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Case Study 

Moving an Historic 
Lighthouse 

Using an intricately phased 
process that required careful 
planning, this lighthouse 
structure was moved 450 feet 
across usoft" terrain and was 
saved, for the foreseeable 
future, from the effects of 
severe coastal erosion. 

PETER PARA VALOS & 
WAYNE H. KALAYJIAN 

Highland Lighthouse is located above 
140-foot bluffs in North Truro, Massa
chusetts, and lies within the Cape Cod 

National Seashore. It is also known as Cape Cod 
Light, and since it is the oldest on the cape it is 
listed on the National Register of Historic 
Places. When first situated in 1797, Highland 
Light stood more than 500 feet from the edge of 
the imposing cliffs. By the early 1990s, however, 
beach erosion from severe winter weather had 
claimed 400 feet of this shoreline - 40 feet in the 
last seven years alone (see Figure 1). This alarm
ing progression was a serious concern to its 
owners, the United States Coast Guard, as well 
as local citizens' and civic groups, which as a 
consequence actively campaigned to rescue the 

lighthouse from impending danger. These ef
forts paid off in 1994, when a joint decision was 
made by the National Park Service and the 
Coast Guard to move the beacon inland from 
the fast-eroding bluffs. As a result, the U.S. Con
gress instructed the Coast Guard to direct and 
oversee relocation operations of this historic 
structure. (The Federal government has played 
a long-standing role in maintaining navigation 
safety along coastlines in the U.S. During 
George Washington's day, administration of 
lighthouse facilities fell within the jurisdiction 
of the Treasury Department. By 1800, the Fed
eral government had gradually assumed re
sponsibility for maintaining the operations of all 
existing lighthouses, completing the construc
tion of lighthouses already under construction 
within the 13 states and erecting new light
houses as required.) 

The lighthouse was actually the third one to be 
constructed on the Truro Highlands. The site has 
been ideal for a beacon since the commanding 
height of the cliffs permits the placement of a 
relatively low and, therefore, inexpensive lantern 
that would be visible from a considerable dis
tance at sea. The first Cape Cod Light had been a 
simple timber lattice structure with protective 
glass panels at the lantern deck. When two other 
lighthouses were built along the shore in Massa
chusetts Bay in the early 1800s, however, night
time navigation soon became difficult since these 
beacons could not be distinguished from each 
other. In response, Cape Cod Light was differ-
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Cape Cod 
Bay 

entiated by use of an eclipser lantern 
Atlantic Ocean (a blind that passed in front of the 

light source once each minute). By 
the late 1840s this wooden light
house was nearing the end of its use
ful life and it was rebuilt in 1853 out 
of brick and stone. However, be
cause its lantern was not entirely 
visible to southern-approaching 
ships, Highland Lighthouse had to 
be rebuilt a third time four years 
later on the site where it has stood 
for the last 140 years. 

In 1994 the New England Divi
sion of the U.S. Army Corps of Engi
neers, under an Indefinite Delivery 
Contract, issued the lighthouse relo
cation design to an engineering firm 
which would perform all the civil 
and structural work associated with 
the final site conditions: 

FIGURE 1. Location of the lighthouse on Cape Cod. 

• Designing the new foundations 
for the relocated Highland 

FIGURE 2. A view of the lighthouse from the beach. 
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FIGURE 3. A view of the lighthouse and adjacent buildings. 

Lighthouse and adjoining keeper's dwell
ing; 

• Adding public restrooms adjacent to the 
nearby Highland House Museum; 

• Grading and paving an expanded park
ing facility; and, 

• Improving pedestrian access and circula
tion. 

Those tasks limited to moving the lighthouse 
and its adjoining buildings would be entirely 
contractor-designed. 

Project Conditions 
Site. The lighthouse sat at the end of Highland 
Road overlooking the Cape Cod National Sea
shore (see Figures 1 and 2). It consisted of a 
tower that was equipped with an unmanned 
beacon, a one-story equipment room and con
nector building, as well as a two-story keeper's 
dwelling (see Figures 3 and 4). The complex 
was immediately flanked on the north and 
south by a nine-hole golf course that is main
tained by the National Park Service. 

Relocation plans called for the lighthouse to 
be moved 450 feet west and 12 feet south to a 
site that required minimal regrading and al
teration of the existing topography. This move 
would place the building in a rather unusual 
position: it would be within 10 feet of the golf 
course's seventh fairway. Consequently, 
shatter-proof glass had to be installed at the 
lantern deck and trees planted at the base of the 
tower to protect the beacon from stray golf 
balls. The new focal plane elevation of the lan
tern would be 120 feet above mean sea level, or 
10 feet lower than its current height. Prior to the 
move, the lighthouse beacon could be seen 30 
miles at sea. Its new elevation would translate 
to a reduction in visibility of barely a mile, 
which was acceptable to the Coast Guard. 

Geotechnical. A test pit had been excavated at 
the base of the lighthouse tower by the U.S. 
Army Corps of Engineers in September 1994 to 
expose the existing foundation system and to 
determine its composition and condition. The 
soil profile at the pit consisted of a 6-inch layer 
of topsoil underlain by reddish-brown me-

CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 7 



---------Watch Deck 

· Lighthouse 
Tower 

Equipment 
Room Connector 

Building 

Lighthouse Structure 

Keeper's 
Dwelling 

B 88 □ 

FIGURE 4. The Highland Lighthouse - east elevation. 

dium to fine sands. The sand layers contained 
traces of coarse sand and fine gravel. This pro
file was similar to the kind of soils that had 
been investigated at the proposed lighthouse 
site. 

Lighthouse Structure & 
Keeper's Dwelling 
Lighthouse Tower. The tower contained five lev
els: the ground slab at grade, the half-deck, 
weight-deck, watch-deck and lantern-deck. All 
of these decks were of steel plate construction. 
A cast-iron spiral staircase was bolted to the in
terior face of the tower wall and was the sole 
means of ascent to the lighthouse lantern. The 
inside diameter of the tower was approxi
mately 11 feet and the top of tower stood at 
nearly 66 feet above grade (see Figure 4). Tower 
walls measured 3.S·feet thick and consisted of 
three brick masonry courses separated by two 
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6-inch wide cavities. These cavities had been 
infilled with cobblestone, mortar and brick 
fragments. The base of the tower extended 4 
feet below grade, bearing on the sandy soils as 
well as a thin layer of leveling mortar. At the 
lantern deck, clearplexi-glass within an alumi
num frame and panel system protected the 
lighthouse beacon. 

Equipment Room & Connector Building. The 
equipment room and connector building was 
a 32-foot long, single-story brick masonry 
structure with an asphalt shingle roof. It 
served as an intermediate link between the 
tower and the keeper's dwelling. Exterior 
walls measured 12 inches thick, and consisted 
of two brick courses separated by a 3-inch cav
ity, which was filled in a manner similar to the 
tower. The bottom of the foundation was ap
proximately 3.5 feet below grade, 6 inches 
shallower than the tower. Altogether, the 



weight of the lighthouse structure - tower, 
equipment room and connector building -
was estimated at 450 tons. 

Lighthouse Keeper's Dwelling. The keeper's 
dwelling was a two-story wood-framed cot
tage with an attached porch. The foundation 
walls were constructed of 12-inch thick brick 
masonry. A crawl space existed below the first 
floor kitchen, with a full basement under the re
mainder of the cottage. First floor framing con
sisted of wood planking supported on timber 
floor joists and beams. Brick foundation walls 
and two intermediate steel pipe columns pro
vided vertical support. 

The Movers 
The $1.5-million lighthouse relocation contract 
was awarded to a firm that would perform all 
of the construction services associated with the 
relocation contract. To assist with the actual 
move of the Highland Light, the firm sub
contracted with another company with much 
experience moving structures. 

In 1993, the construction contractor and sub
contractor mover partnered to orchestrate the 
360-foot move of the Southeast Lighthouse on 
Block Island (located in Rhode Island Sound). 
The Block Island project had been a "soft" 
move, where the lighthouse had traveled over 
unreinforced earth. The construction contrac
tor anticipated that it would use a similar tech
nique at the North Truro site. (In contrast, a ri
val contractor had unsuccessfully proposed a 
"hard" move approach for the Highland Light 
project. This method would have required 
pouring a concrete travel-way over which the 
buildings would have rolled.) Figure 5 shows 
the construction sequence for moving the light
house tower. 

Shoring the Structure 
The moving team's initial task was to lift the 
keeper's dwelling and move it safely aside to a 
temporary staging area in order to improve con
struction access to the lighthouse structure. First, 
both masonry chimneys were shored, windows 
boarded over and door jambs stabilized. Five
foot deep trenches were excavated around the 
cottage perimeter and small square holes were 
cut in the foundation walls just below the fourth 
brick course at 4-foot intervals. WlO steel beams 

were then threaded through these ,holes to sup
port the floor framing system. After that the 
connection with the adjoining connector build
ing was severed, and the keeper's dwelling was 
jacked 8 feet vertically in the air and rolled 30 
feet to the north (see Figure 6). 

The second preparatory phase consisted of 
stabilizing the lighthouse tower and the 
equipment room/ connector building, which 
would be moved as a monolithic unit. This 
phase required repointing the mortar in the 
brick walls, blocking over all windows with 
timber studs and wrapping the exterior of the 
tower with corsets consisting of 2- by 4-inch 
vertical timbers spaced at 3-foot intervals and 
wrapped together with wire (see Figure 7). 
Next, a 5-foot deep continuous trench was ex
cavated around the base of the entire struc
ture, thereby exposing the foundation walls 
(see Figure Sa). 

To support the lighthouse structure for the 
duration of the move, the moving subcontrac
tor developed an intricate temporary steel 
framing system (see Figure 8). To install this 
framework, twelve square openings were pre
cisely cut around the circumference of the 
tower foundation wall using a diamond
impregnated cable-saw. Next, two W14x342 
cross beams were threaded through the east 
and west wall openings in the tower founda
tion. Each of these beams were supported on 
two stacks of oak cribbing located 5 feet from 
the tower face (see Figure Sb). To ensure that 
lifting pressures would be uniformly distrib
uted onto the flanges of the W14 cross beams 
throughout the jacking process, oak lintels 
were installed at the top of each wall opening, 
and any remaining voids across the opening 
were grouted solid. 

To facilitate installation of the temporary 
steel system, trenches on the east and west 
sides of the tower were deepened another 3 
feet. Soil at the bottom of these deepened 
trenches was then compacted and covered 
with a layer of transverse timbers. Three longi
tudinal rows of W6 jack beams were then laid 
side-by-side on the timbers. These jack beams, 
in turn, would continuously support a pair of 
70-foot long W24 "duplex" girders. Each du
plex girder would be integrally outfitted with 
thirteen hydraulic jacks, and it was these jacks 
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FIGURE 5. The construction sequence for moving the lighthouse structure. 
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FIGURE 6. A view of the jacked keeper's dwelling. 

that would lift the lighthouse structure (see 
Figures Sc and 9). 

At this point the remaining temporary steel 
shoring could be installed. This phase required 
the placement of additional W14 cross beams 
and radial beams through the tower founda
tion, as well as WlO cross beams under the 
equipment room and the connector building. 
Because of the shallower foundations at the 
equipment room and connector building, steel 
beams could be inserted directly underneath 
this portion of the structure without punctur
ing the walls. 

The Lifting Process 
Lifting the lighthouse structure required the 
use of a unified hydraulic jacking machine. The 
unified machine supplied hydraulic fluid so 
that each jack within the duplex beams could 
be independently adjusted at any time during 
the jacking sequence. This ability to make inde
pendent adjustments was very important, 
since it ensured that uniform lifting pressures 
would be maintained and that the structure 

would remain plumb throughout the move. 
Every jacking cylinder housed a 5-inch diame
ter piston, extending to a maximum length of 
16 inches, and had a lifting capacity of 30 tons. 
The system was highly redundant: jacks were 
each tied to a separate hydraulic circuit, and 
failure in any single jack would not induce 
pressure-loss among the others. 

The unified machine contained eighteen hy
draulic feeds, but by using "splitter blocks" it 
could be expanded to provide eight additional 
lines. Valves on the splitter blocks were cali
brated to accommodate the three different 
kinds of anticipated loading conditions: 

• Unified mode would be used when vertical 
jacking was underway; 

• Zone mode when moving the structure lat
erally, and, 

• Individual mode when additional pressure 
was required at isolated jacks. 

With temporary shoring in place, jacks in the 
duplex beams were independently pressurized 
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FIGURE 7. A view of the lighthouse tower with corsets. 

to eliminate the effects of uneven cribbing and 
localized ground settlement. All jacks were 
then switched into unified mode and fourteen 
of the twenty-six jacks (seven on each side of 
the tower) began the initial lift. To compensate 
for the structure's asymmetrical massing, jacks 
closest to the tower exerted between 3,500 to 
4,000 psi. Jacks nearer to the equipment room 
exerted between 1,200 to 1,500 psi. Once the 
structure had been raised one full stroke (16 
inches), the fourteen extended jacks were tem
porarily locked into zone mode, and additional 
cribbing was shimmed under the twelve re
maining jacks that had not been used during 
the initial lift. With new cribbing in place, these 
twelve jacks then lifted the lighthouse structure 
another full stroke. This technique was re
peated until the building had been lifted 5 feet, 
at which point workers could access its under
side and wrap the masonry base with steel 
banding in order to maintain its structural in
tegrity (see Figure Sd). 

Sequential vertical jacking and shimming 
continued to lift the lighthouse structure to a to-
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tal of 15 feet _above grade. To stabilize the build
ing in its temporarily raised position, stacks of 
cribbing were shimmed under twelve of the 
jacks. Once this was accomplished, steel "roll" 
beams and "crawler dollies" were inserted un
der the remaining fourteen jacks, which would 
enable the lighthouse to slide laterally across the 
site (see Figure 10). Each dolly assembly con
sisted of eighteen steel cylinders (1 inch in di
ameter and 3 inches long) that were encased in a 
housing box that resembled the tread configura
tion of a Sherman tank. The roll beams were 
then braced with steel tubes in order to maintain 
their horizontal alignment, while the flanges 
and webs of the duplex beams were also braced 
to the cross beams above with diagonal W6 steel 
sections (see Figure 11). 

The Move 
After the bracing was completed the light
house was ready to move to its new home. The 
roll beams that had been installed were very 
similar in concept to those of railroad tracks: 
the difference being that the lighthouse struc-
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FIGURE 8. A plan view of the temporary steel frame lifting system. 

ture would travel on seven rails rather than two 
(see Figure 12). Each rail consisted of two 40-
foot long W14x140 sections connected end-to
end. These girders were detachable, so that as 
the lighthouse structure crept toward the end 
of one section, the other could be maneuvered 
to swing around and re-attach to form a con
tinuous rail system. To provide a smooth and 
firm rolling surface, a horizontal ¼-inch thick 
steel plate was welded to the top flange of each 
beam. The bolted connections between the roll 
beams were designed to transfer substantial 
shear stress as the lighthouse structure trav
elled from one W14 section to the next (see Fig
ure Se). 

Four "push rams," each with a 30-ton bear
ing capacity and a 5-foot piston stroke, were 
bolted to the ends of the roll beams and con-

nected to the duplex beams (see Figure 13). 
Prior to the first horizontal push, all hydraulic 
lines were checked against blockage, and 
household soap applied to all roll beams. The 
soap would lubricate the roll beams while also 
producing a greasy film among the rollers. Us
ing the soap would make the lighthouse struc
ture easier to maneuver along its serpentine 
route. 

A lateral force of 500 psi was exerted by 
each ram, pushing the building one full 
stroke (5 feet), at a rate of about 20 feet per 
hour. After each stroke the rams were reset 
(which meant that they were disconnected, 
retracted and rebolted to the roll beams to 
prepare for the next push). In this fashion, the 
lighthouse structure was moved to its new lo
cation in ninety push strokes (see Figure Sf). 
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FIGURE 9. A view of the jacks lifting the lighthouse structure. 

FIGURE 10. Roll beam and crawler dolly under a jack. 
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FIGURE 12. J'he lighthouse structure moved on seven rails. 
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FIGURE 13. A view of the push rams. 

Due to topographical changes, cribbing 
heights below the roll beams were constantly 
monitored and adjusted, and use of a survey
ing transit ensured that the structure remained 
plumb throughout the move. After the light
house had been relocated, the keeper's cottage 
was then moved in quicker fashion, due to its 
lower weight and more stable proportions. 

New Foundations 
Lighthouse Structure. Because of the lighthouse 
structure's asymmetrical massing, an expan
sion joint was included to separate the tower's 
foundation from that of the equipment room 
and connector building. This configuration 
would virtually eliminate eccentric soil bearing 
pressures. The new tower footing was an oc
tagonal, reinforced concrete mat that was 24 
feet long and 18 inches deep. The adjoining 
equipment room and connector building 
rested on a "tee"-shaped reinforced concrete 
mat that was also 18 inches deep. 

Keeper's Dwelling. The new foundation at 
the keeper's dwelling provided a full-depth 
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basement beneath the entire building. To pro
vide adequate construction horizontal toler
ance while lowering the building into place, 
the foundation walls were 21 inches thick. 
The basement floor was a 6-inch slab on 
grade, with haunched ends to act as footings 
for the perimeter foundation walls. Isolated 
spread footings were also poured to accom
modate interior columns, walls and exterior 
porch posts. 

Setting the Lighthouse 
Into Place 
Once the base of the lighthouse had been 
moved and was directly aligned 8 feet above 
its new foundation, the crawler dollies, rollers 
and roll beams were completely dismantled. 
Then the 450-ton structure was slowly low
ered by means of reverse jacking until the re
quired beacon focal elevation was reached. To 
compensate for the difference in elevation be
tween the old and new sites, additional struc
ture was installed under the base of the light
house (see Figure 5g) - a 3.5-foot wide 



concrete bearing wall cast as a sandwich be
tween the top of mat footing and bottom of the 
building. Once the concrete had cured, the 
lighthouse was plumbed, pressure supplied by 
the jacks was released and the weight of the 
structure was slowly redistributed onto the 
new bearing wall and footing (see Figure Sh). 
As expected, consolidation of the sandy soil 
was nearly instantaneous, with minor cracking 
occurring between the tower and the adjoining 
equipment room. 

With the lighthouse and the keeper's dwell
ing now firmly in place, all timber cribbing and 
steel cross beams were removed from the un
derside of both structures. Cross beam open
ings were then infilled with brick and mortar. A 
12-inch wide reinforced concrete "ring" beam 
was then cast at the base of the inside perimeter 
of the tower, extending from the ground floor 
slab to the mat foundation. A similar ring beam 
was cast along the interior faces of the equip
ment room walls. These walls would stabilize 
and anchor the lighthouse structure to its new 
foundations. The hollow interior of the tower 
base was then filled with soil, compacted and a 
slab on grade was cast at what would serve as 
the ground floor. 

The entire relocation process of the High
land Lighthouse and its keeper's dwelling took 
six weeks. Moving the lighthouse structure 
alone took the better part of two weeks. The 
moving team successfully moved the buildings 
on time, within budget and without incident. 
Highland Lighthouse now sits 570 feet from the 
Truro bluffs, safely away from the Atlantic 
Ocean for another 150 years. The United States 
Coast Guard will continue to operate the facil
ity in conjunction with the National Park Serv
ice, and the Truro Historical Society (along 
with the National Park Service) will maintain 
the lighthouse and continue to provide public 
access. 

Lessons Learned 
Moving the lighthouse structure 450 feet over 
soil and pavement was an intricately phased 
process that required careful planning. Con
tinuous monitoring of the structure's stability 
and weight distribution played a large role in . 
the success of the project. Variations in existing 
topography combined with the asymmetrical 

height and mass of the lighthouse structure re
quired significant engineering judgment in or
der to permit precise installation of hydraulic 
equipment and structural framing. 
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History 

Thomas W. H. Moseley 
& His Bridges 

Using wrought iron, riveted 
plate tied arch as a bridge
making solution, Moseley had 
a successful and prolific career 
as an innovative bridge
builder in the nineteenth 
century. 

FRANCIS E. GRIGGS, JR. 

Thomas William Henry Harrison Mose
ley located his bridge-building firm in 
Boston, Massachusetts, from 1861 to 

1871. During that period he built several hun
dred of his patented wrought iron bridges 
throughout the Northeast. Moseley's firm, 
which was also coupled with his iron roof busi
ness, was one of the earliest producers of 
wrought iron bridges in the United States. His 
business preceded the better known Wrought 
Iron Bridge Company of Canton, Ohio, and the 
King Iron Bridge and Manufacturing Com
pany of Cleveland, whose founder was an 
early associate of Moseley when he lived near 
Cincinnati, Ohio, between 1854 and 1861. 
Given this early prominence in the bridge 
building field and his links with the Boston 
area, it is unfortunate that so little is known of 

Moseley and his work. The recent rehabilita
tion at Merrimack College of a Moseley bridge, 
which had spanned the North Canal in Law
rence, Massachusetts, since 1864, has hopefully 
served to awaken interest in Moseley and his 
works. 

Early Years 
Moseley was born near Mt. Sterling, Kentucky, 
on November 28, 1813, while his father was 
away fighting in the War of 1812 with his name
sake, William Henry Harrison. He apprenticed 
"to the firstiron furnace built on the Ohio River, 
known as the Union Furnace" at Hanging Rock 
near what is now called Ironton, Ohio.1 At that 
time, the iron-making industry in the United 
States was still in its infancy. By the end of the 
1850s, however, there were four mills in the 
Cincinnati/Covington area producing boiler 
plate. This opportunity to make cast iron, and 
later wrought iron, gave Moseley an introduc
tion not only to iron making but also to the 
growing number of uses for iron. He knew of 
Capt. Delafield' s 1839 cast iron arch bridge on 
the National Road at Brownsville, Pennsylva
nia, since he had superintended the weighing 
and shipping of the iron used in that bridge. It 
was the first iron bridge built in the United 
States and still stands at its original site. The 
arches were made up of elliptical cast iron 
tubes bolted together. 

He became interested in politics and in 1840 
campaigned for William Henry Harrison in his 
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FIGURE 1. Theodore Burr's Trenton Bridge. 

run for the Presidency. In 1841, he entered the 
field of civil engineering by building a turnpike 
from Paris to Covington, Kentucky. After that, 
he moved to Columbus, Ohio, "peddling 
patent-rights and a pump which I myself had 
patented."1 He continued his interest in poli
tics by campaigning actively for Henry Clay in 
the 1844 presidential election. He then went to 
work on the Little Miami Railroad which was 
under construction between Cincinnati and 
Columbus, Ohio. As a reward for his support of 
the Whig Party, he was appointed Adjutant
General of Ohio in 1845. Apparently, he had 
been active in the local militia, serving as Cap
tain in the Lancers at one time in the early 
1840s. In his role as Adjutant-General it was 
noted that:1 

"It was one of his duties to organize the 
Ohio Troops for the Mexican War. The war 
was by no means a wise or patriotic measure 
in his opinion and, in 1851, he retired from 
office and went to Cincinnati where he be
gan the dev:elopment of his inventions relat
ing to mechanics and structural bridge 
work." 

He was frequently referred to as General Mose
ley after this appointment. 

He continued to be fascinated by, and even 
idolized, iron. In 1863 he wrote that:2 
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"It may be confidently 
asserted that, except the 
Gospel, Iron has been the 
most potent of all agents 
in the civilization of man
kind. It cannot but be ob
served, that, exactly in 
proportion as communi
ties, tribes, and nations 
have learned the uses of 
this bounteous gift of the 
Creator, they have ad
vanced in science, in cul
ture, and in Christianity." 

He would also describe the 
iron-making process in po
etic terms:2 

"The Forge, with its 
dozen furnaces heating so many huge 
shafts or anchors; with its ponderous ham
mers driving into form one or more of 
these mighty members of the future en
gine, mill, or ship, with blows which make 
the very earth tremble; while the sparks 
hiss and dart hither and thither as from the 
mouth of a demon; the whole mass of iron, 
by means of powerful machinery, con
trolled by the journeyman of Vulcan." 

He became interested in bridges in the 
1850s. This excerpt from his writings evidences 
his interest in bridge making:2 

"Almost every individual who, as its en
gineer, has made ten miles of road, has at one 
time or another conceived a new plan of 
bridge;for of all the troubles which beset an 
engineer in constructing and operating a 
road, it's Bridging is the greatest." 

He had been exposed to wooden bridges built 
by Lewis Wernwag and Theodore Burr, both of 
whom used arches extensively. Moseley's first 
bridge in iron can be seen to be a visual deriva
tive of Burr's Trenton Bridge built in 1842 over 
the Delaware River (see Figure 1). 

Burr used wood for his top and bottom 
chords along with vertical linked iron bars 
(chains) to transfer his deck load to the arch. He 



FIGURE 2. Isambard Bunel's Windsor Bridge. 

also had additional diagonals connecting the 
top and bottom chords. 

Moseley apparently read the English and 
American technical journals of the day since he 
was familiar with Robert Stephenson's Britan
nia Bridge made of wrought iron plates riveted 
together into a huge rectangular tube. He con
sidered it to be "a gigantic monument to the 
brute force of labor and money."2 It did, how
ever confirm his "predilection for wrought iron 
plates as the best material; but his [Stephen
son's] plan lacked my sine qua non in a bridge, 
the Arch."2 He also knew of Thomas Telford's 
cast iron arch bridges which were built in Eng
land, Scotland and Wales. 

Moseley's First Bridge 
In 1853, while building a road in Kentucky, he 
hit on his idea of a wrought iron, riveted plate, 
tied arch as a solution to the bridge problem. 
He may have been influenced by Frederick 
Harback' s iron truss, which had cast iron upper 
compression chords and wrought iron plates 
riveted together for the lower tension chord. In 
1846, Harback had built his first bridge, a 30-
foot span, on the Pittsfield & North Adams 
Railroad outside Pittsfield, Massachusetts. 
This bridge was in the Howe Truss form and 
was visited by Squire Whipple in 1848 when he 
was about to build four iron bridges for the 

Swle <If /c:tl, 
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Newburgh Branch of the New York and Erie 
Railroad. Whipple wrote that he found Har
back's bridge to be "excessively heavy 
throughout and not adopted to the intended 
purpose."3 

Harback went on to build several bridges on 
the Cleveland, Columbus and Cincinnati Rail
road between 1848 and 1850. Moseley was 
working in this area at the same time and may 
have seen some of Harback's trusses. While he 
was not fond of pure trusses, believing that "no 
bridge should be considered safe without the 
arch,"2 he may have picked up on Frederick 
Har back's riveted wrought iron tube idea since 
Harback had built several of his bridges in 
Ohio. He may also have been aware of W. C. 
Harrison's patent issued in England in 1847 for 

· a bowstring that was similar in truss layout to 
Whipple's except that it used a rectangular riv
eted wrought iron tube for both the top and 
bottom chord. 

It is not known if Moseley was aware of Isam
bard Kingdom Brunel's arch bridges at Wind
sor, England, and at Newport that used riveted 
wrought iron plates in a triangular shape for the 
arch or compression member. As can be 'seen in 
Figure 2, Brunel had his top chord oriented with 
the point down, while Moseley had the point of 
his triangular tube in an upward direction. 
There are no illustrations in the literature that 
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indicate that Moseley was aware of Brunel's 
work since the first mention of these two 
bridges is in Brunel's biography written by his 
son and printed in 1870. 

By 1853 Moseley had "so far succeeded in 
his bridge building that a company was formed 
and works established in Cincinnati as a rapid 
demand was created not only for the bridges 
but for iron roof."1 Moseley moved to New
port, Kentucky, just across the river from Cin
cinnati, where he lived until 1861. 

In 1854, for the sum of $2,100, Moseley built 
his first 60-foot span bridge, using hand iron 
working tools, across Bank Lick Creek on the 
Bank Lick Turnpike 7 miles outside Covington, 
Kentucky. He had built and test loaded this 
bridge earlier in the year and after successful 
tests sold it to the turnpike company. The Rail
road Record of Ayril 2, 1855, described the 
bridge as follows: 

"Gen. Moseley has just completed a 
bridge of 60-foot span. The arch has a spring 
of 12 feet, being a segment of a circle 95 feet 
in diameter. The roadway is 19 feet wide, 
sufficient for two tracks. There are three 
arches as described, one at each side, and 
one in the centre [sic]. The bridge proper, in
cluding the arches, the iron beams to sup
port the roadway, and iron braces between 
the arch and beam, weighs three and one half 
tons. It was tested recently with a weight of 
55 tons and there was no visible deflection. 
The bridge is calculated to be capable of sus
taining a weight of 200 tons. The whole 
forms a beautiful structure of great strength 
and very cheap, portable on account of its 
light weight. .. The bridge is the first struc
ture of its kind, but will not be the last. The 
principle brought into exercise is a very sim
ple one. It is an arch, not depending, as in the 
stone bridge, upon its own weight or that of 
the superincumbent mass to keep it in posi
tion; but spanning the chasm in light and 
airy proportion, and yet of greater strength 
and durability, than the heaviest structures 
of masonry, and of little weight and of won
derful solidity." 

In September of the same year the Railroad 
Record reported on a test of a model Moseley 
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made in the company of U.S. Army officers. 
The model had a 4-foot span and weighed only 
20 pounds. It reported that 58 ingots of lead, 
weighing 70 pounds each, were placed on the 
model along with a man weighing 170 pounds. 
The Railroad Record stated that:5 

"The parties present, including our
selves were perfectly satisfied and ex
pressed the conviction that double that 
weight could be put upon it with perfect 
safety. The huge pile of lead resting on the 
slight airy structure seemed almost fabu
lous." 

The Railroad Record report on the bridge also 
noted that:5 

"For army purposes, this bridge from its 
lightness, facility of construction and capa
bility of being packed in little room, has 
many and decided advantages. It will sup
port with perfect safety, as has been showi::i. 
both by models and the bridge in Coving
ton, full twenty times it weight without de
flection." 

In the spring of 1856 the Railroad Record re
ported on a test of a 49-foot span railroad 
bridge Moseley built at Morrow, Ohio, on a 
side track of the Little Miami Railroad. After 
describing the details of the bridge the Record 
wrote that:6 

"The first test to which the bridge was 
subjected was the crossing of a 26 ton loco
motive with a heavy train of 40 cars, mostly 
eight wheeled. As the locomotive crossed 
the bridge, the foundation settled about an 
inch causing a corresponding settling of the 
whole structure. The long train that fol
lowed produced no further effect than to 
show the natural elasticity of the bridge. The 
next test was the crossing of a 19 ton locomo
tive, alone and with train, at rates of speed 
varying from 5 to 30 miles per hour ... While 
on the bridge, and running at speed, the 
brakes were applied to the train, and the 
wheels perfectly locked dragged over the 
bridge. . . This is the most severe test to 
which a structure can be subjected, and 
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FIGURE 3. First patented bowstring truss by George W. Long in 1830. 

much more so that it is practically expected 
to undergo." 

The seven men who witnessed the test were 
of the "opinion [ that] the Tubular Wrought iron 
Arch applied to the purposes of Bridging, is the 
strongest and best arrangement of material that 
they have yet seen, and they deem the Arches 
to be eminently suited to the purposes of Rail
road Bridging."6 They added they were "quite 
satisfied that the Tubular Arch is the best form 
that we have seen to give the greatest strength 
from the least material. And we believe that 
iron bridges must become pre-eminently the 
railroad bridges of the country."6 The same Re
cord reported that one of Moseley's bridges has 
been tested two weeks previous in Butler 
County "and gave the most perfect satisfac
tion."6 

He was issued patent no. 16,572 on February 
3, 1857, for a bowstring "truss bridge." The 
bridge was fabricated entirely of wrought iron 
plate, bar and strap stock at a time when Squire 
Whipple, the premier iron bridge builder of 
this time, was constructing bowstring trusses 
made of cast and wrought iron. Riveting 
wrought iron plates into shapes for bridge 
building had been developed by English engi
neers, but it was still a developing technology 
in the United States. In addition to Harback's 
bridges, James Millholland had built a riveted 
wrought iron plate girder bridge for the Balti
more and Susquehanna Railroad in Maryland, 
in 1847. 

The first patent for a bowstring truss (see 
Figure 3) had been issued to George Washing
ton Long, the brother of the better known 
bridge builder Stephen H. Long. His truss, 

called an elliptical frame bridge, was made of 
wood but he indicated that it could be built 
with iron. He had a single diagonal in compres
sion similar to what has become known as a 
Howe Truss. 

Whipple's and Moseley's patent drawings 
are shown as Figures 4 and 5. Note that both 
consist of arches with the string (lower chord) 
being in tension and made of wrought iron. 
Whipple's top chord, however, was made of 
cast iron segments while Moseley's was made 
of continuous riveted wrought iron plates ar
ranged in a triangular pattern. The main visual 
difference between the two is in the diagonals. 
Whipple makes use of what, at the time, were 
called braces and counterbraces, while Mose
ley's diagonal pattern defies description, being 
a series of straps on something approaching a 
radial pattern. Whipple's bridge was a true 
truss while Moseley's would be classified as a 
tied arch. 

Brock, in his fine series on early bridge pat
ents, described Moseley's bridge as follows 
(see patent drawing Figure 5):7 

"The Arches A A of his bridge are of com
pound character and are built up of wrought 
iron in such a manner to give the arch very 
long spans without excessive weight. A 
transverse section of this arch exhibits the 
form of an isosceles triangle, the base B of 
which is the chord of the arch. The plates P of 
the arch break joints with each other for the 
purpose of strength. For the purposes of ad
ditional strength to the triangular arch, a 
vertical plate R is used dividing the triangle, 
and bolted thereto. Moseley asserts that un
der a strain exerted in any direction upon 
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FIGURE 4. Squire Whipple's bowstring truss (1840). 

FIGURE 5. T.W.H. Moseley's bowstring arch (1857). 
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TTIBULAR, WROUGUT IRON BRIDGE. 

FIGURE 6. Moseley's advertisement. 

this compound arch there is less risk of buck
ling of either of the plates than in any other 
structure for the purpose.· In order to pre
vent all risk, however, of buckling, loose 
pieces or saddles s-s are used, resting, upon 
the plates B, and also bearing against the 
plates P, supporting each other by their 
edges, which come into contact as seen at T. 
Over the upper edges of the saddles, and re
ceiving part pressure thereof, are the stir
rups E of the suspension rods F. The floor of 
the bridge rests upon the chord M, sup
ported by the suspension plate D. This plate 
is not fastened to the lower chord M, and the 
effect of which is that every load draws upon 
the whole arch in consequence of the sliding 
movement of the suspension plate under the 
chord. 

The use of the vertical plate, R, to both stiffen 
the lower plate and add cross section to the arch 
was a good attempt at a design that would pro-

vide stiffness at the same time it minimized 
buckling of the arch. The use of saddle plates s-s 
was necessary to provide better bearing be
tween the stirrups (which were strap iron) and 
the arch. Being loose, however, the stirrups 
would create erection problems and, quite 
probably, maintenance problems since they 
were not mechanically attached to the arch. The 
suspended straps were riveted to the stirrups 
and the lower chord was a single bar with 
screw adjustment capability at its ends. 

In 1858, after being issued his patent, Mose
ley set up a factory in Cincinnati at 57 West 
Third Street to build his bridges. An advertise
ment his firm placed in the Railroad Record (see 
Figure 6) stated that:8 

"We are prepared to construct and erect 
our bridges in every part of the US., the 
Canadas, &c. with single spans up to 2000 
feet (though in long bridges with single 
spans the increase in cost is very great) ... A 
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TABLE 1. 
Moseley's Price List 

Span Length (ft) Cost/Foot 

Railroad Bridges 
50 $31.50-$34.00 

100 $45.00-$48.00 

200 $ 76.00-$ 78.00 

Highway Bridges 
50 $11.00-$14.00 

100 $18.50-$21 .00 

200 $36.00-$38.00 

bridge of 50 feet or less in span, we can con
struct in three days time, and when it is on 
the ground and ready for placing in posi
tion, we require but a few hours to remove 
the old one and place the new one complete 
in its stead ... " 

Prior to the Civil War he built over sixty 
bridges in Ohio, Illinois, Indiana, Virginia and 
Kentucky. One of these bridges was a 59-foot 
long aqueduct on the Ohio and Erie Canal built 
near Akron, Ohio, in 1859. This structure was 
sized to carry a trough of water 22 feet wide 
and 4 feet deep. He built two swing bridges be
tween 1856 and 1857. One was in Chicago with 
a span of 162 feet and the other in Galena, Illi
nois, with a span of 209 feet. It is probable that 
the Chicago bridge was at Rush Street over the 
Chicago River. Otis Hovey in his book on Mov
able Bridges indicates that this bowstring bridge 
of cast and wrought iron was "the earliest all
iron bridge that was built in the Middle West."9 

His source wrote that "in 1856 a fine iron bridge 
(the first in the west), was built across the river 
at Rush Street and cost $48,000."9 The Galena 
and Illinois Central Railroads paid for both 
bridges, making it all the more likely that it was 
Moseley's bridge. The bridge was destroyed in 
1863 when a drove of cattle were on the bridge 
and it was mysteriously opened. 

He built three bridges over the James and 
Kanawaha Canal near Richmond, Virginia. In 
1861, he was planning to move his operations 
to Richmond since he had been offered the con
tract to build all of the bridges over the canal. 
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The Civil War broke out, canceling this plan as 
well as "prostrating business in the West" 
which resulted in his closing his Cincinnati op
eration.2 He received and accepted an invita
tion - with a promise of financing - to move 
his operation to Boston, Massachusetts, in 
early 1861. He moved his business to 31 (and 
later 53) Washington Street. His office was lo
cated a few blocks east of the Boston Common 
and just south of Faneuil Hall in the heart of 
downtown Boston. His plant was on Norfolk 
Street in Roxbury. 

Moseley in New England 
His new plant, housing all his specially de
signed equipment to cut and roll boiler plate to 
the shapes required, was completed in October 
1861, six months after the start of the Civil War. 
He began successfully building iron bridges 
and buildings throughout New England, quot
ing his prices for bridges by the foot - much 
like the wooden bridge-building companies 
did. His price list is shown in Table 1. 

In a prospectus issued in 1863 he indicated 
that he was looking for someone to set up a roll
ing mill near his bridge manufactory so that he 
would have a more reliable source of plate 
stock in the sizes he needed for his bridge and 
roof structures. He stated that "no one busi
ness, well attended to, pays any better than 
this; while in vitality and variety it excels al
most any other."2 He also indicated that he had 
received requests for his bridges from the Brit
ish Provinces, the West Indies and South Amer
ica and was convinced that "the field is almost 
limitless for energy and enterprise."2 The per
son building this rolling mill would share in the 
limitless profits that Moseley saw on the hori
zon. 

In 1864, his rolling mill was built at Read
ville "chiefly for the purpose of supplying the 
manufactory, lifiht plate, sheet iron, shapes and 
merchant bar." O Readville was a part of Hyde 
Park and was located in the southwesterly sub
urbs of Boston. 

After a slow start, the mill (which contained 
"three double puddling furnaces, three heating 
and annealing furnaces, two trains of rolls -
one 20 inches for sheet and plates and one 17 
inches for bar"10) became very active. It was 
powered by four steam engines, with the larg-
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FIGURE 7. The Moseley arch as modified in 1859. 

est being 200 horsepower. Its superintend~nt 
was David Buck, and Moseley was also listed 
as superintendent as well as agent. 

Moseley's iron arch evolved over time from 
the arch shown in Figure 5. His revised arch can 
be seen in an 1859 illustration (see Figure 7) and 
in his 1863 prospectus (see Figure 8), titled Iron: 
New Enterprise in its Manufacture and Applica
tions to Building.2 This version is an improved 
bridge since Moseley used his experience and 
addressed some of the problems that must 
have arisen with his earlier bridges. He stated 
in another advertisement that "in 1859, a radi-

FIGURE 8. Moseley's arch as modified in 1863. 

cal improvement was made in the brid~e, 
greatly increasing it strength and stiffness." 1 

This improvement consisted of the addition 
of counterarches, which are evident, as well as 
additional short pieces of iron running from 
the bottom of the loop over the top chord to the 
counterarch. These short bars evidently kept 
the stirrups from sliding down the arch under 
the action of the suspenders. The saddles, s-s, 
are gone and the stirrups were now round bar 
stock. His suspension straps were made of 5 / 8-
inch wrought iron bar stock and were hooked 
by a loop to the saddles. 
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FIG. IV.-BECTION of ARCH with STIRRUP. 
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a) 

Fig. IV. 
S110Uon of A.rob, Chords, &o. 

b) 

FIGURE 9. Evolution of the suspension system a) pre-1863 and b) post-1863. 

He built several of these new improved 
bridges in Ohio and in Boston in the late 1850s 
and early 1860s. His most prominent early Bos
ton bridge was of four arches built over the Bos
ton and Worcester Railroad (later the Boston and 
Albany) at its intersection with Berkeley Street. It 
was located between Columbus Avenue and 
Chandler Streets and each arch was 66 feet long, 
making the entire bridge 264 feet in length. 

His next improvement is shown in his 1867 
catalog entitled Iron Bridges - Roofs, Buildings, 
&c.12 The main difference between the 1863 
and post-1863 design is in the suspension sys
tem. As shown in Figure 9, the suspension 
straps are riveted into what Moseley termed 
the "comb" of the arch. In addition, the sus
pender straps are vertical. 

The base plate at the end of the arches did 
not change much but prior to his construction 
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of the Lawrence bridge he made the changes 
that are indicated in Figure 10. 

He described his tubular wrought iron arch 
bridge (see Figure 8) as follows: 12 

"The supporting parts of the bridge are 
two arches, one on each side of the highway. 
These arches are hollow, and are triangular 
or three sided made of wrought plate or 
boiler iron, by riveting three plates together 
at their edges. [See Figure 9, which shows 
the hollow arch, with suspension bar pass
ing through it.] 

"In no other form can iron be arranged to 
bear a greater burden than in this. By actual 
tests, every inch of iron in the cross section of 
the Arches will bear 15,000 lbs.; but in prac
tice we provide for a weight of not less than 
four times the required burden, calculated, 



moreover, at a pres
sure of 7,000 lbs. per 
square inch of sec
tion. 

"From foot to foot 
of each Arch goes the 
Chord [see Figure 
10]. This is double, 
and binds securely 
the feet of the arch to 
each other, so that 
there is no thrust or 
outward pressure of 
the arches to require 
heavy abutments. 
The only pressure 
upon the masonry is 
vertical. In Highway 
Bridges, the cross
section of the chords 
has one-third the 
number of inches in 
that of the Arches; 
and in Railroad 
Bridges, one-half the 
number of inches in 
cross-section. The 
tensile strength of an 
inch of iron averages 
60,000 lbs.: but, as 
will be seen, our cal
culations are based 

Fig, V." Part of Arch, with Shoo and Cb.orde. 

Shoe Composed 
of 0.25-in Plates 
Riveted to 
Top Chord 

Forged Shoe 
Stops 

Top Chord 

1-in x 3-in 
Paired Lower 
Chord Bars 

upon a tensile strain 
of 21,000 lbs. per FIGURE 10. Base plate details. 
square inch (in Rail-
road Bridges 14,000 lbs.), for four times the 
actual burthen (Burden). 

"The Chords are held level, or in line, by 
Suspension Bars [see Figure 9]. These pass 
through the Arches; thence downward be
tween the Counter-Arches (to which they are 
riveted), and support the Chord. They are 
placed at intervals of about 23 inches, giving 
54 Bars ina fifty-feet [sic] Bridge. The same cal
culation governs the dimensions of these, as of 
the other parts of the structure, - viz.: to pro
vide for eight or ten times the actual burden. 

"The Counter-Arches are of angle Bar, 
doubled; and, varying with the span, corre
spond to the dimensions of the Main Arches 
and Chords [see Figure 8]. 

"The Floor rests upon the chords - a 
floor beam at every Suspension Bar. In com
mon Highway Bridges of 16 to 20 feet wide, 
the floor beams may be of 3- by 14-inch lum
ber, covered with 2.5- or 3-inch plank. 

"The adjustment of the various parts is 
such that no severe constant strain comes 
upon any bolt or other part of the structure; 
and thus all injury to the Bridge from jars, or 
impinging forces, is avoided. Hence there is 
no necessity for restriction as to rapidity of 
driving over it; and no injury has ever re
sulted from such cause. Contraction and ex
pansion are fully provided for. 

"These Bridges were first introduced in 
1855. They have been from time to time 
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modified and improved in the details of con
struction, until they now challenge compari
son with all others. 

"The earlier Bridges lacked the Counter 
Arches which, as now constructed, correct 
all undue elasticity. 

"Later still, the present Suspension bars, 
which enter the Arch, and are riveted into its 
comb, were adopted, in lieu of the former 
Rods, which were connected with the Arch 
by means of a stirrup passing over it; and 
which failed to give the compact union of 
the parts now secured. 

"While, for all purposes of a Bridge, the 
tubular-Arch principle is unsurpassed, we 
claim that, for certain uses, it cannot be ap
proached in economy and security by any 
other." 

Since it may be understood that Moseley 
was selling bridges in this catalog, some of his 
statements can not stand close scrutiny, espe
cially the last paragraph. However, he is correct 
in stating that this new method of connecting 
the suspension straps to the top chord creates a 
more compact union of the parts. 

In this same pamphlet, he stated he had built 
over 200 bridges in the six years that he had 
been in Boston including three bridges in Law
rence, Massachusetts. Photographic evidence, 
however, shows that at one time eight Moseley 
bridges crossed the North and South Canals of 
Lawrence - all of which were built between 
1864 and 1868. 

Moseley was granted three additional 
bridge patents - nos. 59,054 (in 1866) and 
103,765 and 106,855 (both in 1870). These pat
ents were all for wrought iron structures and 
had limited success. 

In late 1867 or early 1868 he set up offices in 
New York City at 116 William Street and in 
Philadelphia at 147 South Street to promote the 
sale of his bridges in those areas. All fabrica
tion, however, appears to have occurred at the 
Boston plant.13 

His bridges had been built as far south as 
Houston and San Antonio, Texas, and as far 
west as Indiana. One of his more prominent, at 
least in terms of location, was a four-span struc
ture in the Bronx. It had two long and two short 
spans, and crossed Pelham Bay at Rodman 
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Neck, connecting Hunters Island with City Is
land at the west end of Long Island Sound. This 
area was, and still is, a major recreation area 
serving the city of New York. 

Moseley sold his interest in the Boston plant, 
apparently under financial pressure, in 1871 to 
the New England Iron Company. The family1 
history indicates that he and the company "met 
with reverses due principally to lack of capital 
and much of his property was used to liquidate 
heavy indebtedness, his patents taken over, ap
propriated, and even stolen."1 He moved to 
1433 Fawn Street in Philadelphia and became 
an agent for that company in the eastern Penn
sylvania area. He later moved to Scranton, 
Pennsylvania, in 1875 and according to his 
obituary "lived in style" there until his death 
on March 10, 1880, of pneumonia.14,15 

The Lawrence, Massachusetts, 
Moseley Bridges 
By the early nineteenth century, the Industrial 
Revolution was in full swing in Northeastern 
Massachusetts. Dams and mills were seem
ingly being built everywhere to use the water 
power of the region's rivers and streams to 
power looms, spinning machines and forges, as 
well as saw and grist mills. Samuel Slater's 
water-powered cotton spinning equipment 
built in Rhode Island in 1795 slowly spread 
throughout that state and Massachusetts. The 
first of the large mills were built in Waltham, 
Massachusetts, and the revolution in cotton 
manufacture had begun. Lowell, Massachu
. setts, took the Waltham methods to new levels 
when huge mills were built to tap the water 
power of the Merrimack River. 

As the Lowell mills expanded some enter
prising businessmen just downstream began 
the development of a new city, which was to be 
called Lawrence. The Essex Company had been 
formed to build this new city around a core 
consisting of a dam, water-power canal system 
and manufacturing plants. The 5-foot drop at 
Bodwell's Falls in Lawrence required a high 
dam to provide water at the elevation needed 
to power the proposed mills. This "Great Stone 
Dam" across the Merrimack River was built 
under the supervision of Charles Storrow, the 
Chief Engineer for the Essex Company, and 
was completed in 1848. The dam's height was 



FIGURE 11. The Lawrence Great Dam and the North Canal. The arrow (at the upper right) 
marks the location of the Upper Pacific Mills Bridge. 

33 feet with a length well over 1,600 feet. The 
North Canal (see Figure 11, near the top of the 
photo) was over 1 mile long. It was constructed 
to supply water to the mills that would be built 
between the canal and the river below the dam. 
The Upper and Lower Pacific Mills, incorpo
rated in 1853, were built on this newly created 
island in the mid-1850s. Water from the canal 
would flow through penstocks turning a tur
bine which would distribute the power 
throughout the mill by means of flat belting 
and iron shafts. By 1860, Pacific Mills would be 
one of the largest producers of worsted and cot
ton goods in the c·ountry. 

At the same time the mills were being built, 
housing for the work force was also con
structed nearby and the rest of the city grew 
around this manufacturing core. It was neces
sary to build bridges to access the island across 
the North Canal so that the workers- and ma
terials as well - could reach the mills. Most of 
these early bridges were of wood because iron 

bridge construction in the 1840s and early 
1850s was limited to Squire Whipple's bridges 
in New York State over the Erie Canal. 

The eight Moseley bridges built in Lawrence 
between 1864 and 1868 were as follows (see 
Figure 12): 

• Union Street over the North Canal 
moved to Parker Street over the South Ca
nal in 1888; removed in 1923; approxi
mately 72-foot span. 

• Atlantic Mills Bridge - built in 1868 over 
the North Canal; removed some time after 
1926; 92.25-foot span. 

• Washington Mills Bridge (Office Bridge at 
the easterly end of the mill) - built over 
the North Canal in 1868; removed some 
time after 1923; span approximately 80 
feet. 

• Turnpike Bridge (South Broadway, Route 
28) - built over the South Canal in 1867; 
span clear 63 feet 10 inches; a new higher 
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FIGURE 12. The location of the eight Moseley bridges in Lawrence. 

capacity bridge was proposed as early as 
1878 but no record exists as to the actual 
date of replacement. 

• Turnpike Bridge (North Broadway, Route 
28) - built over the North Canal in 1867 
(probable the same date as for the South 
Canal); photographic evidence only ex
ists; a higher capacity bridge was pro
posed as early as 1878 but no record exists 
as to the actual date of replacement; span 
would have to have been about 100 feet. 

• Munroe Mill Bridge - built over the 
South Canal 1867; span clear 60.67 feet; re
moved after 1951. 

• Pemberton Mill Bridge - adjacent to the 
railroad bridge; no data available other 
than a photograph that a Moseley bridge 
did exist at this location. 

• Upper Pacific Mills Bridge -,- built over 
the North Canal in 1864; span 96.25 feet, 
removed 1989 and reconstructed on the 
campus of Merrimack College. 

The Upper Pacific Mills Bridge 
This Moseley iron arch bridge was built across 
the North Canal in 1864 to service the Upper 
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Pacific Mills and to replace a wooden bridge 
that had outlived its usefulness. It is shown by 
the large arrow in Figure 11. 

The Upper Pacific Mills Bridge is the oldest 
extant iron bridge in the Commonwealth of 
Massachusetts and one of the oldest riveted 
wrought iron bridges in the United States. It is 
one of only four known bridges built by Mose
ley still in existence. One Moseley bridge lo
cated in Claremont, New Hampshire, was built 
in 1870 and is a 103-foot span bowstring with 
web members in a diagonal pattern (see Figure 
13). It served as a foot bridge across the Sugar 
River and is in danger of imminent collapse. 
Another Moseley bridge carried Murphy Road 
over the Walloomsac River near Bennington, 
Vermont. It was removed from service in 1958 
and is stored behind the Bennington Museum. 
The last bridge is the Hares Hill Road Bridge 
over French Creek in Chester County, Pennsyl
vania, which was built in 1869 (see Figure 14). 

The Historic American Engineering Record 
(HAER) visited the site of the Upper Pacific 
Mills Bridge in 197 6 and recorded the condition 
and situation of the bridge as follows (see Fig
ure 15):16 



FIGURE 13. The Moseley bridge in Claremont, New Hampshire. 

FIGURE 14. Moseley's Hares Hill Road Bridge in Chester County, Pennsylvania. 
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FIGURE 15. The Upper Pacific Mills Bridge in 
1976. 

"The bridge was built to span the North 
Canal and connect the Pacific Mill with Ca
nal Street. It was built in 1864 by the Mose
ley Iron Building Works of Boston. The de
signer was Thomas W. H. Moseley of 
Cincinnati, Ohio, who held two patents on 
the upper chord design, dating from 1857 
and 1858. The bridge is a bowstring truss, 
and contains five panels. There are no di
agonal members. The vertical members are 
pairs of parallel 3-inch rod which are riv
eted to the upper chord and bolted to the 
lower chords. There is a curved member 
which is riveted to the upper chord and 
bolted to the intersection of the upper and 
lower chord. It is probably intended to 
stiffen the truss. The upper chord is a series 
of triangular iron sections riveted at 8-foot 
intervals. The lower chord is a system of 
parallel iron plates riveted in sections. 
There is no upper lateral system. The lower 
lateral system consists of girders similar in 
style to the upper chord, and wooden 
stringers. The bridge has been supple
mented by a modern wooden system of 
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Fig. III, Soction of Ro.ilrond Bridge. 

FIGURE 16. A Moseley bridge with outside 
lateral bracing. 

piers and girders and stringers. Span is 100 
feet, depth is 10 feet and width is 18 feet." 

While there are many improper uses of 
terms in this description, the wooden structure 
referred to was carrying all pedestrian and ve
hicular traffic loads for some time. The arches 
were serving primarily as a railing. 

This version was different from all other 
known Moseley arches in terms of his method 
of providing lateral support to the arches. Pre
viously, with long spans, he used diagonal 
braces outside of the bridge as shown in Figure 
16. In the Upper Pacific Mills Bridge he had 
sidewalks on the outside of the arches, thus 
prohibiting his standard method of providing 
lateral support. He overcame this difficulty by 
cantilevering twin vertical pipe members off of 
triangularly shaped, iron cross beams in six lo
cations and tying these posts to the lower por
tion of the top arch members, thus stabilizing 
the arch (see Figure 17). 

Wooden beams, which rested on the top of 
the tension straps, supported the deck and 
sidewalk surfaces. In addition, the vertical 
straps were not riveted to the counterarches as 
called for in most descriptions. The counter
arches had drilled holes in them - apparently 
to connect with the suspenders but it appears 



that a fabrication error occured and the holes in 
the counterarches did not line up with those in 
the suspension straps. 

Moseley had tinkered with this bridge design 
for over seven years before he built in Lawrence. 
What he had in mind, or what he had experi
enced over time with his other bridges, is not 
known, so it is difficult to reconstruct this evolu
tion except by tracking his reports and observ
ing the bridge as built in 1864. The exact date 
that the wooden understructure was placed is 
not known, but many other Moseley bridges 
that were owned and maintained by the Essex 
Company were replaced in the 1920s. The 
bridge had been closed to vehicular traffic for 
many years and served only as a pedestrian 
bridge until the summer of 1989. 

The Collapse 
In the summer of 1989 the wooden understruc
ture of the bridge partially collapsed and caused 
the eastern arch to buckle at about the third 
point (see Figure 18). The owners of the bridge 
had begun the process of demolishing the 
bridge when the writer became aware of the 
situation. The owners were asked to donate the 
bridge since it was of great historic significance 
and should be preserved. They gave the author 
the bridge, but said that they could not assist in 
any way to move or preserve it. Also at that time 
the first of many small "miracles" occurred, 
since it so happened that the contractor who 
was demolishing the bridge was a former stu
dent of the author. The contractor helped move 
the bridge to the Merrimack College campus in 
short order. 

When it arrived on campus it did not look 
much like a bridge (see Figure 19). Over the 
next two years - with the help of the BSCES 
section of ASCE, many friends, companies, 
family members and students - the bridge 
was fully restored (see Figures 20 and 21) and 
ready to be moved back, it was hoped, to some 
location in Lawrence. 

After several attempts to persuade the city 
to help move the bridge back to North Canal, it 
was determined that while there was some in
terest there would be no support of any kind 
from the city. Working with civil engineering 
students, the author succeeded in getting per
mission of the Board of Trustees of Merrimack 
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FIGURE 17. The lateral bracing system on the 
Upper Pacific Mills Bridge. 

College to place the bridge on campus adjacent 
to the new Science and Engineering building. 
The bridge was moved across campus and 
placed on two new piers in April 1995. 

After the .bridge was in place, a reflecting 
pond was constructed under it. The usual case is 
that bridges go over bodies of water, not bodies 
of water under bridges, but that turned out to be 
the best way to handle this particular problem. 
The pond was completed in early fall and the 
project was dedicated on December 1, 1995. 

Moseley's bridge now carries pedestrian 
traffic across a beautiful pond (see Figure 22). 
Since it is located in a protected environment, it 
should last another 125 years serving the stu
dents and faculty of Merrimack College. This 
preservation and restoration project - that 
was accomplished with the help of many indi
viduals, associations and companies - is an 
example of what can be done without govern
ment money to preserve our engineering heri
tage. Moseley would be proud! 
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FIGURE 18. The Upper Pacific Mills Bridge after its collapse and during dismantling. 

FIGURE 19. The Upper Pacific Mills Bridge during its rehabilitation. 
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FIGURE 20. New end detail of steel for the bridge. 

FIGURE 21. Both arches completed in the rehabilitation process in 1991. 
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FIGURE 22. The bridge and pond at its new location at Merrimack College in 1995. 
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Design Considerations 

Finite Element 
Simulation of Guardrail 
Impact Using DYNA3D 

A comparison of the simulation 
results of software using the 
finite element method with data 
obtained by performing tension 
tests indicates that the model 
can anticipate the behavior of 
guardrails accurately. 

ALA TABIEI 

In the past decades the design of highway 
hardware under impact loads was per
formed experimentally through an itera

tive process - consisting of design, build, test, 
redesign and retest - until the product met 
certain criteria. In the last decade many com
puter programs based on the finite element 
method have been developed for impact prob
lems. One of the most comprehensive and suc
cessful programs is DYNA3D.1 Recent ad
vances in computer technology and the 
availability of inexpensive and efficient com
putational power have made it possible to 
tackle many current engineering problems nu
merically, thus permitting the refinement of 

railing designs by computer in preparation for 
the final physical crash test. 

The numerical implementation and applica
tion of constitutive models using the finite ele
ment method can be used to analyze real struc
tures and compare the results to physical tests. 
Using finite element analysis to simulate an im
pact phenomenon requires proper constitutive 
models for each material considered. The nec
essary parameters for the material model were 
obtained by performing tension tests of the 
guardrail material. · 

DYNA3D is used to simulate the full-scale im
pact tests of guardrails conducted at the Federal 
Outdoor Impact Laboratory (FOIL) in Maclean, 
Virginia. Figures 1 and 2 show the test set-up. This 
study presents the results of impact tests con
ducted onsteel guardrails and the corresponding 
computer simulation. A test fixture was built at 
FOIL for center impact of poles and wooden posts 
(see Figure 1). This fixture was redesigned and 
modified for studying guardrail impacts. 

A finite element model of the test fixture and 
the pendulum was developed. The model was 
used to simulate the impact of 850 kg (1900 lb) 
mass (pendulum) into a guardrail section. The 
weight of the pendulum was selected (as noted 
above) to reflect National Cooperative High
way Research Program (NCHRP) require
ments for small vehicle impact. 
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FIGURE 1. FOIL pendulum test fixture. 

The objectives of this study can be summa
rized: 

• Determine the feasibility of simulating 
full-scale impact tests of guardrails made 
of isotropic materials; and, 

• Identify the critical parameters governing 
a successful simulation of test fixture pen
dulum impact 

A numerical simulation was successfully per
formed and the finite element model captured 
the impact behavior of the guardrails tested. 

Finite Element Model 
The finite element model for DYNA3D was de
veloped using the preprocessor TruGrid as 
shown in Figure 3. The pendulum-fixture 
model consisted of: 

• 6,217 nodes; 
• 200 beam (truss) elements; 
• 3,615 shell elements; and, 
• 1,082 solid elements. 

40 CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 

Table 1 (on page 42) lists the pendulum-fixture 
model components, element type and material 
type used for each part. 

The finite element model consisted of a sin
gle post-supported guardrail section mounted 
on a blackout. The guardrail post assembly was 
housed in a box beam that was designed to 
hold steel as well as composite posts. Compos
ite posts were larger in dimension to hold the 
steel posts, and spacers were necessary around 
the posts. The spacers provided full support to 
the posts inside the box beam. 

The pendulum consisted of three compo
nents. The nose of the pendulum was made of 
wood and the body was made of concrete. Both 
were modeled by solid elements. The third 
component was the cable system that holds the 
pendulum that was modeled by beam (truss) 
elements. The truss elements that were used 
could resist tension only with no resistance to 
axial compression. Gravity was applied to the 
entire structure. 

Two types of contact surfaces were used in 
the finite element model. The two surfaces con-



FIGURE 2. Impact test in progress at a velocity of 35 kilometers per hour. 

Concrete Base 

Guardrail 
Fixture 

FIGURE 3. Finite element model of the pendulum test fixture, with its concrete base. 
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TABLE 1. 
Components of the Finite Element Model 

Component Element Type 

Front & Back Large I-Beam Shell 

Longitudinal Braces Shell 

Bottom Gussets Shell 

Vertical Braces Shell 

Post Holders (Box-Beam) Shell 

Top Plates Shell 

Cross Beam Shell 

Left and Right Cross Beams Shell 

Guard Rail Shell 

Post & Blackout Shell 

Wooden Spacers Solid 

Front Adjusting Plates Solid 

Side Adjusting Plates Solid 

Side Fixed Plates Solid 

Pendulum Head Solid 

Pendulum Solid 

Cables Beam 

sisted of a tied contact surface and a contact 
surface with friction. A set of assumptions were 
made in the development of the finite element 
model for the pendulum fixture: 

• Parts are joined by merging adjacent 
nodes. 

• Bolted joints are modeled by merging sev
eral nodes of the joined parts. 

Material Type 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic · 

Elastic-Plastic 

Rate Dependent Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic-Plastic 

Elastic 

• The cables that hold the pendulum are 
modeled by truss elements. 

• Tied contact surfaces are used in merging 
· parts with incompatible meshes. 

• Parts connected to the concrete base (ground) 
are assumed to be fully constrained. 

All material models used were elastic
plastic (Type 3) except the guardrail and the ca-

TABLE 2. 
Mechanical Properties of Materials Considered 

Material E (N/m2) V Et (N/m2) SIGy (N/m2) EPS Type 

Wood 11.5 E9 0.2 11.5 E6 50.0 E6 3 

Concrete 24.0 E9 0.15 24.0 E6 10.0 E6 3 

Steel (EP) 200.0 E9 0.33 200.0 E6 260.0 E6 3 

Steel (REP) 200.0 E9 0.33 (345-415) E6 0.0-0.66 24 

Notes: 
EP = Elastic Plastic EPS = Effective Plastic Strain E = Elastic Modulus Et = Tangent Modulus 
REP= Rate Dependent Elastic Plastic S!Gy = Yield Stress 
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FIG\]RE 4. Pendulum displacement of three 
tests. 

bles. The mechanical properties were obtained 
from published literature.2 The material model 
for the guardrail was a rate-dependent elastic
plastic material model (Type 24) and the corre
sponding mechanical properties were obtained 
by testing four specimens.3 The material model 
for the cable was an elastic material model 
(Type 1). Table 2 lists the mechanical properties 
for the material considered. Figure 3 shows the 
finite element model of the pendulum-fixture. 

Tests 
Three tests were conducted on a single rail sec
tion at FOIL. The pendulum was raised to a 
height of 4.82 meters, which yielded an impact 
velocity of 35 km/hr (21 mph). This velocity 
was selected to represent the velocity of a vehi
cle traveling at 100 km/hr (60 mph) and im
pacting a rail at a 20° angle. The pendulum was 
then released, allowing it to accelerate and im
pact the rail section at the midspan. Two accel
erometers were positioned at the center back of 
the pendulum. Accelerometer data were col
lected a few milliseconds before impact and 
data collection continued until the pendulum 
comes to rest. A speed trap instrument was po
sitioned just before impact to capture the speed 
of the pendulum at the moment of impact for 
verification. 

6 
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FIGURE 5. Pendulum velocity of three tests. 

As the pendulum hit the rail section and 
moved forward, it raised up due to the con
straints of the cables. At 140 milliseconds, the 
lower edge of front surface of the pendulum 
raised to the center line of the rail section. At 
approximately 200 milliseconds, the pendu
lum climbed the rail section and was no longer 
in contact with the rail. In all tests the upper 
edge of the rail sections tore. However, the 
bolts that mounted the rail section to the block
out did not fail. Because of the upward motion 
of the pendulum, the loading was no longer 
symmetric on the rail. Therefore, only 140 milli
seconds of the event were considered to be ap
propriate for the numerical simulation. The ac
celerometer output was filtered at 300 Hz. The 
filtered data were then imported to a spread
sheet. 

All numerical integrations were performed 
to obtain the corresponding velocity and dis
placements. Figures 4 and 5 show the displace
ment and the velocity, repectively, as functions 
of time of the three tests of the guardrail sec
tions. 

Simulation 
The DYNA3D finite element model was run on 
a personal computing workstation. Four nodes 
on the rear of the_ pendulum were used to col
lect kinematics variables (displacement, veloc-
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ity and acceleration). The postprocessor TAU
RUS was used to obtain the above variables. 
The time interval for the output of these vari
ables was the same as for the test data aquisi
tion. The locations of these nodes in the finite 
element model were identical to the positions 
of the accelerometers at the back of the pendu
lum. The kinematics results were filtered, at 
300 Hz, using the same filter used for the raw 
data from the impact tests. 

Figures 6 and 7 show plots of the impact 
event obtained from the postprocessor. These 
plots show the progressive impact events. The 
deformed shape of the rail in the finite element 
model simulation was identical to that of im
pact tests. The finite element model indicated 
that there would be a failure of a few elements 
at the center upper edge of the rail. The failure 
location in the model was the same as observed 
in the tests. The average displacement of the 
three impact tests is compared to the DYNA3D 
simulation in Figure 8 (on page 47). The aver
age velocity of the three tests and the velocity 
obtained from the simulation is shown in Fig
ure 9 ( on page 47). In general, the velocities and 
displacements obtained· from the simulation 
were identical to the ones obtained from im
pact tests, as in this case. A good indication of a 
successful simulation are the acceleration 
curves. Figures 10, 11 and 12 (on pages 47 and 
48) show the acceleration obtained from both 
the tests and the simulations for Tests #1, #2 and 
#3, respectively. 

Model Validation 
The objective of model validation is to repro
duce (numerically) the measured quantities or 
observed behavior of some realistic event. For 
the event to be validated, a set of guidelines are 
used that specifies the limits for each measur
able quantity to satisfy validation. The calcu
lated time-dependent parameters are compared 
using the same sampling rate of the measured 
parameters. The validation procedure used is 
qualitative and quantitative in nature. 

In this case, the qualitative validation was 
obtained by comparing the deformation of the 
components from a full-scale test and a simula
tion. They were in good agreement. The quanti
tative validation was obtained by comparing 
acceleration data, which also were in good 
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agreement (see Figures 10-12). Therefore, the fi
nite element simulation of the conducted test 
could be used as a substitute of full-scale im
pact for further studies. It is economically im
possible to perform full-scale field testing on a 
wide range of parameters. Therefore, impact 
simulation utilizing nonlinear finite element 
analysis can be used as an effective tool in de
signing and evaluating guardrail systems. 

Discussion & Conclusion 
One of the objectives of this investigation was 
to determine the feasibility of using numerical 
methods to predict the behavior of real struc
tures under impact loads. The finite element 
numerical simulation was successfully per
formed. The finite element model captured the 
impact characteristics of the guardrails used in 
this study. The deformed shapes of the guard
rails in the simulation and the tests were identi
cal. The elastic plastic rate-dependent material 
model is appropriate for predicting the impact 
behavior of such structural systems. As a re
sult, it can be concluded that numerical simula
tion can be used as a supplementary tool for the 
evaluation and design of highway structures 
that meet the safety requirements of NCHRP 
Reports 230 and 350.4 

The first peak in the acceleration curves is an 
indication of the inertial load and of the stiff
ness of the guardrail. The variation in the mag
n.itude of the first peak is not clearly under
stood. This variation is believed to be due to 
material imperfection and the friction between 
the guardrail and the blockouts since each side 
of a guardrail section is connected to a blockout 
with a bolt that may slide in a slot cut in the rail. 
Once a guardrail bends, a significant reduction 
in the stiffness of the rail occurs. As the pendu
lum penetrates the rail further, the posts and 
the blockouts start to deform. The deformation 
is a combination of inward bending and twist
ing. 

In a complete guardrail system (where there 
are an infinite number of guardrail sections), 
the stiffness is mainly governed by the tension 
in the rail section. From the impact simulation 
of the pendulum-fixture with a single rail sec
tion, it was observed that the posts twist signifi
cantly. A guardrail section connected to many 
sections (from the left and right) upon impact 
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FIGURE 6. A front view of the progressive impact simulation. 
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FIGURE 7. A back view of the progressive impact simulation. 
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FIGURE 8. Average displacement of the three 
tests and the simulation predictions. 

will cause less twist in the posts. Most of the ki
netic energy in the case of infinite sections is ab
sorbed by axial tension in the guardrail sec
tions since most of the deformations are linear 
elastic. 

Full-scale tests must be conducted very 
close to the actual service conditions of the 
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FIGURE 9. Average velocity of the three tests 
and the simulation predictions. 

guardrails. Therefore, it is essential that multi
ple sections be tested and numerically simu
lated in the future to reduce any unrealistic 
twist and deformation in the posts. Having 
done that, a parametric study can be conducted 
numerically to optimize for the design parame
ters. 

..... Test #2 
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FIGURE 10. Pendulum acceleration of Test #1 FIGURE 11. Pendulum acceleration of Test #2 
and the simulation prediction. and the simulation prediction. 
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NOTES - The experiments described herein were 
actually used to verify DYNA3D's ability to model 
and predict the behavior of a guardrail's perform
ance through the simulation of controlled physical 
tests. Therefore, the physical tests described are not 
crash tests in accordance with NCHRP 230 and 
350. This article was based on work supported by the 
Federal Highway Adminstration (FHWA) under a 
graduate research fellowship grant. Any opinions, 
findings and conclusions or recommendations ex-

48 CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 

pressed in this publication are those of the author 
and do not necessarily reflect the views of the 
FHWA. 
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Design Study 

An Innovative Bulk 
Barge Fender System 

The extent, layout and 
connection method make 
the use of a fender system 
composed of used tires an 
economical as well as 
an inventive engineering 
solution. 

CHARLES B. SCOTT & STEVE JOHNIS 

The Massachusetts Water Resources 
Authority (MWRA) is constructing a $3 
billion wastewater treatment facility on 

Deer Island in Boston Harbor. This construc
tion project - as well as several related con
struction projects in the Boston Harbor area -
is known as the "Boston Harbor Project." In or
der to provide adequate access to the Deer Is
land construction site and to reduce passenger 
vehicle and heavy truck traffic on narrow 
streets on the land route through the town of 
Winthrop, the MWRA began construction of a 
marine terminal on Deer Island in June 1988 
(see Figure 1). This facility has been in service 
since May 1990. 

The terminal site is on the west side of Deer 
Island (which is actually a peninsula) near its 
southern tip. The marine terminal is com-

prised of a 300-foot-long passenger ferry 
dock, two roll-on/roll-off (RO/RO) truck 
barge docks and a 900-foot-long bulk barge 
dock that is divided into three berths to ac
commodate three barges at a time (see Figure 
2). This marine terminal is used on a daily ba
sis by up to 1,500 construction workers com
muting to and from the island at the ferry 
dock, four barges at the RO /RO dock and up 
to six 3,000-ton bulk barges carrying large 
equipment, armor stone, structural fill, exca
vate, aggregate, cement powder, precast con
crete, sanitary sludge and sodium hypochlo
rite at the bulk barge dock. 

Prior to the start of the marine terminal, en
gineering studies were prepared that evalu
ated the natural conditions at the proposed ter
minal site and the various types of activities, 
construction equipment and marine vessels the 
terminal would be designed to accommodate. 
Boston Harbor has an average tidal range of 9 .5 
feet. The longest open fetch is 3 miles to the 
southwest. During the winter, strong winds 
from the northwest blowing for several days at 
25 to 45 knots commonly occur once or twice a 
month. The region's most severe storms gener
ally produce easterly to northeasterly winds 
for three or more days. These "Northeasters" 
occur on average once or twice a year. 

The terminal site is protected by the island 
from direct exposure to open ocean waves gen
erated by the Northeasters, but long period 
swells up to approximately 6 feet diffract 
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FIGURE 1. Location of the project on Deer Island. 

around the southerly tip of Deer Island and 
travel parallel to the bulkhead barge dock. 
Waves of this magnitude were observed during 
the No-Name storm of October 1991. Winds 
from the northwest have been observed to gen
erate short period waves up to approximately 4 
feet. Marine terminal operations at Deer Island 
are cancelled when wave heights are in the vi
cinity of 2.5 feet or higher, which occurs ap
proximately five days per year (based on the 
experience over the last six years). 

Bulk Barge Dock . 
The original fender system (see Figure 3) had to 
be replaced since it was prone to several types 
of failure. The decision was made to com-
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pletely remove the bulk barge dock fender sys
tem and replace it with a new system of recy
cled heavy rubber tires. While tires have been 
used for countless makeshift fenders, the ex
tent, layout and simple but effective method of 
connecting the tires ( and their service life) are 
what make this used tire fender system "inno
vative." The bulk barge dock provides 18 feet of 
water depth at mean low water and the dis
tance from the top of the bulkhead to the design 
mud line is 36 feet. The bulkhead is made up of 
PZ-40 steel sheeting with a 7.5-foot reinforced 
concrete cap beam. The cap beam overhangs 

. the sheeting by approximately 4 inches at the 
bulkhead face. The bulkhead has a backup 
wale that is tied-back by tension rods through 



'•,•.' !· \" 

·· .... 

... ,,'''"'''-cc,.'\,,__ 

:--i--~- RO/RO Truck Barge Dock 

\W_ 
Personnel Ferry Dock 

FIGURE 2. The marine terminal at Deer Island. 

sleeves in a pile-supported relieving platform 
deck to batter piles. 
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The fender system was constructed as part 
of the original marine terminal construction 

FIGURE 3. The orginal fender system installed at berth #3. 
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project. The original fender design was an ar
rangement of steel framed panels with oak 
studs facing on SO-foot centers with 35 feet be
tween panels (see Figures 3 and 4). Each panel 
measured approximately 18 feet vertically and 
15 feet laterally and was supported by four 
slotted hinges (see Figure 5). Monel hinge pins 
(each 12 inches long by 1.875 inches in diame
ter) slid in the slots. These hinge pins were held 
in place by the pin flange at one end and a mo
nel washer and cotter pin at the other end. The 
slots allowed each panel to move up to 7 inches 
along the bulkhead against the resistance of 
sixteen rubber fender blocks, each 12 by 12 by 
12 inches with a 5-inch cylindrical hollow core 
held in position between the fender panels and 
the bulkhead by clips. The design basis of the 
panels provided for direct load and assumed 
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Note: Mean low Water = 100.8 

that while barges . were docking they would 
move very little laterally along the bulkhead. 
The design also assumed that the fore and aft 
axes of the barge would be less than 10 degrees 
from parallel to the bulkhead. The hinges were, 
therefore, not designed to tolerate significant 
lateral loads. 

After the marine terminal construction had 
been completed, bulk barge berth #3, which is 
300 feet in length at the northernmost end of 
the bulk barge dock (see Figure 2), was desig
nated by the MWRA's Sewerage Division for 
use in exporting liquid sludge and importing 
liquid sodium hypochlorite. Because of the 
very low freeboard of these bulk liquid barges, 
there was concern that a barge might hang up 
under the fender panels at extreme low water. 
Therefore, in 1991, treated wood fender piles 
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FIGURE 5. A view of a fender panel showing the hinge set-up. 

with walers backed up by rubber fender blocks 
against the concrete cap beam were installed at 
a cost of $1,600 per linear foot. 

After several months of operation of the 
bulk barge dock berths #1 and #2, two prob
lems became apparent. The monel cotter pins 
were being sheared off and the monel pins be
gan backing out, causing several panels to fall 
off. Serious concerns were raised regarding po
tential injury to barge workers being struck by 

a falling fender panel. The problem was be
lieved to result from the vertical and horizontal 
barge action against the fender panels due to 
wave action. A second problem was that lateral 
impact loads from the barges were striking the 
vertical edge of the panels and knocking the 
panels off (which occurred on at least three oc
casions). 

Considerable discussions on these problems 
among the project management led to the deci-

CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 53 



sion to immediately remove the fender panels 
to prevent a serious injury caused by a falling 
panel. Without any fender protection, damage 
to both the bulkhead and to the barges was, as 
could be expected, intolerable. Temporary 
fenders of large used tires were hung at berths 
#1 and #2 in order to prevent further damage to 
the dock's cap beam and to the vessels using 
the facility. The temporary tire fenders were 
hung with steel cable to existing bollards that 
were set back from the edge of the dock. 

While the temporary fenders provided 
some protection to the dock, there were not 
enough bollards to hang tires from and the 
multiple cables strung along the cap beam 
posed a tripping hazard to personnel working 
near the edge · of the dock. The cables also 
caused damage to the bulkhead by cutting into 
the concrete cap beam and gaps in the tempo
rary fendering arrangement also exposed the 
bulkhead and vessels to damage. 

For additional fender protection, a floating 
foam-filled steel cylindrical camel onto which 
tires were threaded was used. The camel pre
vented direct barge impact to the steel sheeting, 
especially at low tide, but there was concern 
that the rubbing of the camel against the sheet
ing would accelerate the corrosion rate of the 
sheeting by continually wearing off the oxide 
layer that formed on this uncoated surface. 

In late 1992, Boston Harbor Project manage
ment became very concerned about the effects 
that the problems at the bulkhead pier were 
having on the Deer Island treatment plant con
struction. It was decided that "in-house" engi
neers would study the problem and make rec
ommendations to management on resolution 
of the problem. The "in-house" engineers went 
on to provide the detailed design and specifica
tions for the recommended fix. 

A number of alternatives were considered to 
provide adequate long-term protection to the 
bulk barge dock: 

• Reinstall the original fender panels and 
add additional fender panels of the same 
design to reduce the spacing between 
panels. 

• Install a wood pile system similar to what 
.had been installed at the northerly end of 
the barge dock. 
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• Install a system of commercially available 
hollow rubber cylinders. 

• Install a system composed of used heavy 
rubber tires. 

Several criteria were established to evaluate 
these alternatives. The chosen system should: 

• Provide adequate protection to both the 
bulkhead and the vessels under reason
able docking maneuvers; 

• Resist damage to fenders from normal, 
lateral and vertical loads to the bulkhead 
that were presently being applied by the 
barges and vessels that use the facility; 

• Have an estimated life expectancy of at 
least 10 years (the Boston Harbor clean-up 
project is expected to be completed by ap
proximately the year 2000); 

• Have a minimal maintenance cost; 
• Have a low capital cost; and, 
• Be relatively easy to repair. 

Engineering & Evaluation 
of the Design Alternatives 
Reinstall the Original Fender Panels. The alterna
tive to reinstall the original fender panels and 
to add more panels focused on issues of the 
spacing between the piles and proper use of the 
facility by the tug boat operators. On several 
occasions, it was considered that poor docking 
maneuvers may have contributed to some of 
the damage to the fender panels and to the cap 
beam. Since any fender system has operational 
limits beyond which damage to the fenders 
and/ or to the dock can be expected, project 
management recognized that better control of 
the usage of the facility had to be achieved re
gardless of the fender system selected. How
ever, the fender system design must not place 
unreasonable operating limits on the usage of 
the facility in order to prevent damage. 

After a number of discussions over a lengthy 
period, it was decided that the problem with 
the shearing of the cotter pins could be solved 
by welding the washers to the monel pins but 
that adding an additional panel between each 
of the original panels would still leave gaps 
that would subject the panels to side impact 
loads even when the facility was used in a rea
sonably controlled manner. The decision was 
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made, therefore, not to reinstall the panels and 
eliminate this alternative from further consid
eration. 

Install a Wood Pile System. The use of wood 
fender piles is a common method of providing 
protection to both dock facilities and vessels. 
This method of bulkhead protection was se
lected as a replacement fender system for barge 
berth #3 shortly after work on the Boston Har
bor Project started (see Figure 6). After the com
pletion of the terminal facility construction, 
berth #3 was designated to be used solely by 
sludge and sodium hypochlorite barges. Be
cause of the very low barge freeboard of these 
loaded barges, there was concern that at low 
tides these barges would hang-up underneath 
the originally designed fender panels. The de
cision to replace the fenders at berth #3 was 
made before the lateral impact load problem 
became readily apparent. 

Delall 
Bracket 

The advantage of the wood pile system was 
that it was a proven design that worked rea
sonably well. A major disadvantage was that 
the pilings would be somewhat susceptible to 
damage by impact loads (several piles were 
broken during the first several months after 
construction). Additional permits were also re
quired prior to installation, and the system 
proved to be more expensive to install and re
pair than other evaluated alternatives. After 
approximately three years of operation, berth 
#3 continues to provide good service but at a 
much lower level of activity and under much 
less severe docking conditions than at berths #1 
and #2, which are used for construction sup
port barges. 

The cost evaluation of the wood pile fender 
system was very straightforward since recent 
detailed cost information for a similar design 
was available for berth #3. On a proportionate 
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FIGURE 7. The hollow rubber cylinder fender system. 

basis, the evaluated cost to construct 639 feet of 
treated wood fender pile system for berths #1 
and #2 was estimated at $1,022,400. 

Hollow Rubber Cylinders. A fender system co
posed of commercially available hollow rubber 
cylinders was evaluated. The conceptual de
sign for the cylinders was a repeating pattern of 
three concentric arcs arranged with 5-foot spac
ing between the arcs. The arcs were formed by 
hanging the rubber cylinders from galvanized 
chains fixed at both ends of each cylinder arc at 
the top of the cap beam (see Figure 7). The out
side arc was designed to extend down to the 
mean low water line. 

This type of hollow rubber cylinder fender 
system limited the engineering and design re
quired since adequate technical properties and 
information were readily available from the 
manufacturers of the cylinder fenders. The 
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method used to select the kinetic energy (KE) to 
be absorbed by this fender system ( and also the 
used tire system) was based on a 3,000-ton 
barge docking at a IO-degree angle while trav
elling at 1.5 knots. The results indicated that a 
15- by 7.5-inch core rubber cylinder would ab
sorb the calculated energy along a 15- to 20-foot 
pier contact length while deflecting between 6 
to 7.5 inches. The chain selected to support the 
cylinders was 0.625-inch diameter hot-dipped 
galvanized chain. The link dimensions for this 
chain were approximately 2.125 inches wide by 
4.5 inches long. This chain was selected for both 
rubber cylinder and the used tire systems. 

To prevent accelerated corrosion of the 
sheeting with this alternative, and to allow the 
barges to slide along against the fenders paral
lel to the sheeting, it was decided that heavy 
channels should be welded to the sheeting at 



two elevations across the entire 600-foot length 
of berths #1 and #2. These channels were not ex
pected to provide total protection to the sheet
ing from contact with the compressed fender 
but would significantly lessen the contact. The 
channels were also selected to spread barge im
pact loads to the sheeting and prevent direct 
sudden impact loads to the flute recess espe
cially during docking at low tidal levels. 

Because of the relatively low bearing area of 
the rubber cylinders with respect to the channel 
(especially with a low freeboard barge at low 
tide), the wear of the cylinders was a concern. 
However, a more economical substitute 
method was not identified. 

With the large tidal range in Boston Harbor, 
the problem of welding of the channels to the 
sheeting was considered. Because the sheeting 
is not in a perfect straight line along the bulk
head, shim plates would have to be welded to 
the sheeting before the channels could be at
tached. The cost of installing these parallel 
channels was, therefore, a major cost factor for 
this system and the tire fender system alterna
tive. Despite the cost, it was important that this 
protection be provided to the sheeting. The es
timated cost for this alternative was $483,640. 

Heavy Rubber Tires. The idea to construct a 
fender system from used tires (which would 
provide protection similar to commercial rub
ber cylinder fenders) was derived from the 
makeshift use of tires to provide temporary 
protection to the bulkhead and vessels. The 
temporary fenders were made from very large 
construction equipment tires. These tires were 
found to work well but were not extensive 
enough, especially at low tidal elevations, to 
provide adequate protection to the bulkhead 
and barges. In addition, the cables used to sup
port the tires caused a personnel tripping haz
ard and created excessive damage to the cap 
beam. The cables cut deep gashes in the con
crete cap beam, exposing the reinforcing steel 
in several places. If used construction tires 
were to be used for the permanent fenders, the 
design would have to provide adequate protec
tion for both berths #1 and #2 at all tidal eleva
tions and the support design would have to 
eliminate cap beam damage and the tripping 
hazard. There were also questions regarding 
being able to obtain a large number of suitable 

used tires that have nearly the same diameter 
and tread width. Having geometric similarity 
would allow the fender design to be a regular 
array. The conceptual design would have to be 
assured to resist damage and be relatively easy 
to repair and also provide capital cost benefits 
over the alternative fender systems. 

The availability issue was the first question 
to be answered in the determination of the fea
sibility of the used tire fender system. An initial 
estimate of number of tires that would be 
needed for the fender system was three hun
dred tires, each 5 feet in diameter. This estimate 
was based on a conceptual fender design that 
would cover the entire bulkhead of berths #1 
and #2 with tires from the cap beam to the low 
water elevation. Such a layout would provide 
adequate protection to the bulkhead and the 
unloaded or loaded barges, with low freeboard 
for the full tidal range. The arrangement would 
be a single layer of tires laying flat against the 
bulkhead in a continuous array with each tire 
in contact at the tread with adjoining tires (see 
Figures 8 and 9). 

A number of calls were made to local con
tractors and tire dealers to determine if it 
would be possible to obtain enough suitable 
used tires. While some tires were available 
from these sources, it quickly became apparent 
that this dose-to-the-source approach would 
not provide the number of tires this concept 
would require. The contacts did, however, 
identify a regional tire recycler that could pos
sibly provide the tires. Discussions with the re
cycler confirmed that required 5-foot diameter 
tires with tread widths from 20 to 24 inches 
were common and could be provided at rea
sonable cost in the quantity required. 

The tripping hazard and cable damage to 
the cap beam problems were addressed in this 
concept by heavy steel mounting plates. The 
mounting plates would be bent in the middle at 
right angles and mounted on the edge of the 
cap beam with half the plate on top of the cap 
beam and the other half extending down the 
face of the cap beam (see Figure 10). Specially 
designed anchors grouted in the top and face of 
the cap beam would secure the plate to the cap 
beam. A steel half ring welded to the top of the 
plate near the bend line would provide the at
tachment point for the fenders. A mounting 
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FIGURE 8. The used tire fender system. 

plate would be provided for each vertical row 
of tires. This arrangement would eliminate the 
problem of the cap beam being damaged by the 
fender support since the mounting plates 
would protect the edge of the cap beam. The 
mounting ring would be positioned at the edge 
of the cap beam to eliminate the tripping haz
ard. 

The conceptual design for the used tire sys
tem assumed the same barge weight, velocity, 
pier contact length, docking angle and deflec
tion range as was used for the hollow rubber 
tube system. Since no energy absorption char
acteristics are available for used construction 
tires, a typical tire was analyzed to provide this 
information. The analysis indicated that this 
size and type of tire would provide suitable en
ergy absorption characteristics. 
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The problem of tires wearing-off the protec
tive oxide layer from the sheeting would be the 
same as described above for the cylindrical 
fender system. Two horizontal steel channels 
with 4-inch flanges were designed to prevent 
this problem and to provide a flat contact sur
face and flush bearing face with the concrete 
cap beam against which the tires could slide 
under barge lateral loads. 

On the basis of the conceptual design, a cost 
estimate was prepared. It was estimated that 
the total installed cost for this system would be 
$412,840. 

System Selection 
The decision to select one of the alternative sys
tems was made primarily on the basis of cost 
since all three alternatives were considered 



FIGURE 9. A used tire fender mat. 

technically acceptable. It was, however, 
thought that the used tire alternative would be 
less likely to be damaged by construction usage 
than the wood pile system. It was also believed 
that the used tire system would provide more 
complete protection of the bulkhead than the 
cylindrical fenders. It was also apparent that 
since the used tires were constructed with rein
forced rubber, longer life could be expected 
compared to the non-reinforced commercial 
cylinders. However, there was some technical 
opposition to this alternative because no expe
rience could be provided for this design con
cept. 

The cost estimates were developed for the 
hollow cylinder and used tire alternatives and 
were compared with the adjusted bid cost for 
the wood pile alternative, which was based on 
the bid price for the timber pile fender system 
used for berth #3. The costs are provided for 
comparison purposes since construction access 
to Deer Island is limited to scheduled barge 
and personnel transportation service (which 
tends to increase construction costs). The result 
was that the estimated cost for the used tire op-

tion was $70,800 less than the cylindrical fend
ers and $600,000 less than the wood pile fend
ers. This cost advantage was substantial 
enough to overcome the objections concerning 
the lack of experience for this design approach. 
(It should be noted that much of the design for 
the used tire and cylinical fenders is the same 
and that the cost savings in favor of the recy
cled tire fenders is due to the cost difference in 
the purchase cost of the fenders.) 

Engineering & Design of the 
Selected System 
The design of the used tire fender system can be 
broken down into the following components: 

• Used tire specifications and arrangement; 
• Anchor plates; 
• Vertical chain supports; 
• Horizontal chain tire ties; and, 
• Horizontal steel channels. 

A good arrangement of the tire fenders was 
needed to protect both berths #1 and #2 from 
the top of the cap beam down to approximately 
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FIGURE 10. The anchor plate design for the used tire fender system. 

mean low water. A second requirement was 
that the fenders be easily installed and main
tained. In the conceptual design, the tires were 
assumed to be arranged in three parallel con
tinuous horizontal rows extending the length 
of berths #1 and #2. This arrangement was 
modified slightly during detailed design into 
fender "mats" with each mat comprised of an 
array of four tires in each horizontal row and 
three rows vertically (see Figure 9). The specifi
cation required 5-foot diameter tires but 
slightly smaller tires were also allowed with 
the addition of heavy rubber spacers to make
up the difference. The mat dimensions were 
controlled by these adjustments to a uniform 20 
feet horizontally by 15 feet vertically. 

The used tires weighed approximately 350 
pounds each and the fender mats totalled 
about 2.25 tons. A 5-foot horizontal space be
tween mats was left to allow ladders to be 
placed as needed (required by OSHA) and to 
provide room for the horizontal movement of 
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each mat. The 5-foot gaps between mats were 
not thought to significantly expose the bulk
head to barge impacts. If experience did, how
ever, show that the gaps needed to be pro
tected, it would be possible to add tires into the 
gaps and support them from the anchor plates 
on the cap beam and also secure them to the ad
jacent mats. The arrangement of the tires into 
mats allowed preassembly at the manufactur-, 
er's shop. 

Since the rubber in the used tires varied, re
quirements were controlled by specifying a 
minimum of 0.25-inch depth of remaining 
tread for the selected tires. This criterion would 
provide approximately 1.5 inches minimum to
tal rubber thickness through the tire at the 
tread. Tires specified were 20.5 by 25 inches 
minimum to 23.5 by 25 inches maximum. No 
material property or load energy data were 
available for the used tires. All values were cal
culated. The analyzed load/ energy deflection 
values were close per linear foot to those for the 



15- by 7.5-inch core cylindrical fender system 
for the spacing arrangement selected. In order 
to calculate the KE on the dock, the barge ton
nage was increased to reflect the displacement 
(dead weight) tonnage. Using a barge forward 
velocity of 1.5 knots, the velocity normal to the 
dock was calculated using a 15-degree angle. 
Also, the hydraulic effect of the water mass 
moving with the barge (which increases the en- · 
ergy of the barge) was included in the calcula
tions. This approach is a common method used 
by the manufacturers of marine fender sys
tems. The calculated KE on the pier due to the 
design docking approach was 40,290 foot 
pounds. 

Maximum loading parallel to the pier was 
calculated to be approximately 27,000 pounds 
per chain. This value was used to determine the 
chain size to be used for the fender system. 
Hot-dipped galvanized 0.625-inch diameter 
long link, 95 ksi minimum yield alloy steel 
chain was selected. The long links of chain al
lowed direct bolting of chain to chain using 
0.75-inch diameter high-strength hot-dipped 
galvanized bolts to assemble the tires into 
mats. The mats could then be easily handled at 
the shop and at the construction site by a small 
crane with a spreader bar. 

The ability of the fender mats to absorb im
pact loads from a loaded barge was validated 
by an engineering analysis. The original basis 
of design indicated the cap beam capable of re
sisting the 3,000-ton barge docking loads. Cal
culations confirmed that 18-inch channels 
could adequately distribute the fender loads to 
the sheeting. 

The anchor plates were designed to resist 
horizontal loads from barges impacting the 
bulkhead with lateral motion, causing the 
fenders to slide laterally and producing lateral 
loads on the anchor plate. The lateral design 
load used for each anchor plate dowel (includ
ing a minimum safety factor of 1.5) was 42,000 
pounds. 

. The anchor plates also must resist the verti
cal dead weight of the fenders and the down 
loads of the barges rising and falling with the 
tide (as well as with swells) while rubbing 
against the fenders. An anchor plate is pro
vided for each vertical row, and is designed to 
take the worst-case loads generated by one ver-

tical row of tires in the fender mat. Based on a 
3,000-ton, 300-foot-long barge pressing equally 
against the fenders along its length and sliding 
down against the mats, the vertical load calcu
lated was 27,500 pounds per anchor plate. 

Given the lateral and vertical anchor loads 
on the anchor plates, it was decided to attach 
the anchor plates to the cap beam with anchors 
grouted to the cap beam and welded to the an
chor plate. Each anchor plate was designed to 
be fixed by one anchor placed vertically into 
the top of the cap beam and one anchor placed 
horizontally into the vertical face of the cap 
beam. The anchors used are 25-inch diameter 
double extra-strong steel pipe 18 inches long 
(see Figure 10). 

The anchor plate was also designed to pro
tect the cap beam from wear from the chain 
rubbing and sliding on top of it. In order to pre
vent such wear, the anchor plate is bent at right 
angles to conform to the edge of the cap beam 
and extends 22 inches down the face of the cap 
beam and 22 inches back from the edge on top 
of the cap beam. The anchor plate is 20 inches in 
length along the cap beam. An anchor plate of 
this size provides ample protection to the cap 
beam even when the support chains swing due 
to lateral fender movement during docking. 

In order to provide adequate distribution of 
forces from the mounting ring through the 
plate to the dowel anchors, the anchor plate is 
constructed of 0.75-inch-thick hot-dipped gal
vanized steel. The plates are bedded on the top 
and face of the cap beam in a non-shrink grout 
to provide a firm load transfer base. 

One of the most important design consid
erations of this project was the method con
necting the tires to the vertical support chain. In 
order to reduce loads on the tire attachments to 
the vertical chain, the chain is continuous verti
cally through the tires. Vertical loads on each 
tire are, therefore, transferred to the support 
chain and not to next tire above. Each tire is at
tached at the top and bottom to the vertical 
chain by short lengths of chain wrapped 
around both tire beads through holes cut in the 
side walls and bolted to the support chain. 
These multiple attachment points to the tires 
distribute the loads on the tires and utilize the 
tire bead (the most heavily reinforced part of 
the tire). In order to prevent damage to barges 
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FIGURE 11. The channel plate for the used tire fender system. 

and to the bulkhead sheeting, the tire beads 
were compressed together during assembly to 
keep the connecting chain and bolts as short as 
possible in order to prevent chain contact with 
the barge hulls or the sheeting. This connection 
design was selected after several other proto
type connection types were tried using metal 
clips or long bolts. 

The horizontal connections between tires is 
similar to the vertical chain support except that 
the horizontal chains are not continuous hori
zontally across the fender mat. This design al
lows the mat to stretch when subjected to the 
lateral loads that might be expected during 
docking. This stretching reduces peak lateral 
loads on the vertical chain supports and anchor 
plates and absorbs docking energy. 

The horizontal channels slow down the con
tinual wearing away of the protective oxide 
coating on the sheeting. They also spread the 
load from the docking impact across the sheet
ing in order to prevent local impact damage to 
the sheeting. The selection· of the size of the 
channel was also based on the fact that the 
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width of the channel would have to provide an 
acceptable bearing area with the tires as well as 
structurally distributing loads to the dock's 
sheet piling system. An MC18x42.7 channel 
was selected as sufficient to spread the impact 
loads (see Figure 11). Because of the irregular
ity of the face of the sheeting and the locations 
of the channels in the tidal zone, the welding of 
the channels to the sheeting was the most diffi
cult aspect of the construction of the fender sys
tem. Much of the attachment welding for the 
lower channel was done under water. 

The minimum useful life required for this 
fender system was ten years, based on the time 
needed to finish the construction of the waste
water treatment plant at Deer Island. Even 
though tires have a very long aging life expec
tancy, the demanding conditions at the barge 
dock caused some concern and a monitoring 
program was established. Thus far, monitor
ing of the fender system has detected minimal 
wear. It was expected that occasional acciden
tal damage would occur that would have to be 
repaired. In fact, the fender system has suf-



FIGURE 12. The used tire fender system at berth #2, with a docked barge. 

fered some damage to date, but not from dock
ing causes. The primary determinant for the 
life expectancy of the fender system is the cor
rosion resistance of the chains and bolts (neces
sitating hot-dipped galvanization). 

Operational Experience 
The tire fender system has been in operation 
since 1994 with minimal damage to date 
caused by any of the barge operations (see Fig
ure 12). The most significant damage to the 
fenders was caused by a large hydraulic exca
vator that ripped up several anchor plates 
while removing excavate from the top of the 
cap beam. This damage is considered to be 
caused by misuse. The remaining anchor plates 
in the damaged mat held the mat in place and 
continued to funtion. All loads were trans
ferred to the remaining anchor plates by the 
horizontal tie chains. 

A questionnaire was drawn up and given to 
tug boat captains using the facility in order to 
evaluate its performance. Five captains re-

sponded to the questionnaire. They had an av
erage of five years of experience each as tug 
boat operators. Their opinions were unani
mously supportive of the tire fender system 
and they all felt that the system worked well in 
protecting the vessels and the facility. If given a 
say in choosing fender systems, they would 
choose it over a wood pile system. 

Summary 
Used tires have several inherent engineering 
properties that can be used to advantage for 
marine fendering. These beneficial properties 
include: 

• The resilience and toughness of the rub
ber; and, 

• The tensile strength of the steel or syn
thetic fabric reinforced sidewall, tread ar
eas and beads that assist in resisting large 
tensile forces. 

In fact, the reinforcement in the used tires 

CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 63 



makes them superior in many cases to new rub
ber products that do not have any reinforce
ment. The unique aspect of this project was the 
use of simple but effective tire arrangements 
and connections to take maximum advantage 
of all these used tire properties. 

The used tire design selected in this project 
provided an inexpensive, low-maintenance
cost fender system that provides excellent pro
tection to both vessels and the facility. These 
savings in installation and maintenance costs 
benefit the MWRA's rate payers and reflect its 
continuing efforts to provide quality service at 
the lowest cost. Additional benefits that were 
derived from using the used tire design in
clude: 

• A useful second-life recycling option for 
normally discarded used tires; and, 

• The elimination of additional permitting 
requirements that would have been re
quired for systems that required addi
tional piles. 

In several respects, a lack of basic engineer
ing data on the properties of the used tires lim-
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its the ability of the engineer in evaluating their 
full potential. For this reason, further tests are 
being conducted on used tires that will provide 
additional information. 
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Design Considerations 

Prediction of Excavation 
Performance in Clays 

Recent progress in using finite 
element analyses to predict 
the performance of braced 
excavations in clays 
incorporates a generalized 
effective stress soil model to 
describe important aspects of 
clay behavior. 

ANDREW J. WHITTLE 

Finite element analyses were first applied 
to braced excavations by Clough et al., 1 

as well as by Christian and Wong, 2 and 
have now gained widespread acceptance 
through their capability to model complex con
struction sequences, and to incorporate de-· 
tailed site-specific properties of the structural 
system and surrounding soils. 

In principle, the finite element (FE) method 
offers a comprehensive tool for analyzing the 
multiple facets of excavation performance 
ranging from wall and support system design, 
to predicting ground movements and the ef
fects of construction activities such as dewater
ing, ground improvement, etc. Reliable predic
tions of ground movements around deep 
excavations are particularly important for deep 
excavations in urban environments since they 

are needed to assess the potential for damage to 
adjacent structures. 

Although finite element analyses are now 
widely used in practice (see Table 1), most of 
the reported comparisons between computed 
soil deformations and measured data represent 
back analyses of performance rather than pre
dictions. In these cases, input parameters for 
the analyses are calibrated against the meas
ured data using parametric studies based ei
ther on engineering judgment or simplified 
theories. Furthermore, while most authors 
achieve reasonable matching between com
puted and measured wall movements, they are 
rarely able to simulate the measured settle
ments. Uncertainties in the selection of engi
neering properties (strength, stiffness, flow 
and consolidation) are generally cited as the 
major sources of inaccuracy in numerical pre
dictions of ground deformations. In practice, 
these uncertainties arise from two sources: 

• Inadequate laboratory and field charac
terization of relevant engineering proper
ties; and, 

• Approximate representations of constitutive 
behavior used in the finite element model. 

Table 1 summarizes some of the characteris
tic features of finite element programs that 
have been applied in the analysis of braced ex
cavations. Significant advances in these analy
ses have been achieved using: 
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TABLE 1. 
Finite Element Software Programs for Excavation Analysis 

Program Type* Solution** Geometry Soil Model*** Reference Institution 

SOILSTRUCT Displacement Initial Stress 2-D HYP 3,4 US Practice 

STRUPL-2 Displacement ? 2-D E-P 5 Univ. of 
Milan 

ADINA/f Displacement Newton-R 3-D E-P 6 EPFL, 
Lausanne 

ROSALIE Coupled D-F ? 2-D 8-S 7 LCPC, Paris 

ICFEP Coupled D-F Initial Stress 2-D E-P 8 Imperial 
College 

FLACl Coupled D-F Explicit 3-D E-P, MCC 9, 10 UK Practice 

CRISP Coupled D-F Initial Stress 2-D MCC 11 Cambridge 
Univ. 

GNOME Total Newton-R 3-D 8-S 12 Cornell Univ. 

PLAXIS Coupled D-F Initial Stiffness 3-D E-P 13 Delft Univ. 

DIGDIRT Coupled D-F Newton-R 3-D MCC & Creep 14 Stanford 
Univ. 

JFEST Coupled D-F Newton-R 2-D HYP, MCC, 8-S 15 Northwestern 
Univ. 

ABAQUS Coupled D-F . Newton-R 3-D E-P, MCC, 16 MIT 
MIT-E3 

Notes: 
'Type: Displacement: displacement-based finite element analysis, does not model groundwater flow 

Coupled D-F: solves deformation & flow, can simulate partial drainage effects 
••solution: Numerical algorithm used to solve non-linear finite element equilibrium equations 
**'Soil Model: E-P: Elastic Plastic (Von Mises, Mohr-Coulomb or Drucker-Prager failure criteria) 

B-S: Bounding Surface plasticity (plastic strains occurs inside yield surface) 
HYP: Hyperbolic Elastic Law (after Ref. 17) 
MCC: Modified Cam Clay 
MIT-3E: a generalized stress soil model developed at MIT 

§Finite Difference . 

• Formulations that include coupling be
tween groundwater flow and soil defor
mations (the Coupled D-F in Table 1) and, 
hence, can simulate the effects of partial 
drainage for braced excavations; and, 

• Effective stress soil models that can repre
sent the non-linear stress-strain proper
ties of the (saturated) soil skeleton under 
general drainage conditions. 

Table 1 shows that much of the recent research 
has focused on improvements in the modeling 
of soil behavior, with a progression from sim
ple Elasto-Plastic (E-P) models, to Modified 
Cam Clay18 (MCC) and most recently Bound
ing Surface (B-S) plasticity models.19 Research 
work conducted on braced excavations in clays 
at the Massachusetts Institute of Technology 
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(MIT) has used a commercially available finite 
element analysis software program together 
with an advanced effective stress soil model re
ferred to as MIT-E3.20,21 

Researchers have followed two complemen
tary lines of study in1applying these "second
generation" finite element analyses for braced 
excavations. The first strategy is to evaluate the 
accuracy and consistency of predictions 
through comparisons with field measurements 
for well documented case studies, while the 
second uses numerical experiments to identify 
fundamental mechanisms and factors affecting 
the ground movements. 

The MIT-E3 Model 
The MIT-E3 soil model describes many ob
served aspects of the rate-independent behav-
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FIGURE 1. Summary of model predictions for undrained plain strain shearing of Ko-normally 
consolidated Boston blue clay. 

ior of K0-normally and lightly overconsoli
dated clays including: 

• Small strain non-linearity; 
• Anisotropic stress-strain-strength; and, 
• Hysteretic and inelastic behavior due to 

cyclic loading. 

Although the model formulation is rather com
plex, its fifteen input parameters can be evalu
ated from standard types of laboratory tests 
comprising: 

• One-dimensional compression tests with 
load reversals and lateral stress measure
ments; 

• Local strain or shear wave velocity meas-

urements (in laboratory resonant column 
or field cross-hole tests) to estimate the 
small strain, elastic shear modulus; and, 

• Undrained triaxial shear tests on Ko
consolidated clay in compression (at over
consolidation ratios [OCRs] equal to 1 or 
2) and extension (at an OCR equal to 1) 
modes of shearing. 

Whittle et al. have described the selection of in
put parameters for Boston blue clay (BBC) and 
have documented model predictive capabili
ties through extensive comparisons with labo-
ratory shear tests.22 · 

Figure 1 compares predictions of shear 
stress-strain behavior from the MIT-E3 and 
MCC soil models, with laboratory data from. 
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TABLE 2. 
Normalized Engineering Properties of BBC From the MIT-E3 Soil Model 

Shear Mode Parameter 

Lateral Earth Pressure 
Ratio 

Triaxial Compression Undrained Strength Ratio 

Direct Simple Shear Secant Shear Moduli 
at 
'Y = 0.001, 0.01, 0.1% 

Peak Shear Stress Ratio 
Shear Strain at Peak Stress 

Plane Strain Active Undrained Strength Ratio 
Axial Strain at Peak 

Plane Strain Passive Undrained Strength Ratio 

Axial Strain at Peak 

undrained plane strain shear tests on Ko
normally consolidated BBC. The measured 
data in plane strain compression(" active") and 
extension ("passive") tests (see Figure la) show 
important aspects of the stress-strength
strength anisotropy of BBC. In compression 
tests, the undrained shear strength ratio 
(suPSA! a'vc equal to 0.34) is mobilized at rela
tively small shear strains ('y less than 1 to 2 per
cent), and there is significant post-peak 
undrained brittleness. Much lower shear 
strengths (supsp/a'vc equal to 0.18±0.1) are mo
bilized in extension tests at large shear strains 
('Y greater than 5 to 10 percent). The MIT-E3 
model describes very accurately these charac
teristic features of the measured stress-strain
strength behavior. 

In contrast, the MCC model predicts a 
unique shear strength in all plane strain modes 
of shearing (SuPs/a'vc equal to 0.37) based on 
parameters selected from triaxial tests, which is 
only mobilized for shearing to large strain, 
critical state conditions. The MCC model also 
greatly underestimates the measured shear 
stiffness, especially in the extension mode of 
shearing, where predictions of linear stress
strain behavior reflect the elastic response for 
stress states inside the yield surface. 

Figure lb shows similar comparisons for 
undrained shear tests with principal stress ro
tations including: 
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Symbol OCR= 1.0 OCR= 2.0 OCR= 4.0 

Ko 0.53 0.69 1.00 

Surdrr'vo 0.33 0.58 1.10 

Go.001/<I'vo 375 425 490 

Go.01/rr'vo 200 230 265 

Go.,/rr'vo 80 105 120 

Thif<I'vo 0.21 0.41 0.77 

'Yp(%) 3.0 3.5 6.0 

SuPsN<I'vo 0.34 0.64 1.20 

Bap (%) 0.2 0.7 9.0 

Supsp/<I'vo 0.17 0.31 0.52 

Bap (%) >10 >10 >10 

• Direct simple shear tests (DSS) in a 
Geonor apparatus, in which the direction 
of applied principal strains is fixed at 45 
degrees to the vertical, while the direction 
of the principal stresses rotates during 
shearing; and, 

• Directional shear cell (DSC) tests with ma
jor principal stress increments applied at 
an angle, Sine, 45 degrees to the vertical. 22 

The measured data show small differences in 
the shear stress, T, mobilized along the hori
zontal plane for these two tests with maxi
mum shear stress ratios ranging from 
'TMAxlrr'vc equal to 0.18 to 0.21. The MIT-E3 
model matches very closely the measured 
data for both types of test, while MCC over
estimates the shear strength. 

Table 2 summarizes the normalized engi
neering properties of BBC as characterized by 
MIT-E3forthreeOCRsequal to 1.0,2.0 and4.0. 

Numerical Experiments 
Compilations of measured data26 and case his
tories27 emphasize the large number of factors 
relating to construction activities and soil con
ditions that can affect ground movements 
around braced excavations. In contrast, the de
sign of numerical experiments attempts to limit 
the number of parameters in order to facilitate 
the interpretation of the analyses so that the re-



sults can have practical application. Two large 
construction projects - the Central Artery and 
Third Harbor Tunnel (CA/T) Project in Boston 
and the Taipei Rapid Transit System in Taiwan 
can benefit from such analyses. Both projects 
include deep excavations (greater than 20 me
ters) supported by diaphragm walls and em
bedded in deep layers of soft clay. 

Figure 2 shows the geometry and lateral 
earth support that form the basis of the numeri
cal experiments. The analyses consider a pla
nar excavation with half width, w, equal to 20 
meters, and supported by a cast in-situ con
crete diaphragm wall of thickness, t, equal to 
0.9 meters, and length, L, equal to 40 meters, 
which is constructed in a very deep layer of 
clay. It is assumed that the construction of the 
diaphragm wall will not disturb the surround-

. ing soil and that full shear strength of the soil. 
can be mobilized at the soil-concrete interface. 
The excavation is braced internally by incom
pressible (rigid) supports spaced at equal inter
vals, h, of 2.5 meters. Installation of these sup
ports represents the ideal condition of a perfect, 
passive support system. This assumption 
greatly simplifies the interpretation of ground 
movements and avoids more complex aspects 
of soil-structure interaction (for example, the 
prestressing of cross-lot bracing, or shrinkage 
of cast in-situ floor slabs). The construction se
quence comprises the following steps: 

1. Soil is initially excavated to a depth, hu, 
without lateral support; 

· 2. The wall is propped at the surface and 
excavation proceeds to a depth, he; 

3. A second level of support is installed at 
a spacing, h (h less than or equal to he), and 
soil is then removed over a further interval, 
he; 

4. Step 3 is repeated until either failure oc
curs or the excavation reaches a total depth, 
H, of 40 meters. 

By varying the parameters h, he and hu, it is pos
sible to study a wide range of excavation se
quences. All of the analyses described herein 
assume that the lower supports are constructed 
"on-grade"- that is, with he equal to h. 

Figure 2 summarizes the ranges of the prin
cipal geometric parameters (L, h, hu) consid-

ered in this study. The wall length varies from a 
minimum value of L equal to 12.5 meters, 
which represents a short cast in-situ wall up to 
a maximum of L equal to 60 meters, which is 
significantly longer than the diaphragm walls 
currently proposed for deep excavations in 
Boston. The minimum support spacing (h 
equal to 0 meters) is referred to as the "perfect 
wall support" condition. In this case, wall de
flections can only occur below the base of the 
current excavation. Predictions of soil defor
mations associated with perfect wall support 
represent the minimum disturbance caused by 
the excavation. At the opposite extreme, the 
analyses consider walls braced at intervals of 
10 meters, which are referred to as "minimally
supported." The results presented herein as
sume an initial unsupported height (hu equal to 
2.5 meters). 

The analyses assume that there is minimal 
migration of pore water throughout the exca
vation process and, hence, that the soil is sub
ject to undrained shearing. Initial pore pres
sures are hydrostatic with the groundwater 
table located at a depth typical of conditions in 
Boston (dwequal to 2.5 meters) and full capillar
ity in the overlying clay. The clay is saturated 
and exhibits normalized engineering proper
ties that are typical of BBC. The diaphragm 
wall is modeled as an elastic material (proper
ties are given in Figure 2). 

Effect of Soil Model 
Figure 3 illustrates the role of soil modeling 
through predictions of lateral wall deflections 
and surface settlements for an excavation in a 
deep layer of Ko-normally consolidated clay. 
The analyses compare results for the MCC 
model, the most widely used effective stress 
model in geotechnical finite element analyses, 
with MIT-E3 for an experimental excavation 
with support spacing, h, at 2.5 meters. The fig
ure presents results at various stages of the ex
cavation down to a total depth, H, equal to 22.5 
meters. Although the predicted mode shapes 
of the wall are very similar for both soil models, 
there are large differences in both the magni
tude and rate of deflection with excavation 
depth. The MIT-E3 model predicts much 
smaller initial cantilever movements associ
ated with the high small strain stiffness of the 
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FIGURE 2. Model geometry, support conditions and excavation sequence. 
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FIGURE 3. The effect of the soil model on predictions of wall deflections and surface settlement. 
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FIGURE 4. The effect of the soil model on the maximum wall deflection and bending moment. 

clay, while the rate of deflection increases sig
nificantly as the excavation proceeds (see the 
top part of Figure 4). The condition at a total 
height of 22.5 meters corresponds to incipient 
failure, where further excavation is associated 
with very large displacements of the soil and 
wall. In contrast, the MCC model generates 
large initial cantilever movements, but much 
more gradual development of deflections with 
excavation depth. The rate of deflection pre
dicted by MCC is very similar to that for an 
elastic model of similar small strain stiffness. 

Figure 4 summarizes the maximum wall de
flection and bending moment as functions of 
the excavation depth. The results for the MCC 
model indicate that the rate of maximum wall 
deflection actually decreases as excavation 
proceeds, while the bending moment is ap-
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proximately constant once the bulging mode 
shape has developed (the same result applies 
for further excavation to a total height of 40 me
ters). In contrast, MIT-E3 predicts rapidly in
creasing wall deflections and bending mo
ments that reflect the development of a failure 
mechanism. 

Figure 5 illustrates this mechanism through 
contours of the maximum shear strain, 'Y, pre
dicted in the soil surrounding the excavation at 
a total height of 22.5 meters. Although the over
all magnitude of shear strains is relatively 
small ('Y less than or equal to 2 percent), the 
MIT-E3 model predicts a well defined zone of 
increased shearing extending from the base of 
the wall up through the retained soil (indicated 
by the shaded zone B in the left-hand part of 
Figure 5). The overlying soil forms a dead zone 
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FIGURE 5. Contours of maximum shear strain for a 22.5-meter deep excavation. 

(see zone A in the left-hand part of Figure 5) 
that is trapped between the deep seated move
ments in zone B and the rigid bracing system 
above grade level. There is no indication of a 
comparable deep seated failure mechanism in 
the MCC results (see the right-hand portion of 
Figure 5). 

Surface settlements around the excavation 
are of great practical importance in estimating 
potential damage to surrounding facilities. Fig
ure 3a reveals that there are large differences in 
the model predictions of surface settlements. 
There are several unrealistic features of the 
MCC predictions: 

• Significant upward movement of the wall 
occurs due to the relatively large elastic 
unloading of the soil within the excava
tion; 

• Maximum surface settlements occur at 60 
to 70 meters from the wall (that is, at more 
than three times the total depth); and, 

• Significant settlements and lateral dis
placements at locations very far from the 
excavation (more than 200 meters). 

In contrast, the MIT-E3 model predicts much 
more realistic settlement troughs compared to 
measured data29 in which maximum settle
ments occur within 20 to 30 meters of the exca
vation (i.e., comparable to the total excavation 
depth). There is negligible net vertical displace
ment of the wall and the surface movements 
decrease rapidly with lateral distance. The 
maximum surface settlements are approxi
mately 50 percent of the maximum wall deflec
tions. 

The results in Figures 3 through 5 show that 
the MIT-E3 model provides a significant ad
vance in the capabilities of the FE analyses to 
describe the development and distribution of 
ground movements with excavation depth. 

Effect of Wall Length 
Figure 6 compares the lateral wall deflections 
and surface settlements computed at various 
stages of excavation in a Ko-normally consoli
dated BBC profile (using the MIT-E3 model) for 
two diaphragm walls with lengths of 20 meters 
and 40 meters (and support spacing of 2.5 me
ters). Apart from the initial cantilever move-

CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 73 



lateral Distance Behind Wall, x (m) 

160 120 80 40 0 0 40 80 120 160 
-20 -20 

0 0 
fl> 

20 ti) 

e 20 a 
ti) _g 3 

i 40 40 ti) 
:, 
, ... 

~ 
0~ C: 60 QI 60 

E 3 QI 

2-'E 80 80 QI 
fl> 

100 IL= 40 m L= 20m 100 

120 120 

a) Surface Settlements 

0 ~ 0 

IL= 40 m IL= 20 m 
5 5 

10 10 

15 15 

g c:, 
ti) 

.c: -a 
Q. 20 20 :r 
QI H= Cii:JC!£:J0 [ 0 

25 25 

30 ~ m 30 

35 
H = Total Excavated 

Depth (m) 35 

50 100 150 200 200 
40 

150 100 50 0 

Wall Deflection, 8w (mm) 

b) Lateral Wall Deflections 
Ref. 30 

FIGURE 6. The effect of wall length on lateral deflections and surface settlements for a clay 
profile with an OCR equal to 1.0. 

74 CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 



ments of the unsupported walls, lateral wall 
deflections accumulate below the lowest brac
ing level. The deflected shapes of the walls are 
clearly affected by their embedded length. 
Maximum lateral deflections develop at the toe 
of the short wall (L equal to 20 meters), even for 
relatively shallow excavation depths (less than 
or equal to 10 meters), while the maximum de
flection of the 40-meter-long wall is associated 
with a point of contraflexure that occurs 8 to 10 
meters below the base of the excavation. Figure 
6 also includes the excavation geometry and 
deflected wall shapes at the stage immediately 
prior to failure - at excavation depths of 15 
and 22.5 meters for the 20- and 40-meter-long 
walls, respectively. The actual failure depths 
are difficult to estimate precisely since the 
analysis models finite excavation increments of 
2.5 meters. 

However, detailed interpretations of the 
data indicate that the mechanism of failure can 
be well defined from the development of shear 
strains in the soil and is controlled by ani
sotropic properties of the MIT-E3 model.21 The 
failure mechanism is affected both by the em
bedment of the wall and by the assumed exca
vation width (see Figure 2a). The results in Fig
ure 6 reveal that as the wall length increases 
from 20 to 40 meters, the failure depth increases 
by 50 percent. This additional stability is not 
considered in conventional calculations of base 
heave used for braced excavations. Although 
there are significant differences in the de
formed shapes of the two walls, the maximum 
lateral wall deflections, 8wMAX, are very similar 
at early stages of excavation, and differ by less 
than 30 percent, even for conditions close .to 
failure - at a depth of 15 meters for the 20-
meter-long wall. The results in Figure 3a also 
show that wall length has practically no effect 
on the development of surface settlements. 
Maximum lateral wall deflections increase 
from 8wMAx!H equal to 0.4 percent at early 
stages of the excavation to 0.8 percent at failure 
depth, Hf, and are comparable with field data 
reported elsewhere.31 

Effect of Support Spacing 
Figure 7 compares the behavior of "perfectly 
supported" (h equal to 0 meters) and "mini
mally supported" (h equal to 10 meters) 60-

meter-long walls in Ko-normally consolidated 
BBC (with an OCR profile equal to 1.0). For the 
perfectly supported case, wall deflections only 
accumulate below the current excavation level 
due to the assumption of rigid bracing. The de
flected shape of the wall and settlement trough 
are very similar to behavior reported in Figure 
3 (where the length is equal to 40 meters and the 
supports are spaced at 2.5 meters), with maxi
mum lateral deflections occurring approxi
mately 10 meters below the base of the excava
tion. A deep seated failure mechanism 
develops in the soil at 35 meters, accompanied 
by a vertical bearing failure of the wall itself 
(see the wall settlements in Figure 6a) and large 
lateral deflections and surface settlements 
(8wMAX equal to 340 millimeters, and WoMAx 
equal to 200 millimeters). 

For the minimally supported wall, large lat
eral deflections develop over the excavated 
height, with maximum deformations occur
ring close to the base of the excavation. Figure 6 
shows results at a total depth of 20 meters, 
where the wall sustains a maximum bending 
moment,MMAxequal to5 MNm/m (see Figure 
7), which greatly exceeds its flexural capacity, 
My. (For a 0.9-meter thick reinforced concrete 
wall, My is approximately equal to 1.5 to 2.0 
MNm/m.) Hence, wall failure controls the sta
bility of this minimally supported excavation. 

Although support spacing greatly affects 
the magnitudes of ground movements at a 
given excavation depth (see Figure 7), both of 
the examples in Figure 6 show maximum set
tlements occurring at a lateral distance x* equal 
to 0.75Hf to 1.0HJ behind the wall as failure 
mechanisms develop in the soil. 

Maximum Wall Deflections & 
Failure Conditions 
Results of the numerical experiments can be 
summarized in the form of prototype design 
charts for estimating lateral wall deflections 
and ground movements. For example, Figure 8 
shows the maximum lateral wall deflections as 
functions of the excavation depth and support 
spacing for three constant stress history soil 
profiles (OCRs equal tol.0, 2.0 and 4.0, and 
with engineering properties as listed in Table 
2). The chart assumes that wall length has mini
mal effect on pre-failure deformations (see Fig-
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FIGURE 8. Estimation of maximum lateral wall deflections from numerical experiments. 

ure 6) and that initial cantilever movements are 
small-hu less than or equal to 2.5 meters). The 
figure includes loci showing the failure depths, 

Hi, computed for walls of different lengths 
from 12.5 to 60 meters, and implicitly incorpo
rates observations of different failure mecha-
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FIGURE 9. A comparison of soil properties in composite profile with measured data from 
South Boston. 

nisms within the soil. Failure of the diaphragm 
wall can be evaluated from contours of the 
maximum bending moment, MMAx, compared 
to the capacity of the section, My, The following 
points should be noted from Figure 9: 

• For perfectly supported excavations in 
normally consolidated BBC (OCR equal 
to 1.0), maximum lateral wall deflections 
increase from '6wMAxlH equal to 0.3 per
cent at a depth of 10 meters to 0.7 percent 
at a failure depth of 32.5 meters. The cor
responding values for overconsolidated 
clay are 0.2 percent and 0.1 percent for 
OCRs equal to 2.0 and 4.0, respectively. 
These results represent minimum wall 
deflections that will occur without intro
ducing special construction measures to 
control deep seated movements in the 
clay. 

• Excessive bending moments (MMAX 

greater than or equal to 1.5 to 2.0 
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MNm/m) represent a more critical design 
condition than base stability for long 
walls (longer than 40 meters) with light 
bracing (supports at 5 meters). 

• The magnitudes of lateral wall deflections 
reported in Figure 7 tie in very closely 
with semi-empirical desi3n charts pro
posed by Clough et al.3 who relate 
'6wMAxlH to the factor of safety against 
base heave, FS,34 and system stiffness, SS 
equal to Elhwh4 (where 'Yw is the unit 
weight of water). However, the results in 
Figure 8 account more correctly for the be
havior of excavations in a deep clay layer, 
where ground movements are related to 
bending of the wall below the lowest level 
of bracing and base stability is controlled 
by the wall length. The charts in Figure 8 
give much greater resolution of wall 
movements as a function of excavation 
depth, support spacing and soil proper
ties than previous studies. 
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Generic design charts should be used with 
caution and are certainly not an adequate sub
stitute for site-specific calculations at sections 
where ground movements are critical in de
sign. There are a number of specific limitations 
noted in Figure 8 that should be reiterated: 

• The analyses apply to soil profiles where 
OCR is constant, hence strength and stiff
ness are proportional to depth; 

• The calculations assume a very deep clay 
layer and focus on a single wall stiffness 
and excavation width (see Figure l); 

• Compressibility of the bracing system and 
partial drainage in the clay will generally 
increase soil movements and reduce the 
stability of the excavation; and, 

• Cantilever movements can constitute a 
large component of the overall wall de
flections, especially for excavations less 
than 15 meters deep. 

Composite Soil Profile 
Predictions of ground movements represent an 

important aspect of design for critical sections 
of the proposed Central Artery highway in 
Boston, where excavations up to 25 meters 
deep are planned within the soft marine clay 
(BBC). The typical stress history profile (see 
Figure 9) comprises a thick overconsolidated 
crust overlying weaker deposits of "normally 
consolidated" (an OCR equal to 1.0) clay. Fig
ure 9 introduces a simple composite represen
tation of the profile using three clay layers of 
constant OCRs of 4.0, 2.0 and 1.0, which pro
vide a reasonable first approximation to the 
measured undrained shear strengths. How
ever, it should be emphasized that the numeri
cal experiments assume much deeper clay de
posits than actually exist in Boston. Predictions 
of excavation behavior using this C-profile can 
be conveniently related to behavior already es
tablished for the much simpler constant stress 
history profiles. 

Figure 10 compares the behavior of excava
tions for the composite and constant OCR soil 
profiles with vertical support spacing of 2.5 
meters (in the case of 60-meter-long excava-
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tion). The maximum ground 
movements, wall deflections and 
bending moments for the C
profile are initially (with an H less 
than 10 meters) in close agree
ment with the behavior for an 
OCR of 4.0. However, when the 
excavation reaches a depth of 25 
meters, where the soil becomes 
normally consolidated (see Figure 
2),. the maximum movements for 
the C-profile are already ap
proaching the values predicted 
for the constant OCR of 1.0 profile. 
This rapid transition in behavior 
(between depths of 10 and 25 me
ters) demonstrates very clearly 
the importance of deep-seated 
movements associated with prop
erties of the underlying clay. 

Failure for the C-profile occurs 
at 32.5 meters, which is slightly 
deeper than previously reported 
in Figure 8 for an OCR of 1.0. Al
though the underlying normally 
consolidated clay has a dominant 
influence on the base stability and 
heave inside the excavation, the 
overconsolidated clay crust does 
reduce significantly the maxi
mum bending moments and sur
face settlements of the surround
ing soil compared to the OCR of 
1.0 profile. 

Case Studies of 
Excavation Performance 
Although numerical experiments 
can provide important insights 
into the factors affecting excava
tion performance, there is no sub
stitute for using well documented 
case studies as a method of evalu
ating predictions of theoretical 
analyses. The modeling of a real 
excavation is a very challenging 
task that must address uncertain
ties in the site conditions (i.e., stra
tigraphy, engineering properties 
of the soils groundwater condi
tions) and identify the main con-
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During the excavation, 
dewatering was accom
plished using a combination 
of sump pumps and deep 
well points located inside 
the excavation area. The site 
was extensively instru
mented due to the unusual 
depth of the excavation, un
certainties in the groundwa-
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FIGURE 13. A comparison of the predicted and measured lateral 
wall deflections at Post Office Square. ter conditions, and the close 

proximity of adjacent struc
struction activities that cause ground deforma
tions or flow. Detailed assessment of the model 
is only possible through careful selection, 
placement and monitoring of field instru
ments. In the last five years, the MIT geotechni
cal group has performed two detailed case 
studies at well instrumented sites: 

• Post Office Square Garage in Boston;27 

and, 
• The World Trade Convention Center in 

Taipei.35 

Work is currently in progress on three other 
case studies in Boston. 

Post Office Square Garage. Figure 11 (on page 
80) shows a partial section through the seven
story underground parking garage at Post Of-
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tures.37 The site investigation showed signifi
cant reductions of the piezometric head within 
the clay, till and underlying argillite (see Figure 
11). A very limited laboratory test program fo
cused on the stress history profile within the 11-
meter thick layer of BBC (see Figure 11). 

The site stratigraphy, material properties 
and initial groundwater conditions for the fi
nite element model were all selected based on 
information provided prior to construction. 
The analysis considered an average cross
section, consistent with the spatial variability 
of the soil layers and uncertainities in the engi
neering properties of the individual strata. The 
behavior of the clay layer was described by the 

· MIT-E3 model (see Table 1 and Figure 2). How
ever, much simpler elasto-plastic soil models 
were used for the fill, sand, till and argillite lay-
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ers due to the lack of laboratory test data on 
these materials. 

Figure 12 ( on page 81) presents the construc
tion sequence used in the finite element model 
based on the actual record of site activities. The 
development of this model requires significant 
engineering judgment in the representation of 
average excavation depths, pore pressure· 
boundary conditions (due to pumping within 
the base of the excavation), and modeling of the 
floor slab stiffness (which varies with time due 
to curing of the concrete). 

Figures 13 and 14 compare the predicted and 
measured lateral wall deflections and surface 
settlements at three stages of the excavation 
(Stage 10 is the initial unsupported cantilever 
phase). Careful evaluations of the base case 
analysis showed that there were two factors not 
properly considered in the finite element 
model: 

• Shrinkage of the floor slabs, which con
tribute significantly to the measured lat
eral wall deflections; and, 

• Piezometric pressures in the underlying 
bedrock are not affected by the excava
tion. 

Once these two factors were included in a 
modified analysis, much more consistent 
agreement was obtained between the pre
dicted and measured wall behavior. Although 
it is interesting to speculate on further para
metric studies to refine the analyses, the only 
rational basis for such calculations is through 
improved laboratory characterization of the 
soil deformation properties (particularly the 
sand and till layers). 

Taipei World Trade Convention Center. Figure 
15 (on page 84) shows a partial section through 
the 12.1-meter deep excavation for the Taipei 
World Trade Convention Center, a 10-story
high steel frame structure with a 2-story base
ment, constructed using a conventional 
bottom-up procedure. Lateral earth support 
was provided by a 0.9-meter thick perimeter 
concrete diaphragm wall temporarily braced 
by three levels of pre-stressed steel struts. The 
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first two levels of struts spanned the full width 
of the site, while the. third level struts were 
braced against the inner wall of the basement. 
The excavation was further stabilized by soil 
berms that were left in place until after the third 
level of struts was installed. Dewatering of the 
site was accomplished using shallow sumps 
within the excavation. In the subsequent con
struction of the convention center, the structure 
was supported on a mat foundation with the 
basement floor slabs bracing the diaphragm 
wall. There was no provision for long term 
under-drainage of the foundation slab. 

The site is located on the eastern part of the 
Taipei basin, and is underlain by deep deposits 
of silty, low plasticity clay (typical of Kl condi
tions of the Sungshan formation38) that extend 
to a depth of 45 meters. At depths greater than 
15 meters, the measured pore pressures are be
low hydrostatic due to regional drawdown ef-
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fects from deep well pumping. Two sections of 
the excavation were heavily instrumented in 
order to gain insights into the performance of 
excavation in the Taipei clays for on-going con
struction of a nearby subway line (Nankang
Panchiao; part of the Taipei Rapid Transit Sys
tem). 

An extensive program of laboratory consoli
dation tests showed that there was a 15-meter 
thick overconsolidated clay crust within the 
upper (zone IV) clay layer. There were much 
more limited data available for the lower zone 
II clay layer (30 to 45 meters). Input parameters 
for the MIT-E3 model were determined from a 
special program of laboratory triaxial tests per
formed on samples from the zone IV clay. The 
subsequent finite element analyses assumed 
that the zone II and IV clays exhibit the same 
normalized engineering properties. As in the 
preceding study, the finite element simulation 
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of the excavation sequence (see Figure 16) was 
based on the actual record of construction ac
tivities, and there was no attempt to correlate or 
adjust input parameters to improve agreement 
with the measured data. 

The analyses tended to overestimate the 
measured wall deflections (measured 8wMAX 
equal to 70±5 millimeters, versus predicted 
8wMAX equal to 80 to 90 millimeters depending 
on stress history) but were in good agreement 
with the measured surface settlements and 
strut loads. The field instrumentation also in
cluded measurements of pore water pressures, 
u, and total lateral stress, ah, using a series of 
piezometers and earth pressure cells mounted 
on the inside and outside faces of the dia
phragm wall (see Figure 15). Figure 16 shows 
detailed comparisons between the predictions 
and stress measurements at the specific in
strument locations throughout the excavation 
history. Predictions of the pore pressures and lat
eral earth pressures at five elevations in the re
tained soil were generally in excellent agreement 
with the measured data. The agreement in the 
lateral earth pressures during the first five stages 
of the excavation was truly remarkable. How
ever, the analysis did overestimate the lateral 
stress measured by the upper level stress cell (at a 
depth of 2.8 meters) at subsequent stages of the 
excavation, and consistently predicted larger re
ductions in pore pressures for the instruments at 
depths of 12.8, 18.0 and 24.2 meters. 

Further refinement of the analyses could 
definitely be achieved by revising the selection 
of input parameters for the lower zone II clay 
(based on further laboratory tests). However, 
the Taipei case study showed that consistent 
predictions of excavation performance could 
be achieved using the proposed finite element 
analysis without recourse to parametric itera
tion. 

Concluding Remarks 
The results of recent research can be used to de
velop more reliable finite element predictions 
for braced excavation performance through a 
combination of case studies and numerical ex
periments. Improvements in soil models are es
sential in this application, especially in estimat
ing distributions of ground movements. 
Predictions for well instrumented case studies 
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are essential to establish the capabilities of the 
proposed analyses. However, the role of soil 
modeling is easily masked by the myriad pa
rameters that can affect the field performance. 
In contrast, well conceived numerical experi
ments can assess contributions of individu.al 
parameters and also provide more fundamen
tal understanding of the mechanisms control
ling ground movements. 

At present, the scope of the numerical ex
periments is being expanded in order to inves
tigate the effects of factors such as partial drain
age on the predicted ground movements. The 
case studies currently in progress (associated 
with the CA/T Project) include modeling of 
more complex bracing systems such as 
prestressed tie back anchors within the clay. Re
cent improvements in modeling the behavior 
of sands and silts39 will be incorporated in fu
ture studies and should greatly expand the ca
pabilities to model engineering properties for a 
more diverse range of soil types. 
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Issues 

Consultants Are From 
Mars, Clients Are From 
Venus 

A unique instructional and 
investigative presentation 
provides a way for public and 
private sector engineers to 
establish better avenues of 
communication to work more 
effectively on projects together. 

CYNTHIA L. CHABOT, 
JOEL LUNGER & JASON WAGNER 

How differently do clients and consult
ants consider themselves? Most cli
ents have never had to meet a payroll. 

Most consultants have never had to deal with 
public funding. The client knows what work 
product they want, and the consultant needs to 
interpret an often vague scope. The client deals 
with a difficult, often hostile, public; the con
sultant deals with sometimes difficult, often 
demanding, clients. The client feels the consult
ant should do whatever is necessary to get 
his/her project built regardless of the agreed
upon scope of services; the consultant needs 
and deserves to be paid appropriately. And, it 

always appears that they both have too many 
lawyers! 

The problems lie not with the apparently 
contradicting goals of clients and consultants. 
Often, the primary goals of both parties are the 
same; however, it is the perspective on these 
goals that differs. These differences could be 
due to one-sided methodology, or to adherence 
to approaches that worked with other client
consultant teams. No matter what the cause of 
the problem, the solution is three-fold: commu
nication, communication, and communication. 
All parties have the best interests of the project 
in mind; however, they get caught up in the 
everyday grind of miscommunication and non
communication. When informing clients of their 
concerns, consultants may fear being per
ceived as acting to gain future jobs and clients 
may hold back information that may cause un
pleasant side-effects, such as change orders. 

The Program 
Using the theme of the popular book, Men Are 
From Mars, Women Are From Venus, by John 
Gray, 1 a joint dinner session was held on April 
2, 1996, by the Boston Society of Civil Engineers 
Section/ ASCE's (BSCES) Engineering Man
agement Group, and the Women's Transporta
tion Seminar (WTS) Boston's Professional De
velopment Committee. This session 
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caricatured the events engineers experience 
every day. It brought to the forefront issues near 
and dear to consultants and clients, and high
lighted the contrasting concerns and common 
goals of both groups. The program confronted 
these issues head-on and produced pro-active 
solutions to common communication problems. 
Granted, nothing could be as complicated as the 
male/ female relationship, but certainly consult
ants and clients come close. 

The evening program that brought both cli
ents and consultants together was structured 
as a progressive dinner so that the over 300 peo
ple attending could participate in a massive 
partnering session. The program was sepa
rated into three parts, one for each dinner 
course: 

• A skit representing a project start-up 
meeting; 

• Discussions based on that skit; and, 
• A re-capitulation skit presenting ideas 

and solutions. 

Lecture-goers were given a name tag with three 
numbers, each of which represented a table to 
which the individual was assigned during the 
evening (again, one for each course). All tables 
were specially assigned to have the best distri
bution of both private and public sector em-
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ployees, but the seating arrangements were 
otherwise random. 

The program opened with a re-enactment of 
a project start-up meeting. The participants of 
this "mock" meeting were portrayed by some 
of the most respected professionals in the field 
of civil engineering in the Boston area. 

The Skit 
A client, Bob, and a consultant, Judy, were the 
main characters in the skit. Bob and Judy, who 
were both played by engineers, acted along 
with another two engineers who spoke their 
unspoken thoughts. These "unspoken 
thoughts" are indicated by being indented 
and set in italics. The setting is at the client's 
offices, where Judy and Bob (and their hidden 
th~ughts) debate the details of an upcoming 
engineering consultant contract. Stage direc
tions are in brackets. 

Judy: Bob, it's nice to see you again. 
Bob: Judy, it's nice to see you, too. 

Judy: Oh, no. Here we go again . . . 
Bob: Oh, she's always so tough .. . 

Judy: What a great tie! 
Bob: Thanks. New hairdo? Looks nice! 
Judy: Thanks. Do you realize it's been over 
eight months since you selected us for this proj
ect? Gosh! Who would have thought it would 



take this long just to start to negotiate a con
tract? 

Judy: Typical government job ... 
Bob: I know what you mean. 

Bob: She doesn't have a clue about what pro
cesses we have to go through to get a consultant 
on board. 

Judy: We're excited to be working with you. 
Bob: All consultants say that - let's see how 
they perform. 

Bob: Here's two copies of our standard con
sultant agreement and attachments. All we've 
got to do is get your fee and insert it in here. 
Here's our scope. We'd like to get this signed by 
Friday. 

Judy: What's the rush? I've got to send it to my 
lawyer to review and then digest it myself. No 
way can it be done by Friday. 

Judy: Bob, How do we handle revisions to your 
standard agreement? 

Bob: Here we go again. Another consultant 
who wants to change our contract. Don't they 
know the problems I have with Legal whenever 
this happens? 

Judy: My insurance company won't let me as
sume the liability in here. 

Judy: This is so unfair. 
Bob: I'll see what I can do. 

Bob: We're not going to change it, so don't 
bother. 

Judy: Well, I'm not an attorney ... 
Judy: Thank goodness. 

Judy: ... so I've got to have mine review this 
and tell me what it says. 

Judy: Why don't they write it in English so we 
can understand it? 

Judy: I'll get back to you as soon as I get our 
lawyer's input. 

Bob: And there goes another three weeks. 
When are we going to start this job? 

Bob: Just remember, this project has to be out to 
bid by November ... 

Bob: Election Day. 
Judy: Oh, sure. The Notice to Proceed slipped 
by four months, but the due date doesn't move. 

Bob: We made a commitment to the commu
nity to get this completed by 1998. I'm relying 
on you to help me meet that commitment. [He 
punches Judy's shoulder.] 

Bob: The governor will have my head if we 
don't break ground before the election. 

Judy: We'll do whatever we have to do, partner. 
Don't worry. [She punches Bob's shoulder.] 

Bob & Judy: Be happy. 
Bob: You're going to have to change your 
schedule so there's enough time for agency re
views. That was one of the deficiencies we 
noted in your proposal. 

Bob: Those consultants have no idea who I 
have to touch base with - environmental, 
bridge, highway, the mayor, etc. They' re not sit
ting around just waiting/or this project to come 
in the door, you know. 

Judy: No problem. Tell me how much time we 
should include for each review. We'll submit a 
revised schedule. 

Judy: I can't believe this. 
Judy: Bob, I'd like to talk about your expecta
tions on our first submittal. It'll be at the 25 per
cent stage. 

Judy: Yeah, they'll want 100 percent by then. 
Judy: We've found, in the past, that your defini
tion of 25 percent and our definition of 25 per
cent are very different. 

Bob: Yeah. We'll get lOpercentifwe're lucky. 
Bob: I'll give you a set of plans we received re
cently from another consultant which you 
could use as a guide. [He gives a big smile.] 
Judy: Great. [She says slowly.] Thanks. Now, 
another question I have is on additional work. 

Bob: Great, the job hasn't even started and she 
wants to talk about extra work! 

Judy: Neither one of us knows what the entire 
scope of work will be at this point. I'm sure 
we'll end up not having to do some things 
you've included, and I'm sure we'll end up do
ing some extra tasks. I just want each of us to 
understand the process, so I'm not left holding 
the bag. Last time, we went ahead with addi
tional work in order to meet your schedule -
then we couldn't get paid for it because we 
didn't have an agreement. 

Judy: You can't have it both ways, you know. 
Bob: Don't worry, Judy. We'll take care of you. 

Bob: Yeah. We're from the state. We're here to 
help you. 
Judy: Uh-oh. 

Bob: Our biggest problem is when you don't 
tell us when you're doing out-of-scope work. 

Bob: And then you tell us about it six months 
later, when we can't do anything about it. 

Judy: Don't worry, Bob. We'll track it. 
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Judy: We sure will. 
Judy: Now, Bob, another question I have is re
garding payment. We'll submit our invoice 
monthly. What format do you want it in? 
Bob: The usual. 

Bob: What do I know about invoices? I'm an 
engineer. 

Judy: Bob, your "usual" invoice format 
changes with every project. 

Judy: I don't care which one we use. I just want 
to use the right one the first time. 

Bob: I'll send you the format we want. 
Bob: Right. That's high on my priority list. 
Judy: I get nervous when he says he'll send me 
something but doesn't write any notes to him
self. 

Judy: [She replies innocently.] Great. Thanks. 
My other invoice question relates to how 
you'll process our bill. [She goes on quickly.] 
Once we submit it to you, where does it go? 
Who else has to approve it? How long will it 
take to get the payment processed? 
Bob: The usual. 

Bob: I don't know and I don't care. She knows 
we're good for the money. Of course, I don't 
dare tell her we won't have the funding until 
July first. 

Bob: One thing I do know is that those bean 
counters want everything to be documented 
and everything to add up. 
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Judy: Are you telling me that we could have a 
$30,000 payment delayed because we're miss
ing a $5 parking receipt? 

Judy: . .. or because the addition is off by three 
cents? 

Bob: Well, that's the way it is around here. 
Bob: I don't see why they can't get it right. 

Bob: Now I'd like to talk about the Scope of 
Services. Your proposal suggested some things 
that may not be necessary. I think we can delete 
maybe $100,000 from your fee. 

Judy: Holy smokes! 
Bob: [He laughs to himself.] 

Judy: [She smiles and recovers.] Let's see what 
they are, and go over them one by one. I've got 
a few questions myself, and some of them may 
increase our fee. 

Bob: Typical consultant - always trying to 
gouge us. 

Judy: After walking the site and reviewing the 
studies, I see a real disparity between your sug
gested Scope of Services and what I know the 
permitting will require. We are always uncom
fortable giving an agency exactly what they ask 
for when we know you'll need us to do more 
than that. 

Judy: If only what they asked for matched what 
they really need! 

Bob: Let's make that the single agenda item for 
our next meeting. [Pause.] We're almost out of 



time here, and I want to review our Women's 
Business Enterprise and Minority Business 
Enterprise goals. 

Judy: It must be lunch time. 
Bob: [He does a golf swing.] 

Judy: No problem. We have the best WBE and 
the brightest MBE on our team. Each is doing 5 
percent of the work, just as your goals require. 
[She punches the air.] 

Bob: Wow! Hit those minimums again. 
Doesn't she know that we're looking for mean
ingful participation? 

Bob: Well, why don't you getthe team together 
for a meeting in the morning? We'll discuss all 
the scope changes and see which team mem
bers will be doing what part of the work. 

Judy: Tomorrow morning? Does he really 
think that we' re all sitting around with nothing 
to do but this project? It'll take a week to coordi
nate everyone's schedule for a meeting like that. 

Judy: I'll see what I can do, Bob. [She shakes 
Bob's hand.] 
Bob: Well, let's get going on this project. [Big 
smile.] 

Bob: Money grubber! 
Judy: Bureaucrat! 
Bob: Opportunist! 
Judy: Political hack! 
Bob: Stupid hairdo! 
Judy: I hate your tie! 

The scene above might seem very familiar 
and the characters very real. Any similarities 
between Bob and Judy to actual colleagues is 
completely intentional. Attempts were made to 
make the story as true as possible. While the 
names have been changed to protect the "inno
cent" (for example, Robert has been changed to 
Bob), what happened is repeated too often 
every time a new project starts: one where two 
individuals with the most influence on the 
project talk, but don't communicate; listen to 
words, but don't translate; empathize, but fail 
to understand. As a result, this miscommunica
tion unnecessarily makes the project a burden 
to complete. 

By the end of this skit, the audience was con
siderably loosened up. Keep in mind that the· 
audience had no idea what to expect. What 
would normally have been a relatively formal 
technical dinner meeting had turned into a 

comical and relaxed look into consultant's and 
client's innermost thoughts. The humor in the 
skit helped attendees break the ice with their 
first set of tablemates. 

Facilitated Discussion 
The second portion of the program centered on 
interaction at the tables, where attendees dis
cussed predefined client-consultant communi
cation topics. "Facilitators" were assigned to 
each table in advance of the lecture. The facili
tator's first job was to make sure that the people 
sitting at the table were introduced to and be
came familiar with one another. The second job 
was to guide the discussion a,nd to attempt to 
prevent attendees from getting too much indi
gestion during the main course. The discussion 

. topics were listed on cards, called "Communi
cation Challenge Cards," that had been placed 
in the middle of the tables. It was the facilita
tor's job to read the issue topic on the Commu
nication Challenge Card and start the discus
sion. Getting the fairly conservative attendees 
to loosen up was finally achieved and partici
pants found that they were laughing at them
selves along with their newly found acquain
tances. 

The discussions represented, and func
tioned as, a paradigm shift. The Communica
tion Challenge Cards were written so that cli
ents and consultants would swap shoes (not 
literally) to see what it feels like from the "other 
side." Participants were asked to interject 
thoughts like, "I guess from your point of view 
it would be better if ... " instead of "I can't be
cause ... " Paraphrasing from the book, Men 
Are From Mars, Women Are From Venus, and 
changing John Gray's words to adapt to the 
consultant/ client theme, emphasizes the 
theme of communication: 

"Not only do consultants and clients 
communicate differently, but they think, 
feel, perceive, react, respond, need and ap
preciate differently. They almost seem to 
be from different planets; speaking differ
ent languages and needing different nour
ishment. This expanded understanding of 
their differences helps resolve much of the 
frustration in dealing with and trying to 
understand each other. Incorrect expecta-

CIVIL ENGINEERING PRACTICE FALL/WINTER 1997 93 



tions are easily corrected, but they are only 
easily corrected when they are communi- · 
cated." 

Dinner was served while the facilitated discus
sions ensued. 

Finding Common Ground 
For the final course, the speakers gave sugges
tions on how to deal with common issues cli
ents and consultants deal with on a daily basis. 
The "actors" of the start-up meeting skit again 
began to re-enact a conversation between a 
consultant and a client, except this time a dif
ferent approach was taken using partnering. 
Both client and consultant wrote down their 
goals and concerns about what things might 
get in the way of meeting those goals. A pledge 
was made in advance that, as principals in the 
contractual arrangement, each would be com
mitted to addressing the others' goals and con
cerns. It was all laid out briefly and honestly. It 
qirns out that the goals were nearly identical, 
or, at least complementary. It was found that 
the concerns were what conflicted and needed 
to be sorted out. Each concern was addressed 
and an appropriate action was identified. The 
consultant may fear that laying it all out on the 
line could jeopardize future work; however, if 
the approach results in a job well done and it 
achieves positive feedback and a good reputa
tion, this can only be a step in the right direc
tion. 

This dinner presentation was intended to 
provide a means of initiating discussion from 
all participants - consultant and client alike. 
These discussions further developed the ideas 
of presenters. What resulted was greater than 
any one individual could prepare alone. Ideas 
were generated from engineers throughout the 
Boston area. 

Lessons Learned 
Both the client and consultant have a key 
shared goal: coincidentally, both client and 
consultant have "on time and under budget" as 
a common goal. However, understanding a lit
tle more about each others' goals and how to 
make this work is needed. The following other 
goals can get in the way of the fulfilling this 
shared goal. 
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The Client Needs a Satisfied Constituency. The 
client has to please the people that are paying 
for this project. However, this goal of satisfying 
a constituency has to balance with other goals. 
Providing all wants and desires can conflict 
with original contractual agreements, specifi
cally cost and schedule clauses. The consultant 
needs to realize and point out exactly what im
pacts the contract. The consultant also knows 
what a client wants is not always the best engi
neering solution. Given contractual and engi
neering conflicts, the client could then reevalu
ate requests and possibly alter them. 

The Client Needs a Happy Workforce. People 
thrown together for a limited time can create 
conflicts in how they are used to doing busi
ness. The consultant, who is, for example, the 
storekeeper, can take the approach that "the 
customer is always right," knowing that this is 
not always the case. The consultant needs to 
work with the client to ensure that the client 
gets exactly what the clients wants, and not 
what the client thinks s/he wants. 

The Consultant Needs a Satisfactory Cash Flow. 
The fact of the matter is that the consultant is in 
business to make money by providing a profes
sional service. People that work for a living, 
need to get paid. 

The Consultant's Goal Is to Have a Satisfied Cli
ent. What better compliment to a client/ con
sultant relationship than to make sure that the 
customer is always satisfied. Not unselfishly, 
the consultant wants to get a letter of reference 
at the end of this job. 

It's Got to Be a Good Job. Not coincidentally, 
this is also a common goal for both the client 
and the consultant. Both sides are willing to 
work hard to engineer a superior project-one 
that serves the public well, is of high quality 
and is well executed. Both serve to gain by a job 
well done (for the client, a satisfied constitu
ency; for the consultant, an excellent work 
reputation). 

Although these goals seem to complement 
one another, the client's and the consultant's 
concerns complicate the relationships. 

Client's Concerns. The first concern is that de
sign needs to keep going forward even if there are 
glitches in the availability of funds. The consultant 
has the same concern. Work stops and starts 
make staff allocations difficult, and schedule 
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delays erode the project budget. The client 
should keep the consultant informed up front 
of the financial situation. Keeping the commu
nications open regarding the finances will al
low for better planning when glitches do occur, 
because they will occur. The client, if from the 
public sector, works on a fiscal year basis, sub
ject to the legislature and federal appropriation 
codes. Financial glitches will be more of a sur
prise when the consultant does not know they 
are coming. Keeping the information flowing 
could resolve this concern. Another possible 
solution could be to delay some aspects of the 
project. Other parts of the project could be done 
while waiting for the financial difficulty to be 
ironed out. Keeping each other informed is the 
way that both the client and the consultant 
meet their goals - no secrets. 

The second concern is that the client's staff is 
important. The consultant's staff must be sensi
tive to client's staff needs and feelings, too. 
Consultants must understand that there are a 
lot of dynamics that occur when a consultant 
firm comes into a public agency. Sometimes 
those dynamics do not go well. Open commu
nication on what's transpiring, being aware of 
personality conflicts between the client's staff 
and the consultant's staff, and taking action im
mediately on any potential conflicts could cre
ate a more civilized working environment. An-

other idea is to bring the project engineers and 
other staff together face-to-face. In the skit, 
Judy and Bob know each other and are friends. 
Getting their support staff together to get to 
know one another enables them to understand 
one another better and work towards common 
goals. 

The third concern is that the client needs 
good communicators. The consultant's staff is go
ing to be selling the project to the neighbor
hoods. The client wants people who are able to 
communicate well. Good engineers do not nec
essarily make good communicators. One solu
tion is to bring the consultant's best communi
cators to the front line. This move could mean 
that the project engineer rather than the project 
manager makes the public presentations. Put 
the right person in front of the audience and 
make sure that the information is communi
cated effectively. 

The fourth, but the most important concern 
is that problems take too long to resolve. The peo
ple doing the work need to be talking to one an
other. If they understand the objectives, they 
are more likely to identify problems and make 
sure they are brought up to the right level. Do
ing so will ensure that problems are resolved as 
quickly as possibly. 

Consultant's Concerns. The first concern is in
voice processing-how it will happen. One way to 
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facilitate the process is establish the invoicing 
process before the first invoice goes out. The 
consultant should submit a sample invoice for 
review and comment. The client should ex
plain the review/ approval/ payment process 
to the consultant. Another helpful measure is 
to maintain open dialogue between the con
sultant's invoice preparer (i.e., administrator, 
bookkeeper, etc.) and the client's processor. 
These two peers can work out detail problems 
directly without involving upper level manag~ 
ers. This method allows billing and payment to 
proceed with fewer delays due to detail issues. 

The second concern involves scope and sched
ule. First, the principals should understand 
what exactly are the scope and schedule, which 
can be best accomplished by including a com
plete, tight Scope of Services in the contract lan
guage. It is in everyone's best interest to have 
an accurate understanding of the work that 
will be performed. Secondly, all parties must 
understand and agree with scope and sched
ule. "All parties" include not only the manag
ers, but the people who will actually be doing 
the work. This information needs to be dis- · 
seminated within the department and staff of 
all working parties. The more the staff "in the 
trenches" knows on both ends, the more likely 
they are to know the expectations for the sched
ule and understand what scope is additional, 
and what scope is not additional - and deter
mine whether it is truly feasible to get the re
quired work done according to the schedule. 

The third concern is dealing with extra work. 
Additional work should be identified and be 
compensated when the work is authorized. 
Authorization of work cannot lag behind the 
work itself. In addition, the client should be no
tified of changes in scope early, not six months 
later. In-scope and out-of-scope work should 
be identified before they are actually happen
ing or as they are happening so there are no sur
prises. A means must be established at the be
ginning of the project for dealing with any 
additional scope that may become necessary in 
the course of the project. It is difficult to predict 
at the beginning every work task that will be re
quired for completion of a project. Having a 
method in place to do so removes some of the 
reluctance that both parties have in dealing 
with the extra scope issues that invariably 
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arise. This method should include a procedure 
for granting preliminary approval so that work 
can commence while the cost and schedule im
pacts are established and contract amendments 
are executed. Time and again situations have 
arisen where it is difficult or impossible to put 
these amendments in place prior to at least 
starting the work. 

The fourth concern is that the client appreci
ate, when dealing with extra scope, that 
additional fees and schedule adjustments be recog
nized. The client needs to understand that ex
tras will have an impact on fees and to ensure 
that its staff understand that there are impacts. 
The complementary and contradictory nature 
of quality, schedule and cost must be under
stood. In simple terms, it is only possible to 
have a fractional combination of the following: 
a good project, a quick project and/or a cheap 
project. 

Summary 
The more clients and consultants understand 
each others' goals, the better everyone will be 
for it. The job will meet the expectations of the 
client, and both the client and the consultant 
will be happy with the final product. Expecta
tions are met because the client knows what is 
happening every step of the way. If a change in 
the contract comes about, the client is aware of 
its impacts. The consultant knows that the cli
ent is getting what the client wants because the 
consultant has contributed engineering judg
ment and highlighted possible solutions to the 
client's intentions. The final solution is in: com
munication! communication! communication! 
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