and chloramination for treat
ment. Cambridge measures all the necessary 
parameters for using the model and its 2004 
CCR results were used for comparison. 
Bangor has a treatment train almost identical 
to the MWRA. Bangor used lime to raise pH 
prior to 2005 but then switched to soda ash. A 
sample of Bangor's treated water was meas
ured for UV-254 in May 2006 by the MWRA. 
Hampden Water District receives water from 
Bangor with no additional treatment and 
reported a May 2006 90th percentile lead of 80 
µ,g/L. Corresponding pH and alkalinity val
ues measured for Hampden were obtained 
from Torrey.11 There was a noticeable drop in 
pH from the entry to Hampden's system and 
measured pH in its distribution system. This 
differenc~ is most likely due to nitrification. 
Tang et al. and Vasquez et al. reported on lead 
releases from pilot plant studies using combi
nations of Tampa Bay, Florida, water using 
reverse osmosis.12

'
13 Three of their studies 

that used chloramination were included in 
this analysis. Data from these three utilities 
were pooled with the MWRA data and a 
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TABLE 2. 
Data Collected for Model Extension* 

Measured 90th 
Treated UV-254 Alkalinity Percentile Lead 

System (A/cm) pH (mg/L as CaC03) (µ,g/L) 

Cambridge, Mass. 0.032 9.12 35.0 7,0 

Hampden, Maine 0.060 8.81 20.9 80.0 

Tampa Bay, 0.024 7.90 60.0 3.0 
Florida (Blend of 
Groundwater & 
RO Treated Water) 

Tampa Bay, 0.060 7.90 207.0 3.9 
Florida 
(Groundwater) 

Tampa Bay, 0.028 8.20 75.0 9.3 
Florida (RO 
Treated Water) 

Note: 'Cambridge data collected from CCR and monthly report. Hampden data collected from personal correspondence and Tampa Bay is published 
information. 

regression performed using the power law 
relationship. Calculated lead is given by the 
equation: 

Log Pb= 5.23 + 0.748 log (Treated UV) 
- 1.27 log (Alk) - 0.11pH (2) 

where: 
Treated UV= the UV-254 after treatment 

in A/cm. 

Treated UV-254 is used because raw water UV-
254 was not available. The r2for Equation 2 is 
0.74 and the standard error is 8 µg/L. Figure 3 
shows the calculated lead using Equation 2 
plotted against measured lead values. The 
agreement is not as good as hoped, but it 
could serve as an adequate first-order approx
imation. Some of the variation could be due to 
differences in where pH was measured; some 
samples were from actual at-the-tap pH 
sources and some samples were taken at typi
cal distribution system locations. 

Summary 
Lead in tap water is a complicated issue that 
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does not readily lend itself to simple and 
easily rea~hed solutions. Much work 
remains to be done on tackling this issue. 
The MWRA has developed a model. equa
tion for predicting compliance based on 
alkalinity-UV-pH. The availability of such 
an equation allows for quick comparison of 
the efficacy of various treatment changes. 
For example, is it more cost effective to 
lower lead by raising alkalinity rather than 
by lowering NOM? The pH cannot be con
tinually increased since. this augmentation 
has to be balanced against increasing TTHM 
formation or calcium carbonate precipita
tion. There is also the likelihood of increas
ing lead due to hydrolysis beyond a certain 
pH range (theoretically 10.2). The measure
ment of UV-254 is relatively straightforward 
and could provide useful information. It is 
recommended that UV-254 be included with 
lead sampling so that site-specific relations 
can be derived. 

NOTE - This article represents the personal opin
ions of the author and not those of the 
Massachusetts Water Resources Authority. 
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gram manager of chemistry in the 
Quality Assurance Group, Field 
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Essay 

Go Jump Off a Bridge 

What happens when an 
elegant and awe-inspiring 
structure is put to a use that 
its designers never rationally
planned for? 

BRIAN BRENNER 

One day as I was driving, the B-Gees 
came on the radio. It was the song, 
"Staying Alive." (You know the cho

rus: "uh-huh, uh-huh, staying aliiiiiiive!"). I 
don't think the disk jockey was doing a 70s 
retrospective that day or had an agenda to 
bring back disco. It was just one of those ran
dom radio moments. Since I didn't have a 
disco past, the song didn't make me want to 
relive my disco past. But it did remind me of 
bridges. 

If you don't remember (or if you have 
purged everything related to disco from your 
memory), the song was from the movie, 
Saturday Night Fever. In that film, John 
Travolta played a character named Tony 
Manero. During the day, Tony was a clerk in a 
dead-end job, but every night he went out to 
clubs where he was the ultimate dancer. He 
and his friends wore white polyester leisure 
suits and they danced to Donna Summers at 
the discos. (Many decades later, Travolta was 
in the movie, Hairspray, where he was not a 

hopeful teenage punk but someone's mother 
[really]. He also sang and danced, this time in 
a dress. So, in the arc of Travolta's movie 
career, there was a full circle and closure of 
sorts.) 

Bridges Must Mean Something 
What I recall most strongly about the lllovie 
was not the dancing or the cultural phenome
non of disco, but the bridges. Saturday Night 
Fever employed some crude bridge symbolism 
to advance its plot. One bridge was symbolic 
of good, and another bridge represented evil. 
The Brooklyn Bridge was cast as the good 
bridge. Doing so is not a stretch since almost 
everyone loves the Brooklyn Bridge. In the 
movie, this bridge represented hope and a 
successful future. It was Tony's lifeline and a 
connection from his grubby, dead-end life in 
Brooklyn to glamorous, sophisticated Manhat
tan. The bridge was both a physical and sym
bolic connection. 

If things didn't quite work out, there was 
another bridge looming in the distance, a 
darker, sinister span. Playing the part of the 
evil bridge was the Verrazano-Narrows 
Bridge. In the movie, this structure represent
ed feelings of despair and hopelessness. It was 
a place where the film's major characters per
formed reckless stunts, pushing their limits. 
Unlike the Brooklyn Bridge, the Verrazano
Narrows doesn't have pedestrian walkways. 
The film writers got around this point by hav
ing the characters park their car and hang off 
the side. In the middle of one of these stunts, 
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Tony's friend realizes how futile his life is and 
falls to his death. 

Probably the two bridges weren't requested 
to audition for their roles. But in casting the 
bridges, the director chose the soulful, grand
fatherly Brooklyn Bridge to represent life and 
wisdom. To symbolize death and despair, he 
chose a sleek, soulless modern span. This 
choice could have worked in reverse, I sup
pose, depending on the type of movie and the 
plot. If it was a horror movie, the sleek, mod
ern Verrazano-Narrows could have been the 
good bridge, representative of salvation and 
the triumph of modernity over feudalism. In 
contrast, the vaguely Frankensteinian Brook
lyn Bridge, with its medieval gothic towers, 
could have been the evil span. So when you're 
going symbolic with bridges, context is impor
tant. 

The Jumping Off Point 
In the movie, the poor Verrazano-Narrows 
Bridge (my personal all-time favorite bridge) 
suffered the indignity of being cast as a suicide 
bridge. In the real world, many bridges have 
attracted individuals attempting to commit 
suicide, and these structures have had the mis
fortune of becoming associated with the act. 
Some bridges attract a reputation for being the 
place to commit suicide and become unoffi
cially known in their areas as "The Suicide 
Bridge" instead of by their real name. Abridge 
across the Choptank River on the eastern 
shore of the Chesapeake Bay goes by this 
name. There is even a Suicide Bridge Restaur
ant next to the bridge. Evidently, the stigma of 
the name has not hurt business. It's a seafood 
restaurant offering some good, eastern shore 
fare. You can dine along the river and watch 
the boats and birds. The present Suicide 
Bridge, for which the restaurant is named, is 
the most recent of three spans crossing the 
river: 

"The original bridge was a wooden 
structure built around 1888. The second 
bridge, also wooden and only one lane, was 

-built around 1910. The third and current 
bridge, which is also wooden but covered 
with asphalt, was built in 1967 and dedicat
ed in January 1968. Local residents appar-
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ently have always called it Suicide 
Bridge."1 

Over the years, many residents have met their 
end at the bridge. Most of the cases were con
sidered to be suicide, but the documentation 
suggests that some may have been due to foul 
play. The restaurant owners don't emphasize 
the less palatable aspects of the location and 
name. Their advertisements focus on the food, 
the pleasant scenery and the surrounding 
tourist attractions. But even though it's not 
played up, a little notoriety doesn't hurt (as 
long as it's tastefully done, of course). Diners 
visit for the dramatically presented soft shell 
crabs, but the unspoken implication is that 
they may witness an unfolding drama of a dif
ferent sort. 

In Seattle, office workers next to the Aurora 
Bridge have suffered trauma from seeing so 
many people jump off it that grief counselors 
make regular rounds to the nearby dot-com 
businesses.2 The Aurora Bridge is a hundred 
feet or so above ground, prominently crossing 
the canal connecting Union Lake to Elliot Bay. 
It is at a site that is both highly visible and 
anonymous, two features that seem to attract 
those desperately inclined. 

After a while, some bridges become associ
ated with suicide, for no other reason that 
their repeated selection in the past. The All
America Bridge (also known as "The Y
Bridge") in Akron, Ohio, is well known in this 
way:3 

"But perhaps the most reasonable expla
nation for the suicides is this: The bridge's 
reputation has become self-fulfilling. So 
many people have ended their lives here 
that it's almost become the purpose of the 
structure." 

The landing point for the Y-Bridge is not in the 
woods, but a densely-populated neighbor
hood. Over the years, residents have gotten 
used to the grisly events. 

Top of the World 
The Golden Gate Bridge is perhaps the 
world's most famous bridge for suicides. It 
has walkways that provide spectacular views 



for healthy pedestrians, but they unfortunate
ly serve as a magnet for the emotionally dis
turbed. Interestingly, the bridge's notoriety for 
suicides is one factor in the Verrazano
N arrows' s lack of pedestrian walkways. 
Robert Moses, Chairman of the Triboro Bridge 
and Tunnel Authority, was determined to 
avoid the Golden Gate's fate for New York's 
signature span. :rhe pedestrian walkways that 
were originally included in the design were 
deleted.4 

Mitigation 
The Golden Gate Bridge is currently the sub
ject of a project to reduce suicides. Different 
approaches under evaluation are documented 
on the bridge's website.5 The evaluation is 
being conducted as part of a study using typi
cal engineering terminology and methods, 
and is being conducted in phases. Phase 1 was 
the "Wind Tunnel Testing of Generic Suicide 
Deterrent Concepts." This part of the study 
was completed in 2007. Its goal was to evalu
ate how modifications to bridge parapets and 
railings might impact the wind stability of the 
bridge. The conceptual designs included addi
tions to pedestrian railings, complete replace
ment of the railings and nets extending over 
the sides of the bridge to catch people who 
jump off. The concepts were modeled in wind 
tunnel tests to ensure that these additions to 
the structure would not end up damaging the 
bridge. Subsequent phases of the work 
include preliminary design, eventual final 
design of the selected alternative and then 
construction. 

In this project, the terminology and meth
ods of the engineering work, so typical and 
commonplace, butt against the reality of 
what these additions are actually being 
designed for. Any engineering project 
requires rational procedures to address pre
dictable problems. In this case, an engineer
ing project to prevent suicides requires 
rational procedures to address irrational, 
and unpredictable, behavior. This applica
tion results in an uncomfortable mix. Bland, 
systematic engineering terminology can 
describe and depict "options" in a "study"; 
however, the design objective is neither sys
tematic nor rational. 

Some argue that those desperate eriough to 
commit suicide will do so no matter what pre
ventative measures are taken. In that case, a 
nice, tall, exposed bridge provides a public 
service of sorts since it focuses (or localizes) 
the activity and thus limits its extent through
out the community. The counter argument is 
that by reducing the ease of the act at a per
son's most desperate moment, perhaps the 
behavior can be ultimately avoided and suc
cessfully treated. 

Furthermore, heated discussion on the . 
Golden Gate project has focused on the 
appearance of the end product. The Golden 
Gate Bridge is one of the most beautiful struc
. tures in the world. Adding nets on its sides 
will not be aesthetically pleasing. Maybe it is 
inappropriate to consider the bridge's appear
ance if lives can be saved. But, on the other 
hand, marring the beauty of the Golden Gate 
Bridge is something that should be avoided if 
possible. · 

Jump Start 
If you're going to jump off a bridge, it's better 
to be attached to a giant rubber band, or at 
least to be wearing a parachute. These things . 
happen on Bridge Day at the New River 
Gorge Bridge in West Virginia. Thousands 
converge on the giant arch bridge every 
autumn. The span crosses about 850 feet 
above the river, making it one of the world's 
highest bridges. The weekend-long festival 
includes pancake breakfasts, rappelling off the 
side of the bridge, whitewater rafting down 
the river and parachute jumps from the span. 

The Bridge Day festivities are a celebration 
of life. Even so, because the span is so high 
and exposed, the New River Gorge Bridge 
itself is not immune to suicide attempts. 
Unfortunately, bridges will continue to be 
associated with this difficult illness. Yet, at 
least for one day in West Virginia, after jump
ing off a bridge, you get to climb back up and 
do it again. 

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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Join the oldest engineering society In the United States 
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Membership 

• Builds relationships, offering networking opportunities and business referrals 

• Offers leadership opportunities in Society activities 
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• Represents our profession on local legislative a~d regulatory issues 
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• Complimerifary subscription to BSCES Journal: Civil Engineering Practice 

For more information on BSCES, contact: 
Boston Society of Civil Engineers Section/ASCE, The Engineering Center, One Walnut Street, 
Boston, MA 02108; (617) 227•5551, Fax (617) 227•6738 
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Improving our environment. 

Creating new possibilities 
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465 Medford Street, Boston, MA• 617.886.7400, HaleyAldrich.com 
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Transit 

ITS/Signals . 

Structures 

Dams El: Water Resources 

Highway Safety 

Data Collection 

Land Surveying 

GIS 

45 Bromfield Street, 6th t: 
Boston, MA 02108 
617.556.0020 

Palm 

SERVICES 

Architecture 

Interiors , 

Civil/Site Engineering 

Structural Engineering 

HVAC Engineering 

Plumbing/Fire Protection Design 

Electrical Engineering 

Water/Wastewater Engineering 

Transportation Engineering 

Telecommunications Engineering 

CIVIL ENGINEERING PRACTICE 
Journal of the Boston Society of 
Civil Engineering Section/ ASCE 

Call for Papers 

Civil Engineering Practice seeks to capture the 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 th,e 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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Professional Services 

€:'IBSCGROUP 
Land Development, 
Transportation and 
Coastal Consultants 15 Elkins Street 

Boston, MA 02127 

P8 
C><SOS 

r..NGINEERNG 
CORPCJFIATION 

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

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

CHILDS ENGINEERING 
CCRPCRATICN 

WATERlRONI INCINrJRING 

BOX 333 MEDFIELD, MASSACHUSETTS 02052 
TELEPHONE (508) 359-8945 FAX (508) 359-2751 

,::, .4 

•. DESIGN/S!JPERVISlbN' 
• DIVING INSPECTION .s 

~ 

Geotechnical 
Environmental and 

\Vater Resources 
E,nginecring 

400 Unicorn Park Drive 
Woburn, MA 01801 

781-721-4000 
www.geiconsultants.com 

GeotcdJ11iml C"' .E11vinm111mta/ B11gime1i11g 
hx1·t!lft1re Si11l'I! 1964 

GZA GeoEnvironmental, Inc. 

Boston, Norwood., Hopkinton, East Longmeadow 
. 22 Offices Nationwide 1JJwmgza.co/l/ 

Service. Solutions. Satisfaction. 
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no problPm OOPS UDSOl\lPd. 

230 Congress Street, Suite 802, Boston, Massachusetts 02110 
617-451-6900 • www.bv.com 

listen. think. deliver.st, 

World Headqua'rters 
One Cambridge Place, SO Hampshire Street 

Cambridge, Massachusetts 02139 
tel:617 452-6000 fax:617 452-8000 

www.cdm.com 

consulting• engineering• construction• operations 

FAY, SPOFFORD & 
THORNDIKE 
Transportation - Environmental - Facilities 

Trusted Partners for Design Solutions ENGINEERS 

5 Burlington Woods - Burlington, MA 01803 
www.fstinc.com - 1-800-835-8666 FST 
Massachuse\ls • Connec\lcul • New Hampshire• New Jersey• New York - Since 1914 

P. GIOIOSO & SONS, Inc. 
~~Sinu/962 

50 Sprague Street 
Hyde Park, Massachusetts 02136 

(617) 364-5800 Fax (617) 364-9462 

Equal Einploynent Opporti.mity/Affitmative Action 

Visit us on the Webl 
www.hshassoc.com 

ntt.11Vf50\UIIO!JS 

Eff[CHVE PARlNERING 

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

• Civil Engineering 

■ Traffic Engineering 

■ Transportation Planning 

■ Public Involvement/Strategic Planning 

(V 
Civil Engineering 
Land Surveying 
Transportation Engineering 
Sustainable Consulting 
Planning 

Nitsch Engineering GIS 

www.nitscheng.com 
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I OCEAN ANO COASTAL I 

~ 
I CONSULTANTS I 

a COW/ USA Company 

UNDERWATER INVESTIGATION 
MARINE STRUCTURAL ENGINEERING 
DREDGE DESIGN AND PERMITTING 
REGULATORY SERVICES 
COASTAL ENGINEERING 
CONSTRUCTION ADMINISTRATION 

For more informalion, 

please contact Doug Reed, P.E. 
at 617.497.7800 

doug.reed@seocon.com 
www.seacon.com 

GETTING THE Joe DONE 

S E A 

Trumbull, CT 
(203) 268-5007 

Plymouth, MA 
(508) 830-1110 

Gibbsboro, NJ 
(856) 248-1200 

SE A CONSULTANTS INC. 
Sdu,.1i,1,/f.niJi"~•r1/Atd,i,o,,, 

• Surface • Civil!Sitc • .Facilities 
Tran:,vortation • Air, Water, 

• Air Environment 
Transportation • Commerce & 

• Railtf"nmsit Industry 

NEW ENGLAND OFFICES: 

• Public 
Oulrcach 

Rocky Hill, CT t Boston, MA t Salem, NH t Port!and, ME t Hallowe!l, ME 
, .. ·~~-1: _8()0,-5_29._8_88_2 _ '" ~'.~'..1'.?"1,?_:5~?·.f!4} Tcl:60J.893.0616 Tel:207 .879. 76!i6 Td:207,623.9188 

l~ZALLEN 
ENGINEERING· 

1101 Worcester Road 
Framingham, MA 01701 

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

Professional Services 

Professional Stone Deposit Evaluations 
Cost-Effective Subsurface Investigation 

Geotechnical Troubleshooting 
Concise Concrete Petrography 

Steven J. Stokowski Reg. Prof. Geologist 
10 Clark St. Ashland, Mass. 01721 (508) 881-6364 

~B!f ~llft:'flPJP,~Op 
Call: 978-532-1900 

Your Natural Resource for Innovative Solutions since 1899 

Weston & Sampson Engineers, Inc. 
Five Centennial Drive, Peabody, MA 01960 

www.westonandsampson.com 
Fax: (978) 977-0100 

Investigation of 
Structural Failures 

Investigation of 
Problem Structures 

Consulting in 
Structural Engineering 
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