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Haley &Aldrich manages subsurface issues that result 
in successful projects - adding space below grade, 
speeding construction, mitigating site contamination, 
updating infrastructure, and reducing project costs. 

Our roots are in Boston, our locations are expanding. 
With 15 offices nationwide, our staff integrates 
experience, talent, and technology to offer creative 
solutions for client success. 

Call us at 617.886.7400 for a consultation as you 
begin to plan for your next project. 
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Editorial 

Making Great Engineers 

In this issue of Civil Engineering Practice we have started a forum on civil engineering educa
tion. Currently, there is a lively debate going on among people in the industry and academia 

- as well as in civil engineering and construction associations - regarding the future of civil 
engineering education and training. What does the industry expect from recent civil engineer
ing graduates? Are industry needs compatible with the mission of many graduate schools of 
engineering? What kinds of skills are essential? Is mathematical and theoretical rigor more 
important than practice-oriented education? Is a Bachelor's degree sufficient or should we 
require every new graduate civil to have a Masters' degree? What makes a great engineer? 
These are the questions that institutions such as ASCE, along with industry and education lead
ers, have been grappling with. We think that Civil Engineering Practice is an appropriate venue 
for this discussion. The importance of proper education and training for civil engineers cannot 
be overemphasized and practical implications of this endeavor makes it ideally suited for our 
journal readership. In this issue, I have asked Professor Thomas Sheahan of Northeastern 
University to provide an opening piece for this forum. We invite interested readers to write to 
us with regard to this issue and we hope that we can introduce at least a sample of their opin
ions in future issues. A healthy discussion on the topic of education can benefit all of us. 

I also want to recognize and thank two individuals for their unwavering support and con
tributions to Civil Engineering Practice - Professor Saul Namyet and Lee Marc G. Wolman. Both 
of them have been members of our editorial board since we started our current format in 1986. 
Professor Namyet has helped our editor, Gian Lombardo, with proofing final pages of the jour
nal since our first issue. His untiring efforts have caught many an error. We thank him for his 
dedication and his knowledge. Lee Wolman has been a staunch supporter of Civil Engineering 
Practice and a true believer in its importance and relevance to BSCES. He has been an active par
ticipant in editorial board meetings, soliciting papers and administering reviews. He has also 
financially supported the journal by advertising in Civil Engineering Practice for the past nine
teen years. Lee has decided to step down from the board but has promised to continue his 
involvement through continuing to volunteer in reviewing papers. On behalf of Civil Engineer
ing Practice's editorial board, I wish to thank Lee for his support and diligent work all these 
years. Both Saul and Lee are well worthy of our gratitude and admiration. 

!J~~ 
Ali Toman 

Chair, Civil Engineering Practice Editorial Board 
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History 

The Trussed Tube 
John Hancock Center 

This excerpt from a biography 
of the noted structural engineer, 
Fazlur Khan, tells the story 
of one of his most famous 
accomplishments. 

YASMIN SABINA KHAN 

Upon announcement of Skidmore, 
Owings & Merrill's (SOM) 100-story 
design for Chicago's John Hancock 

Center in 1965, design professionals immedi
ately recognized the achievement that it repre
sented. The design was exceptional not only 
because of the building height, but also, and 
more significantly, for the "fantastic degree of 
mutual understanding and collaboration" 
between structural engineer and architect that 
it revealed.1 The structural clarity of the archi
tectural design confirmed the active role that 
structural engineering innovation could 
assume in the evolution of high-rise architec
ture. Possessing a cadenced vigor that is both 
familiar and novel, the trussed tower's identi
fiable image quickly became a city icon. 

Construction of the John Hancock Center 
had exceptional personal significance for 
Fazlur Khan. In addition to the uncommon 

scale' of this project - 2.8 million square feet 
of program area, a 1,127-foot-tall building, 
caissons attaining depths of up to 190 feet -
the structural system that it initiated realized 
the still-nascent tubular concept in an alto
gether new way. The successful implementa
tion of this untried system, Khan believed, 
depended on his determination and deep 
commitment to the realization of the structur
al concept; as a result, the John Hancock 
Center brought about "the most emotional 
involvement" with a building of his career.2 

Khan was thirty-five years old when the 
builder/developer Jerry Wolman approach
ed SOM in 1964 about a site that he had 
acquired on North Michigan Avenue. Plans 
for public transportation in the vicinity - a 
proposed rapid-transit line, which was not 
built - enhanced the value of the property 
and suggested the viability of high-density 
development. SOM encouraged Wolman to 
allocate program area to residential as well as 
office use. The location of the building site 
was suited to each type of occupancy, and a 
mixed-use development (a budding idea in 
the 1960s) would ensure 24-hour activity and 
land use. The architectural building program 
was thus divided between office space of 
close to one million square feet, apartment 
space of another million square feet, and 
commercial and parking space of 800,000 
square feet. 
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South face of the John Hancock Center. The building's novel form, in conjunction with the 
cross bracing of the structural frame, guided its architectural expression. (Photograph by 
Hedrich-Blessing, courtesy of Skidmore, Owings & Merrill LLP.) 
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Building site prior to demolition. Much of the area behind the low-rise bank building was 
used for surface parking. (Photograph by Bill Engdahl, Hedrich-Blessing, courtesy of 
.Skidmore, Owings & Merrill LLP.) 

Bruce Graham and project architect Robert 
Diamant, together with Al Picardi and Fazlur 
Khan, contemplated two alternatives for the 
office and apartment areas - one that joined 
these occupancies in a single tower, and one 
that separated them into two towers. For the 
single-tower scheme, they positioned resi
dential space above the office, commercial 
and parking areas, creating a supertall high 
rise. Preliminary calculations for a shear
truss frame structural system, however, indi
cated that such a tall tower would not be eco
nomically competitive with a two-tower 
alternative. In the two-tower scheme, the 
designers separated the office and apartment 
space, and the two buildings rose either from 
the street level or from a low-rise base that 
housed commercial and parking space. Khan 
studied a number of possible arrangements 
for the buildings, including one cruciform 

plan for the apartment building, and talked 
over the advantages and costs of steel con
struction and concrete construction with 
Graham and the rest of the team. For the 
office building, he leaned toward a steel 
shear-truss frame structure; for the apart
ment building, a concrete framed tube with 
interior shear walls.3 

The two-tower scheme appeared to be 
preferable from a financial viewpoint but 
other issues associated with it raised concern. 
The size of the building site, in Graham's 
view, was not adequate to allow for a com
fortable separation of the two towers: daylight 
and views would be obstructed for occupants, 
and privacy would be compromised. At the 
same time, a full-site low-rise with two build
ings rising above would create a disturbingly 
crowded environment at the street level. The 
more the design team examined the two-
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When SOM began work on the Wolman/John Hancock 
Project in 1964, it studied a two-tower scheme. The addition 
of a site-consuming podium housing commercial and park
ing space was also considered. (Photograph by Williams & 
Meyer, courtesy of Skidmore, Owings & Merrill LLP.) 

from the framed tube that 
they had initiated in a previ
ous project at the Chestnut
De Witt Apartments (a large
scale residential tower in a 
lakefront neighborhood north 
of the Loop in Chicago). 
Although also a vertically 
cantilevered tube form, this 
structural type did not 
require the closely spaced 
columns that defined the 
framed tube. Instead, the 
optimum column-diagonal
truss tube, or simply "trussed 
tube," made use of large diag
onal members that extended 
vertically across numerous 
stories at the building's exte
rior to create a stiff perimeter 
form. In contrast to the nar
row windows imposed by the 
framed tube structural sys
tem, the windowpanes could 
be broad; large diagonal 
members, however, would 
cross through some of them. 
If the architects could accept 
this condition, then a building 
of requisite height to locate 
residential space above office, 
commercial and parking 
space could, he predicted, be 
economically feasible. 

building option, the more they appreciated 
the benefits of a single tower. 

Perceiving that a single-tower scheme 
deserved further consideration, but that it 
would necessarily involve a new type of struc
tural system, Khan decided to present a new 
concept for supertall building design to 
Picardi and Graham. 

He had recently substantiated a type of 
tubular structural system, he informed them, 
that would likely be appropriate for the pro
portions of the proposed single tower. This 
structural type, which he termed the optimum 
column-diagonal-truss tube, involved a break 
not only from the conventional moment
resisting beam-column frame system, but also 
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Khan was able to boldly 
present this building concept for considera
tion because of his involvement at the Illinois 
Institute of Technology (IIT). In 1963-1964, a 
graduate student, Mikio Sasaki, had 
expressed interest in working out an efficient 
solution for a tall steel building subject to high 
wind and seismic forces. Sasaki chose to 
employ diagonal bracing in his design project, 
a structural element contemplated by his 
architectural advisor, Myron Goldsmith, in his 
own thesis in 1953. Khan worked with Sasaki 
as his structural thesis advisor and recom
mended that the bracing be configured to cre
ate a perimeter tubular form. What they 
developed was a structural system that inte
grated multistory diagonals with columns and 



spandrel beams in the exterior frames of a 168-
foot-square, 700-foot-tall building. Integrated 
into the frame structure, the diagonals in this 
application differed from traditional bracing 
elements, whi~h restrain beam-column 
frames from swaying under wind but are not 
intended for carrying gravity loads. Diagonals 
in this new structural system, in contrast, were 
part of the framework that supported gravity 
loads and lateral loads; in addition, the diago
nal column elements distributed load to the 
vertical columns of each frame. For the overall 
structure, the X-form diagonals had a trans
forming effect, unifying the four exterior 
frames into a tube system through their con
nection. at the building corners. The structural 
organization minimized shear-lag effect and 
suggested a superb economy of material. 

The student thesis was necessarily limited 
in scope. Since a complete analysis could not 
be performed, the actual flow of load in the 
structure was not certain. Nonetheless, com
putations and a simple model test showed 
that their premise was correct: lateral stiffness 
could be enhanced with the introduction of a 
minimum number of rigid diagonals into the 
exterior wall planes. Rather than behaving as 
a frame or truss structure, the tower would act 
as a cantilevered tube. For wind load condi
tions, this system appeared ideal. (Khan later 
concluded that the cross-braced system was 
overly rigid and insufficiently ductile for use 
in high seismic zones.) Having obtained pre
liminary confirmation of his intuitive under
standing of this structural type, Khan put his 
faith in the new concept. 

After performing preliminary calculations 
to satisfy himself, he assured the SOM part
ners, and then the project developer, that a 
design for an approximately 1,100-foot-tall 
structure could be accomplished within the 
project constraints. One constraint was a short 
design schedule; the design phase was to be 
completed within one year, with structural 
steel scope documents bid several months 
before the completion of the drawings. (Large 
investments in preconstruction items - land, 
in particular - raise to prominence the criteri
on of obtaining income from a development 
project as quickly as possible.) The decision 
hung on an economic analysis of the schemat-

ic designs, comparing the single tower to sev
eral two-tower alternatives. As Khan had pre
dicted, the analysis demonstrated the trussed 
tube system's unparalleled structural efficien
cy. Convinced of its advantages and structur
al validity, Jerry Wolman agreed to this pro
gressive design scheme and authorized SOM 
to proceed into design development. 

Although the SOM partners had agreed to 
the firm's initiation of Khan's proposed struc
tural scheme, they remained anxious to obtain 
assurance that the concept could indeed trans
late into judicious construction for a 100-story 
tower. Design review by a few outside engi
neers had been incorporated into the design 
process on other SOM projects and had 
appeared to be productive. So, for Wolman's 
project the firm sought similar independent 
critiques, focusing attention on the structural 
concept and analysis of the system. Some 
engineers, it found, were initially skeptical of 
the structural concept. This response, howev
er, was not the most disturbing in Khan's 
view. Instead, proposals that were put for
ward by two design firms to assume full or 
shared responsibility for structural engineer
ing on the project distressed him most. The 
structural consultants suggested that, rather 
than review it, they should perform the 
design. 

The legitimacy of these suggestions gave 
the SOM team pause. One of the design firms 
was structural engineer on the World Trade 
Center Project in New York. The firm's stud
ies, its partners reported to SOM, showed that 
the Vierendeel truss system was more eco
nomical and practical for a 100-story building 
than the trussed tube system that Khan was 
proposing. Furthermore, they had commis
sioned an extensive research project for deter
mining the effect of building sway on occu
pants, an issue that was of concern to any 
designer of a flexible, modern high rise. If 
their firm were given responsibility for the 
structural engineering on the Wolman Project, 
the results of the costly investigation spon
sored by the Port Authority of New York and 
New Jersey would be available to the design 
team.2'4-6 

Confounded by the prospect of SOM either 
conceding the implementation of the advanced 
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structural scheme to a structural consultant or 
abandoning it altogether and allowing another 
firm to step in, Khan argued fervently against 
such a scenario to the partners. Why else retain 
talented engineers in the architectural and 
engineering firm, he questioned, if not to 
expect them to apply their skills and assume 
the responsibility of which they were capable? 
On his part, he resolved - the only time in his 
twenty-four-year career with SOM - to leave 
the firm if the design responsibility was given 
to an outside consultant. 

Khan was asking the partners to make a 
painfully difficult decision to move forward 
with a potentially valuable innovation recom
mended solely on the basis of a young engi
neer's evaluation. Though the matter 
remained undecided for about six weeks that 
winter, Khan was relieved to know that Bill 
Hartmann, the managing partner on the proj
ect, was not inclined to trust other preliminary 
evaluations over his, nor were the other part
ners. SOM decided to retain control of the 
structural engineering on the project and 
declined the consultants' proposals for 
involvement. Khan would be able to shepherd 
the engineering design from conceptual plan
ning to construction completion. 

Looking back, Khan felt that his determina
tion, attention and belief in the structural con
cept had been essential in keeping the project 
on track. His visual understanding of the sys
tem and his intuitive assessment of the quali
ty of load flow enabled him to persist in the 
face of inherent design difficulties. 

Analysis of the Structure 
An intense schedule, a building system with
out precedent, a soaring height above ground 
and tremendous depth below grade required 
the unwavering commitment of the design 
team. As project structural engineer on the 
Wolman project (by 1965 called the John 
Hancock Center since the John Hancock 
Mutual Life Insurance Company, along with 
four banks, agreed to provide financing for 
the project), Khan insisted on putting together 
an engineering team that could handle the 
strenuous pressure caused by the schedule 
and the uncertainties of an innovative under
taking. The architects, likewise, had to cope 
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with, even thrive on, demands on their 
resources and energies. 

The two main occupancies of the single 
tower called for different building propor
tions, which had to be resolved early on. 
Whereas large areas of unencumbered floor 
space were preferable for office use in the 
lower portion of the tower, the apartments 
housed in the upper portion needed a narrow 
floor plan for maximum window exposure. A 
common resolution of these contending build
ing program criteria would indicate a stepped 
building elevation. But this configuration 
would not have worked with the structural 
system that offered the efficient 100-story 
structure. In response to these programmatic 
objectives, Graham, Khan and the rest of the 
team developed a building solution utilizing 
sloped exterior walls. With a gentle taper from 
base to roof, a notable reduction in building 
cross-section could be achieved. 

From Sasaki's thesis project at IIT, Khan 
knew that the diagonals should be placed near 
to 45 degrees with the horizontal for maxi
mum structural efficiency. To satisfy this crite
rion, SOM' s initial organization of primary 
members represented an overlay of a uniform 
band of cross-braced tiers on an elevation of 
sloped sides. This arrangement required 
adjustment, however, since it was essential to 
tube action that the diagonals from adjacent 
building faces intersect at the building cor
ners, together with a corner column and the 
primary spandrel beams. The designers real
ized that, to meet these additional criteria and 
maintain an approximately uniform tier 
height, the angle to the horizontal of each 
tier's diagonal members would have to differ 
slightly along the height of any elevation and 
to differ significantly between broad and nar
row elevations. There were other adjustments 
that had to be made to accommodate the 
tapered building form: a constant floor-to
floor height, for instance, was not possible. 
Within the bounding modules, or tiers, set by 
the diagonals and the spandrel beams, floor
to-floor heights were allowed to vary within 
certain ranges: 9 to 10 feet for the apartment 
stories and 12 to 13 feet for the office stories. 
Based on the numerous structural and pro
gram requirements, the designers tested sev-



An early model for the 100-story tower, released for public announcement of the project in 
April 1965. (Photograph by Bill Hedrich, Hedrich-Blessing, courtesy of Skidmore, Owings & 
Merrill LLP.) 

eral dozen variations of building geometry to 
determine a suitable base footprint and degree 
of taper. The form they settled on tapered 
gradually from a 165- by 265-foot structure 

footprint at the ground level (with approxi
mately 44,000 square feet of program area) to 
100 by 160 feet (16,000 square feet) at the 
tower's main roof, 1,107 feet above street level. 

CIVIL ENGINEERING PRACTICE FALL/WINTER 2004 13 



An 82nd floor apartment in the John Hancock Center; the diagonals assert themselves into 
the experience of the interior space. (Ezra Stoller © Esto.) 

Above the main roof, a smaller penthouse 
structure rose to 1,127 feet. 

The clarity that came about due to the geo
metric necessity of extending the diagonals 
out to the sloped corner columns can be read
ily appreciated when comparing the original 
scheme with the built elevation (see the illus
trations on pages 13 and 8). It is apparent that 
an unambiguous architectural narrative 
emerged from the designers' acceptance and 
appreciation of structural realities; by heeding 
the structural logic of the system, the architec
ture gained integrity and substance. 

The notion of large diagonals interrupting 
window glass was at first an unpromising 
aspect of the structural system. But with fur
ther review, the project team became favorably 
disposed to the condition, as did later architec
tural critics and building occupants. The diag
onals were not an arbitrary feature of the 
fa~ade, after all. Rather, the elevation coherent-
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ly expressed the building structure and carried 
on Chicago's heritage of structural and archi
tectural integration. The intrusion of diagonals 
on the interior at windows, moreover, was not 
generally disagreeable to occupants, owing to 
a certain sculptural effect and the unusual 
nook-like spaces that the diagonals created. In 
his article "'Living in the Sky' Is Almost 
Heaven," architecture critic Rob Cuscaden 
remarked that apartments in the John Hancock 
Center possessed window patterns "far more 
interesting than the usual box-like openings in 
box-like suburban homes."7 Residential units 
received the further benefit of magnificent 
views that encompassed seemingly infinite 
expanses of lake and sky to the east, and city 
and sky in the other three directions. 

For analysis of the structure for wind load, 
Khan obtained data from the U.S. Weather 
Bureau and established design wind pressures 
20 percent beyond those recommended in the 



Chicago building code. His determination of 
this increase raised considerable dispute, 
however, since the independent consultant 
retained by the building's owner, John Han
cock Mutual Life, argued for ah even higher 
multiplier. After much discussion with SOM's 
own advisors, Khan agreed to use a design 
wind pressure 25 percent beyond code. To fur
ther satisfy the consultant's concerns, he 
checked that member stresses remained below 
the allowable stresses when the pressures 
were increased by 40 percent. In addition to 
these measures, he introduced a second type 
of wind load condition: anticipating the limit 
level adopted a few years later, the structural 
design evaluated building members when 
wind pressures equal to 2.0 times the pres
sures recommended in the Chicago building 
code were applied, concurrent with gravity 
loads, to ensure that they neither yielded or 
buckled at this high stress level. Ultimately, 
the structural members were negligibly affect
ed by wind-induced stresses, due to the effi
cient trussed tube structure. 

Since SOM had acquired its first computer 
system in 1961, the office had developed ade
quate programs in-house to make extensive 
use of this powerful tool for the John Hancock 
Center design (the computer initially served 
only to check manual calculations). The struc
tural engineers developed computer pro
grams and subprograms for the geometric and 
architectural program analyses necessitated 
by the atypical building form, for the study of 
relationships among members to establish 
optimum member sizes, for preliminary wind 
load computations and for column load calcu
lation. In order to study the exterior tube 
structure, the engineers divided the 100-story 
tower into braced tier sections for more man
ageable computation. Employing a technique 
similar to that used when Khan first intro
duced the framed tube concept, they reduced 
the structure for analysis into equivalent mod
els. The procedure would not provide an 
11 exact" solution for the static wind load con
dition, but they expected that the results 
would be reasonable, especially for prelimi
nary member sizing. The design team also 
scrutinized exterior frame member propor
tions, with the goal of optimizing total materi-

al quantity. Hal Iyengar and Joseph Colaco, 
who were working full time with Khan on the 
project, developed a computer program to aid 
in this analysis. (Khan later recounted a lesson 
from his former professor, Chester Siess, in 
this period about the importance of critical 
thinking versus specific knowledge. When 
preparing for this project and looking for an 
engineer to assist in the analysis, Khan had 
talked with Siess, who recommended Colaco, 
a student of his at the University of Illinois. 
When Khan seemed hesitant to contact Colaco 
because of his field of study - reinforced con
crete - Siess asked Khan vyhat had been the 
subject of his doctoral study - prestressed 
concrete design. 8) 

Once the structural members had been 
sized, more exact analyses of the structural 
frame were undertaken on large-capacity com
puters by structural consultants retained by 
SOM. One consultant, Paul Weidlinger, sug
gested that it would be prudent to obtain more 
than one mathematical solution. He wrote in 
March 1965, "I have reviewed the wind brac
ing system rather carefully, and I am of the 
opinion that the proposed method is excel
lent." But due to "the very magnitude of the 
analytical problem ... it may be warranted to 
perform this work by two distinct methods 
independently, to ensure reliability."9 SOM 
favored a duplicative approach, as it was, since 
this would help to calm any lingering unease 
regarding the trussed tube structural system. 

Employing models that represented one
quarter of the building frame, John E. Gold
berg, of Purdue University, and Weidlinger 
performed independent space frame and 
space truss analyses, and Steven Fenves, of the 
University of Illinois, and Robert Logcher, of 
the Massachusetts Institute of Technology 
(MIT), worked on a STRuctural Engineering 
System Solver (STRESS) analysis, which had 
been developed by Fenves and Logcher, along 
with Samuel Mauch. The set criteria required 
the various computer programs to consistent
ly interpret the structural system. Member 
design would not be finalized until the load 
flows and exterior tube member stresses cal
culated by the various programs were in 
agreement. This confirmation was intended to 
satisfy SOM and the owner; the designers also 
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Single tier module for analysis. (Courtesy of Skidmore, Owings & Merrill LLP.) 

met regularly with the engineers at the city 
building department to ensure the city's 
agreement with the new structural system. 

The new computer technology allowed for 
amazingly quick numerical confirmation. An 
initial truss analysis that disregarded the 
diagonal members' bending stiffness and the 
essential fixed connections between diago
nals and vertical columns caused momentary 
concern. But this issue and the few discrep
ancies between computer analyses were 
resolved, and member stresses were deter
mined to be in close agreement. Through this 
rigorous examination, the system proved 
itself to be valid and efficient. The tying 
action of the primary spandrel beams at lev
els where diagonals met the corner columns 
was critical in forcing the cross-bracing diag
onals to behave as column members and, 
with the transfer of axial load between diag-
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onals at the building corners, established 
three-dimensional tubular action of the 
perimeter structure. The secondary spandrel 
beams, which spanned between intermediate 
intersections of diagonals and vertical 
columns, were also important to the system 
in forcing distribution of gravity and wind 
loads from the diagonal members to interme
diate columns along each face. Because of 
this effect, the intermediate vertical columns 
acted together as an effective bearing wall, 
sharing applied loads according to their 
cross-sectional area instead of as independ
ent load-carrying elements. In contrast to the 
columns in beam-column frames that experi
ence large bending moments, the trussed 
tube's columns, vertical and diagonal, expe
rienced minimal bending. 

The efficiency of the trussed tube structural 
system was demonstrated by the final design: 
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(a) Localized support of a concentrated load in a traditional beam-column frame versus (b) 
distribution of load for uniform support at the base in a bearing wall. The distributive action 
of the bearing wall can be simulated by (c) the system of closely spaced columns and stiff 
beams in a framed tube, or (d) the integration of columns, beams and diagonal columns in a 
trussed tube. (Drawing by David Fung.) 

notwithstanding long interior floor spans of 
30 to 58 feet, structural steel quantity averaged 
a low 30 pounds per square foot of floor area. 
This unit quantity of steel was equivalent to 
that required for an economical traditional 
building of 40 to 50 stories. Whereas the 
framed tube that Khan had developed for the 
Chestnut-DeWitt Apartments suffered from 
the inefficiency brought about by shear lag, 
caused primarily by the flexibility of spandrel 
beams, the distribution of stresses in the John 
Hancock Center columns under wind load 
was "very similar to that expected in a true 
cantilever tube structure" - a remarkable 
achievement.10 

The 12- to 13-foot floor heights of the office 
levels allowed for a hung ceiling with space 
below the slab to run electrical conduits, 
mechanical ducts and plumbing pipes. 
Similarly, the 9- to 10-foot floor heights of the 
apartment levels could have accommodated 
hung ceilings - a necessity, if steel beams 
were to be fireproofed and located within 
room floorplans. But rather than assign pri-

mary importance to interior layout flexibility 
inside the individual apartments, the archi
tects decided to create spaces with high ceil
ings and an associated sense of luxury. The 
need for hung ceilings was avoided by coordi
nating structural floor framing with the lay
out, so that steel beams coincided in plan with 
either partition walls or functional room sepa
rations. 

To span between the floor beams, the engi
neers designed a lightweight concrete com
posite slab system, which could be employed 
on both the apartment and the office floors. To 
force composite action of the concrete slab and 
the steel beams, effectively creating T-beams, 
shear stud connectors were welded to the 
beams' top flanges. The bottom of the slab 
construction at the apartment levels served as 
the ceiling surface. 

In another twenty years, designers would 
take for granted the application of composite 
action between the concrete slab and steel 
beam. But in the 1960s the practice of securing 
steel connectors to steel floor framing to 
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Khan during composite slab tests, April 1965. 

engage a concrete slab in composite behavior 
was, though applied, still in the process of 
being refined. The 1963 American Institute of 
Steel Construction (AISC) "Specification for 
the Design, Fabrication and Erection of 
Structural Steel for Buildings" provided an 
early version of composite design recommen
dations that did not consider partial compos
ite action, deflection, floor vibration or the dis
tinct behavior of lightweight concrete.11 Metal 
deck was initially considered a barrier to com
posite action between beam and concrete since 
the attachment of the deck to the top flanges of 
beams interfered with attachment of shear 
connectors. This difficulty was resolved first 
by cutting holes in the deck through which 
shear connectors could be placed and welded 
to the beam flange, and later by the introduc
tion of shear studs that could be positioned on 
top of the metal deck and welded through the 
deck to the beam flange below. In the mid-
1960s, engineers were permitted to design an 
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economical composite floor framing system, 
but were expected to confirm the structural 
properties assumed in the design of that sys
tem. Khan pursued this path and planned a 
testing program of the proposed floor system. 

The corner joint detail - essential for inte
grating the diagonals, spandrel beams, and 
columns into a whole, tubular form -
received much of the engineers' attention 
during design. Khan knew, when proposing 
the trussed tube system, that the joints trans-· 
£erring loads in the 100-story tower would 
not only require unusual analysis but also 
could become expensive and difficult to con
struct. He met with technical representatives 
from two steel fabricators early in the design 
process to discuss how the joints could be 
detailed to ease their fabrication as well as 
erection of the structural frame. To this end, 
the diagonal columns, vertical columns and 
spandrel beams were all made of built-up H
sections of ASTM A36 steel, and the major 



JOHN HANCOCK CENTER. CHICAG'O, ILLINOI~ 
ARCHITE'crs, SKIDMORE, OWINGS & MERRILL 
CONTRACTOR, TISH MAN CONSTRUCTION CO, 
DATE, 6 / 30 167 VIEW, NE NEG,# 112 

This constl'uction photo reveals the scale of the prefabricated main joints. (Courtesy of 
Skidmore, Owings & Merrill LLP.) 

joints were fabricated in the shop. (ASTM A36 
steel was introduced in 1960 and quickly 
replaced A7 steel because of its higher work
ing stress and yield point and its weldability. 
Higher-strength steels were available as well 
during the John Hancock Center design, and 
Khan used A441 steel for some of the main 
joint gusset plates. But he hesitated to make 
use of higher-strength steel in high-rise mem
ber design, believing that it was inefficient to 
economize on material quantity if building 
vibration and sway became the governing 
design criteria.12

) Prefabrication of the joints 
allowed welding of the thick steel plates to 
take place in the shop, thereby reducing over
all steel costs and facilitating testing, and cor
rective measures, for residual stresses 
induced by welding. Field erection predomi
nantly involved bolting, which contributed to 

the relative speed of erection of the steel 
frame. 

SOM commissioned a steady-state wind 
tunnel testing program at the United Aircraft 
Corporation Research Laboratory to estimate 
wind pressure distribution around the build
ing structure. Based on this information, on 
wind load data from meteorological observa
tions and on computed natural frequencies of 
the structure for the first few modes under 
steady- wind, the engineers were able to per
form a pseudo-dynamic computer analysis. 
Considering the building as a single-degree of 
freedom system, they investigated ,the struc
ture's response to wind load. Their computer 
analysis provided values for structural dis
placement, velocity, acceleration and rate of 
change of acceleration at prescribed time 
intervals.13-15 
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structural engineer William 
LeMessurier put it, 
"[a]lthough we are daily 
coming closer to being able 
to calculate deformations 
and vibrations under any 
loadings, we know less and 
less about what we want 
them to be .... No authori
tative standard exists for 
the wind design of build
ings which includes criteria 
for movement and vibra
tion. "16 Not only was there 
no standard established, 
there were few studies of 
building motion in 1965, 
and none that evaluated 
building movement in 
terms of occupant percep
tion and discomfort. 
Experimental psychologists 
believed that human per
ception of horizontal linear 
or rotatory motion was 
caused by the movement of 
fluid and pressure change 
in the inner ear and that 
pressure change was affect
ed by the acceleration of 
motion and the rate of 
change of acceleration. 
Unfortunately, tests thus 
far had been directed to 

Khan demonstrated practical ingenuity with his use of The Tale 
of a Tub exhibit for motion perception investigation. This plan 
represents his placement of subjects on the exhibit's rotating 
platform, taking into account suspected variation in perception 
based on head and body position relative to motion. (Drawing 
by Fazlur Khan.) 

space-flight tolerance and 
high-frequency vibration, 
not to the type of motion 
that would be felt in a tall 
building. To evaluate antic
ipated motion of a tall 

Khan knew that, aside from structural 
strength considerations, design of this building 
required evaluation of the effect of movement 
under wind on the building occupants, particu
larly occupants of the apartment floors in the 
top portion of the tower. Assessing people's 
response to building sway, however, was diffi
cult due to a lack of criteria regarding human 
perception and com.fort. What motion of the 
building by wind gusts could be tolerated? As 
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building, correlation 
between motion and perception of motion first 
had to be established. Once a correlation was 
identified, then the anticipated structural 
behavior could be evaluated in terms of toler
ance levels. 

The study of the perception of motion 
belonged to a special field of psychology, and 
psychological testing was not an enterprise 
normally embarked upon by an architectural 
or engineering firm. The detailed study that 



was underway for New York's World Trade 
Center project was run by a research team of 
physiologists and exr,ected to involve a large 
number of subjects.5

' 
7 This scale of investiga

tion was not possible for the privately devel
oped tower in Chicago. 

For an initial evaluation of the John 
Hancock Center, the engineers compared its 
structural properties with those of other tall 
buildings. This limited basis for comparison 
indicated that it would perform at least as well 
as the majority of existing tall buildings. The 
project team, nevertheless, aimed to obtain a 
more direct means of confirming that the 
building's sway in wind would be acceptable 
to occupants. 

As Khan pondered how the design group 
might devise a practical means of predicting 
motion discomfort so as to evaluate the build
ing structure, a fortuitous Sunday family out
ing to Chicago's Museum of Science and 
Industry suggested a solution to the problem. 
One of the exhibits featured washing 
machines; in the middle of the room was a 
large tub ( courtesy of a washing machine 
manufacturer). The clear-walled tub was ele
vated on a base and situated in the center of a 
20-foot-diameter rotating section of floor. 
While standing on the platform and viewing 
the tub, Khan felt a slight jerk and perceived 
the rotating floor's potential as a motion sim
ulator. Later that week, he inquired about the 
floor's controlling mechanism and deter
mined that by operating the on/ off switch, he 
could vary acceleration within the range that 
was of interest to him. 

Khan developed a study of building motion 
utilizing the museum's exhibit. He obtained 
two accelerometers and recruited eight sub
jects, beside himself, for his experiments. The 
participants stood, sat and lay on the floor in 
various positions relative to the direction of 
rotation. Adjusting the platform's motion and 
recording each person's response, Khan chart
ed each subject's level of motion perception 
with the corresponding component of linear 
acceleration. Perception began at maximum 
accelerations between 0.004 g and 0.0075 g. 
Tolerance to the motion, once perceived, var
ied greatly, but it was possible to determine a 
general threshold for discomfort.18 

As a check on the results obtained from the 
experiments at the museum, he also measured 
the acceleration of an existing building. He 
had heard that the swaying motion of 860 
North Lake Shore Drive, where a former stu
dent of his, Phyllis Lambert, lived, was appar
ent to occupants during strong windstorms. 
He asked Lambert whether she would be will
ing to participate in a study. She agreed, and 
he placed a monitoring instrument in her top
floor apartment. When she next perceived 
motion, she was to turn on the instrument, 
thereby registering her perception. The instru
ment would record the building's movement 
at that moment. A timely storm in August 
1965 caused the 26-story structure to sway 
noticeably, providing Khan with a measure
ment of maximum acceleration corresponding 
to perceived building motion. This measure
ment agreed with the criteria that he had 
derived from the testing program undertaken 
in the museum. 

Results from these rudimentary tests were 
qualitative in nature, and additional research 
in motion perception, as well as in wind engi
neering, would be needed to obtain definitive 
quantitative information. Khan's research 
nevertheless gave both the design team and 
the owner a level of confidence in the antici
pated performance of the building. 

Caisson Foundation 
A gridded slab located beneath the basement 
slab, with the space between filled with com
pacted soil, was designed to transfer horizon
tal load from the tower to the clay soil. Below 
the gridded slab, 239 caissons were construct
ed to carry the vertical loads: the 57 caissons 
supporting the tower were founded in 
bedrock, another 182 were founded on hard
pan. When the scale of construction and the 
impediments to caisson installation involved 
are considered, the task can be better appreci
ated. The lowest recorded elevation of 
bedrock in Chicago's greater downtown area 
in 1965 was approximately 145 feet below 
grade - a large distance for caisson construc
tion. Preparatory exploration for the John 
Hancock Center indicated that bedrock at the 
project site was located around 120 feet below 
grade. Unexpected abrupt local variation, 
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One method used for repairing defective zones in caissons was to dig a 4-foot-diameter 
access shaft down to the level of defect. (Courtesy of Skidmore, Owings & Merrill LLP.) 

however, required that one 6.5-foot-diameter 
caisson be extended a record 191 feet below 
ground level to reach sound bedrock. Caisson 
installation involved auger drilling through 
clay layers, hand mining of long distances of 
unsuitable rock layers, barrel cutting sockets 

· into bedrock, dewatering inside the shafts and 
removing large steel casings during concrete 
placement. 

Prior to the development of mechanical 
drilling equipment, caisson construction 
necessitated manual excavation and the man
ual installation of wood lagging with steel 
rings to provide the caisson form. Beginning 
in the early 1950s, large-scale drilling equip
ment offered an alternative method of con
structing caissons of limited diameter, by 
excavating with an auger or bucket-type rig. 
To maintain the outline of the caisson hole, 
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telescoping steel casing was inserted into the 
drilled shaft, and concrete was placed inside 
the steel casing. If the soil were considered sta
ble, a portion of the steel casing could be 
removed before the concrete pour underwent 
initial set. Construction documents in the 
1960s generally permitted recovery of the 
expensive steel casing for reuse since engi
neering practice did not account for the steel 
in caisson design, whether or not it was left in 
place. The timing of removal, though, was 
critical; if the concrete began to set, it might 
move upward with the shell. On the other 
hand, the casing could not be removed too 
quickly, because adequate concrete pressure 
head was needed to prevent soil and water 
from moving into the drilled opening. 
Construction of the John Hancock Center's 
deep foundations was accomplished by a 



combination of machine excavation and hand 
mining with jackhammers, and involved this 
procedure of steel casing placement and 
retrieval. 

After foundation construction was com
plete, and as the first levels of structural steel 
framing were being placed, an unexpected 
halt was imposed on the project's fast-track 
schedule. In mid-summer 1966, SOM's field 
representative learned that the top of one 8-
foot-diameter caisson had shifted under the 
light construction load of a steel column. This 
inexplicable occurrence was relayed to Khan, 
who immediately called a meeting at the site. 
Discovery of the inconceivable movement of a 
caisson raised heated argument since some of 
the project participants were convinced that 
the reading could only be a result of measure
ment error, not actual vertical displacement. 
Khan found himself under enormous pressure 
to believe any plausible explanation that 
would allow construction to continue. A delay 
and an examination of the foundation would 
be costly; besides, subsequent legal complica
tions were inevitable. It was an unenviable 
dilemma for an engineer - the type that one 
hopes not to encounter during the course of a 
career. 

He decided that SOM had no choice. In 
good conscience, he and the design firm had 
to insist on identifying and resolving the cause 
of the settlement. Though he did not relish 
confrontation, once he had made his determi
nation, he held fast. That Friday in July, steel 
erection was stopped locally in the area of the 
building carried by the one caisson in question 
so that its shaft could be cored: concrete core 
samples would reveal irregularity in the con
crete construction. Khan later recalled being 
somewhat uneasy about his decision to give 
heed to the one elevation measurement and to 
initiate an investigation. Yet that weekend the 
soundness of his judgment was confirmed. 

To everyone's dismay, a 14-foot-long void, 
from elevation -57 to -71 feet, was identified 
in the exterior column caisson. It appeared 
that concrete, having begun to set, had clung 
to the steel casing when the casing was with
drawn from the upper portion of the shaft, 
leaving a portion of the caisson section with
out concrete.19

'
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Once this void was discovered, the place
ment of concrete for all caissons became sus
pect. Steel erection was halted and an inspec
tion program of tremendous scale was com
menced in August and only completed in the 
spring of the following year. Approximately 
20,000 lineal feet of 2-inch-minimum-diameter 
core drilling was tested; a supplementary 
investigatory method using sonic signals 
between core holes was also employed. A sec
ond void was found in a 6-foot-diameter cais
son, and soil and water contamination was 
located in numerous others. The upper seg
ments of the two caissons with major defects 
were removed and entirely replaced. In three 
caissons with less severe faults, temporary 
access shafts were excavated alongside the 
caisson shafts, from which defective sections 
could be manually cleaned and repaired. In 
all, 26 of the 57 caissons to bedrock received 
corrective work of varying degree. The pro
gram was costly and time-consuming; the 
return for it was full assurance of the founda
tion's structural integrity. Nevertheless, the 
scale of the investigation left Khan and some 
of the other designers feeling that the project 
had suffered from the snowballing demands 
of the multiple parties involved. The signifi
cant outlay occasioned by the investigative 
and repair program, plus the expense 
incurred by delays during initial caisson 
installation, contributed to the financial trou
bles of Jerry Wolman - the developer who 
had dared to go forward with the exceptional 
superstructure design - forcing him to sell 
his interest in the project to John Hancock 
Mutual Life in December 1966. 

Colleagues later reminisced about the 
intensity of the dialogue during this period. 
Despite strong declarations during the initial 
days of uncertainty that extensive examina
tion was inappropriate, Khan maintained a 
calm demeanor, thereby shifting the tone of 
the dialogue. The contractors, moreover, 
could never complain about proclamations 
made from a remote engineering office. Khan 
had visited the site regularly before the void 
was found, and he continued to do so, insist
ing on viewing the caisson repair work, 
although this required descending into deep 
and narrow access shafts. His initiative and 
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spirit, combined with his practical under
standing of the structural material, persuaded 
the contractors to accept his engineering judg
ment. Khan's decision to investigate the sus
pected structural weakness, his determination 
in the face of initial resistance and the discov
ery of serious problems that confirmed the 
wisdom of his actions, gained him great 
respect, as much from the contractors 
involved as from the design participants.21

,
22 

The problem caused by the removal of steel 
casings had occurred on a number of other 
projects in Chicago and elsewhere ( one void at 
La Guardia Airport in New York was report
ed to extend 31 feet in length), but it received 
heightened attention on account of this expe
rience on the John Hancock Center.23 Shortly 
after the project's completion, the Chicago 
building code was revised to encourage steel 
casing for caissons to rock to be left in place by 
distinguishing caissons with permanent steel 
casing from those without, and compensating 
for the material of a permanent steel shell in 
caisson design. Additional requirements for 
full-time inspection of caisson construction by 
the architect, the structural engineer or a rep
resentative of a soil and foundation engineer
ing firm, and for detailed logs and approvals, 
were included in the Chicago building code of 
1971. 

Structural Aesthetics 
The John Hancock Center design is surely 
rooted in constructional reality, in time and in 
place. Reflecting "clarity in thought and 
action," the soaring and resolute skyscraper 
embodies a distinct sense of focus and pur
pose. 24 In this respect, the designers had craft
ed a building "that will eloquently speak of 
our time," as Khan often interpreted one of 
modern architecture's ambitions.25 Concur
rently, the slim tower possesses the lasting rel
evance of mature design. The cross-bracing 
intimates solidity and the building's propor
tions give shape to a tower that, while elegant, 
satisfies an instinctive desire for respect of the 
laws of nature. 

Khan did not shy away from philosophical 
notions of architecture and the arts - indeed, 
he pursued the attainment of architecture's 
potentialities through the integration of struc-
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tural design. Only when architecture was 
founded in structural realities would "the 
resulting aesthetics ... have a transcendental 
value and quality."26 It was, for him, self-evi
dent that engineers needed to share the 
responsibility of architectural design, guiding 
its course with the architects. Essential to his 
envisioned melding of creative spirit was a 
broadening of each designer's view beyond 
his or her own field of specialization. 

Concern that each discipline had resigned 
itself to a narrow view was voiced at the time 
by a number of prominent engineers. They 
urged the engineering profession to prescribe 
broader education and understanding, and 
Khan joined them in this effort. But he did not 
wait for a turnaround to occur in the profes
sion before following his vision of the creative 
process. He could not understand why other, 
highly competent engineers condoned the cre
ation of arbitrary form with illogical structur
al solutions. His personal interests, aside from 
his philosophical stance, would not have suit
ed him well to such a role in design: he had 
developed definite opinions regarding struc
tural and architectural aesthetics. His convic
tion of the importance of design integrity 
inspired him to influence design decisions -
on occasion, treading beyond the accepted 
limits of his domain. 

The meanderings of design along the path 
to construction comprise numerable memo
rable histories. One such history for Khan was 
the manner in which a particular design deci
sion on the John Hancock Center Project was 
achieved. Writing about the events sixteen 
years later, he recalled the architects' and 
owner's concerns with perimeter diagonal 
members at the upper levels, where the high
est apartments, the restaurants, the television 
studios and the observation deck would be 
located. During design development, the deci
sion was made to furnish the topmost floors 
with unobstructed views. Spectacular lake
front and city views were, after all, tangible 
assets attributable to the building site's loca
tion and were needed to justify their high 
rents. There was a natural cutoff point for the 
bracing; the topmost X-brace could be the last 
diagonal element on the elevation, leaving the 
top floors without bracing. 



The diagonals were extended to cap the elevation with a closed diamond form rather than 
the open X-figure initially considered. Viewing the model, left to right, are Fazlur Khan, 
Bruce Graham, Albert Lockett (partner in charge of management), Louis Bruner of U.S. Steel, 
and Richard Lenke (project manager). (Photograph by K&S Photographies, courtesy of 
Skidmore, Owings & Merrill LLP.) 

Khan's sense of aesthetics and rationality 
was disturbed by the proposed false termina
tion of the structural system. "[F]rom a philo
sophic point of view and from a structural
visual continuity of the system itself," he 
wrote in 1981, "it would have been a traged16 to terminate the diagonals abruptly." 6 

Structurally, discontinuing the cross-bracing 
at approximately the ninetieth floor would 
have separated the structure into a tube sys
tem below and an unbraced beam-column 
frame above. Though not desirable, the 
design could have been accomplished; it was 
not literally a structural determinant. But he 
felt strongly that this early termination would 
diminish the clarity of the structural form. 
Believing that he could not dissuade the 

architects and the owner on the strength of 
his own sensibilities, he instead argued 
against this alternative by somewhat exagger
ating its structural effect. He asserted that the 
efficiency of the system would be degraded, 
resulting in higher costs, and that the top 
floors of high importance might suffer from 
increased flexibility and motion. Subsequent
ly, the decision swung back to full-height 
cross bracing. 

Had the diagonals been terminated several 
floors below the top of the building, the upper 
section would have appeared visually incom
plete and, perhaps more significantly, the diag
onals themselves would have been interpreted 
differently. The X-figures of the building's dark 
elevations, rather than the diamond forms, 
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A depressed plaza originally contained a reflecting pool/skating rink. (Ezra Stoller © Esto.) 
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would have been accentuated visually. Though 
also of aesthetic interest, the authority commu
nicatrd by the series of X-figures would have 
lacked the grace conveyed by the complete dia
mond shapes - so appropriate for the elongat
ed surface areas of the slim building elevations. 
By extending the diagonal members to their 
intersecting points, the crowning visual form 
became the closed diagonal shape. 

The "structural-visual continuity" that 
Khan had sought to articulate could be inter
preted as a fluency in architectural narration. 
He was pleased that the architecture's expres
sion of structure was generally well received 
by Chicagoans. He was equally pleased when 
observers, inspired by their emotional 
response to the building, sensed the designers' 
ambition for eloquence. A particular occur
rence amused him: One day, while standing in 
the plaza of the John Hancock Center, he 
noticed two women gazing upward, one 
instructing the other on the building's cre
ation. He came near to listen in on their con
versation. The diagonals, the one woman con
fidently explained, were placed on the fac;ade 
with artistic intent by the architect. This was 
indeed a wonderful tribute to structural vital
ity, Khan thought to himself. The admirer, it 
seemed, appreciated the articulate structure 
so much that she had no doubt that it was 
born of the architect's visualization of elo
quent tall building form. 

In contrast to the public's assessment of the 
project, some architects and critics found rea
son to fault the design. For one, the treatment of 
the first-story base was maligned. A travertine
clad story-high base, tailored for retail purpos
es with display windows and hidden structur
al diagonals, lifted the visual grounding of the 
structural system above the street level. In cre
ating the base element of a tripartite division of 
the high-rise structure (the treatment of which 
had plagued architects since the origin of the 
skyscraper), the designers disrupted the clarity 
of its structural expression. The base, one 
reviewer complained, was "unworthy of the 
tower above."27 Chicago Tribune architecture 
critic Blair Kamin observed that "the Hancock 
stumbles as it meets the street."28 

In addition to specific aspects of design, the 
project also drew criticism for its scale and 

prominence. The 2.8-million-square-foot pro
gram housed in this skyscraping tower, urban 
planners rightly anticipated, would open the 
door to a change in scale of development on 
North Michigan Avenue. The architecture pro
fession, many believe, chose to show its dis
pleasure over the course of direction taken by 
development on Michigan A venue conse
quent of the John Hancock Center, by declin
ing to honor the building with an American 
Institute of Architects (AIA) award for over 
thirty years. Only in 1999 did the AIA recog
nize the John Hancock Center with its 
Twenty-Five Year Award, an award conferred 
to projects of enduring significance, com
mending its "structural achievements ... 
combined with a simple, graceful design," 
which "earned the John Hancock Center and 
SOM much deserved respect over the years."29 

In the words of AIA member Carl J. Hunter, 
who, as a member of the AIA committee on 
design, nominated the building for the award, 
the tower "stands proudly as a remarkable 
collaborative achievement of architectural and 
structural engineering, befitting and elaborat
ing upon the city's architectural legacy."29 

Fazlur Khan did not live to hear the acco
lades on the occasion of the AIA award, but he 
had heard plenty in the years following the 
tower's completion. He had no doubt himself 
about the building's relevance: it was, in his 
view, a beautiful building as well as a fitting 
and efficient solution for its program and site. 
At street level, the open space around the 
tower offered a welcome relief from buildings 
extending out to the sidewalk; and to the sky
line of Chicago the tower brought a powerful 
architectural identity. The John Hancock 
Center's dynamic expression at once embod
ied the spirit of an age when optimism kin
dled technical advancement, while carrying 
on the timeless tradition of vitality and practi
cality of its urban setting. 
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Construction Considerations 

Pipe Jacking Forces in 
Soft Ground Construction 
During Utility Installation 
Related to Central 
Artery/Tunnel Project 
Construction 

Based on an analysis of certain 
case studies and the application 
of theoretical models, it may 
be possible to accurately 
predict jacking forces in 
different soils. 

JOHN M. PECORA, III & 
THOMAS C. SHEAHAN 

Utility construction in urban areas and 
along highways has for many years 
included the use of trenchless technol

ogy methods for installation. Pipe jacking, as 
applied to large-diameter pipes, is the method 
by which a pipe is pushed through the ground 
by hydraulic rams or jacks, and as the pipe 

advances, soil is removed by augers, 
hydraulic excavators or hand-digging using 
pneumatic tools and shovels. Pipe jacking is 
clearly most advantageous over cut-and-cover 
installation methods in those situations where 
surface-level operations cannot be interrupt
ed. It has gained tremendous popularity in the 
past twenty-five years due to the significant 
amount of utility installation and relocation 
required for urban and suburban construction 
projects. 

The jacked pipe is installed from what is 
called a jacking pit that is excavated and 
shored, and has a thrust block constructed on 
its floor, which bears against the back wall of 
the pit, opposite the wall that will be penetrat
ed with the jacked pipe. Because of the critical 
roles played by the thrust block and jacking pit 
in the installation, it is imperative that these 
elements be appropriately designed for the 
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FIGURE 1. Circular jacking pit showing the hydraulic jacks and the concrete reaction block. 

anticipated jacking forces. Jacking forces are a 
combination of the normal force acting on the 
front cutting edge of the pipe and the friction
al force acting along the soil-pipe interface sur
face. However, while the mechanics of pipe 
jacking are reasonably simple, and there are 
methods for computing the forces associated 
with each component, there are only limited 
data and case studies available that illustrate 
how jacking forces behave in particular soils. 

Review of Pipe Jacking 
Procedures 
The installation of a jacked utility pipe with a 
large diameter follows a fairly standard set of 
procedures.1

-3 Prior to any jacking operation, 
jacking and receiving pits are excavated and 
associated pit construction is completed. A 
jacking or receiving pit is typically a shored 
excavation pit, with the shoring consisting of 
a variety of earth support systems - i.e., sol
dier piles and lagging, steel sheeting or a mod
ular box system (see Figure 1). The jacking pit 
is typically located at the lower elevation end 
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of the pipe so that any water encountered at 
the jacking face drains back into the jacking pit 
where accommodations for drainage can be 
made. 

The thrust block, typically consisting of 
reinforced concrete or steel sections with a 
cover plate, is then installed in the jacking pit. 
In most applications, the thrust block is a ver
tical plane on the jacking pit's back wall 
against which the hydraulic rams push. The 
block, in turn, distributes the jacking force 
across the back wall of the jacking pit (see 
Figure 1). The jacking pit also contains the 
jacking equipment, including the jacking 
shield or boring head, thrust ring, hydraulic 
rams and spoils cart. Once the surveyed align
ment is provided, the jacking shield is set 
opposite the thrust block on line (axial loca
tion) and on grade (elevation location). The 
hydraulic rams and thrust ring are set 
between the thrust block and the shield or bor
ing head. The thrust ring distributes the point 
loads of the hydraulic rams around the jacking 
shield, boring head or casing pipe. 



FIGURE 2. Jacking operations in the jacking pit showing the cutting shield and one pipe sec
tion being jacked. 

After the equipment is in position in the 
jacking pit, jacking is set to begin. The shield, 
or boring head, is advanced up to the earth 
support wall where the earth support system 
is cut away around the circumference of the 
shield or boring head. The hydraulic rams 
extend to advance the lead element (shield or 
boring head), and spoil is either excavated 
from the shield or transported back by the 
boring head where it is removed (see Figure 
2). With each extension of the hydraulic rams, 
the space between the thrust ring and the 
rams increases, and this space is taken up by 
steel spacer blocks. Spacer blocks are installed 
until the gap created by the advanced shield 
or boring head and the retracted position of 
the rams is large enough to accommodate 
another section of pipe. The process repeats 
itself with the thrust ring now bearing against 
the inserted pipe section instead of the shield 
or boring head. 

Once the jacked tunnel reaches the receiv
ing pit, a hole is cut in the earth support wall 
of the pit and the shield is advanced into the 
pit and removed. With jacking complete from 
the jacking pit to the receiving pit, a utility 
tunnel now exists as a final service line, or as a 
conduit for other utilities. 

The Central Artery /Tunnel (CA/T) Project 
pipe jacking case studies presented here 
involved the use of conventional open face 
shields, which are those that permit direct 
access to the jacking face for observing condi
tions at the jacking face during excavation as 
well as observing the removal of any obstruc
tions. The majority of the obstructions that 
have been encountered during the jacking 
operations for the CA/T Project include old 
granite foundations, timber pier pilings and 
existing or abandoned utilities. For example, 
Figure 3 shows personnel inside a jacked tun
nel lining that has an open face, inspecting an 
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FIGURE 3. Construction personnel inside a pipe inspecting an abandoned timber pile sea
wall. 

abandoned timber pile seawall that was 
encountered during excavation. 

To improve safety in open face shields, a 
number of modifications can be made to 
enhance face stability and to temporarily isolate 
the jacking face from the inside of the pipe. On 
the CA/T Project, these modifications included: 

• Breast plates, which are radial, steel "fins" 
extending from the inside surface of the 
jacking shield toward its center. They 
provide stability to soft and sandy soils, 
and as the jacking shield is advanced, 
they segment the penetrated soil for sec
tional removal. 

• Poling plates and spiles are reinforcing 
posts or plates that are installed around 
the circumference of the shield's leading 
edge that point in the direction of the 
jacking. These plates help support the 
overburden soil and reduce soil lateral 
pressures on the jacking face. 

• Shield face doors are manually or hydrauli
cally actuated covers on the front face of 
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the jacking shield:" They close off the 
entire jacking face or a portion thereof, 
and are then opened or removed during 
excavation operations. Figure 4 shows an 
open face shielded with eight section 
doors, each independently actuated 
using a hydraulic cylinder. With such an 
arrangement, laborers can selectively 
excavate parts of the face. 

Components of the 
Pipe Jacking Force 
The jacking forces that are required for open 
face jacking depend on the penetration resist
ance of the jacking shield ( commonly known 
as the cutting edge resistance), and the inter
face frictional resistance between the outer 
pipe surface and the surrounding soil. 
Additional factors must be considered when 
using compressed air or fluid pressure bal
ance methods, but these factors are not rele
vant to the CA/T Project case histories pre
sented here since these methods were not 
applied in these cases. 



FIGURE 4. A view of a shield face with independently actuated sectional doors. 

Cutting Edge Resistance. There are three 
common methods used for determining the 
cutting edge resistance. Each method employs 
at least some degree of empirical data, and 
tends to be a variation on determining the 
penetration resistance as a product of the cut
ting edge area and the soil resistance at the tip 
(based on soil type). As outlined by Stein et al., 
the three most common methods used in the 
pipe jacking industry are the Herzog, Scherle 
and Weber methods.1 

Herzog suggested the following formula 
can be used to determine the cutting edge 
resistance, P/ 

(1) 

where: 
D s = external diameter of the shield 
t8 = thickness of the shield cutting edge 
Ps = tip resistance for specified soil type 

Table 1 (on the next page) shows the values 
of Ps that Herzog developed based on the 

load-bearing capacity of cast-in-place piles. 
When these tip resistance values were 
applied in the geometric cutting edge resist
ance formula (see Equation 1) and the results 
were compared to data from previous pipe 
jacking projects, there was reasonably good 
agreement. Thomson provides further 
details on predicting Herzog resistance val
ues in rock.4 

Scherle's method for determining cutting 
edge resistance uses a resistance factor, fv of 
between 300 to 600 kN/m.2.1 The overall cut
ting edge resistance is taken as the product of 
the cross-sectional area of the excavation face 
and a cutting edge factor, Ji: 

(2) 

where: 
f1 = cutting edge resistance factor, rang

ing from 6,265 psf (300 kPa) for soils 
with low penetration resistance (i.e., 
loose silts, clays and sands) to 12,531 
psf (600 kPa) for soils with high pen-
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TABLE 1. 
Tip Resistance for Calculating Pipe Jacking Cutting Edge Resistance 

Soil Type 

Soft Rock, Cemented Soil 

Gravel 

Dense Sand 

Medium Sand 

Loose Sand 

Stiff to Hard Clay 

Stiff to Firm Clay 

Silt, Alluvium 

Note: Data presented are derived using Herzog's method as given in Ref. 1 

etration resistance (i.e., dense sand, 
gravel and soft rock) 

Clearly, Scherle's method is better suited to 
closed faced pipe jacking operations rather 
than open face since it treats the entire jacking 
face as the penetrating area rather than just 
the pipe's circumferential area as in Herzog's 
method (see Equation 1). Scherle's method 
also requires considerable experience to esti
mate f1 values that will be reasonably accu
rate. 

The third method for determining cutting 
edge resistance is known as Weber's method.1 

It is intended for use with pipe jacking opera
tions in which a boring or cutting head is 
used, and was developed based on statistical 
data from construction site records as well as 
laboratory tests: 

Ps = (y · z ·tan</>+ c) ·Ac· D · d (3) 

where: 
'Y = soil unit weight 
z = height of soil cover over jacked pipe 
<p = soil's angle of internal friction 
c = soil cohesion 
D = conveyor screw diameter 
d = cutting edge thickness 
"-c = coefficient of load bearing capacity 

(unitless), obtained from Figure 5 
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Ps, psf (kN/m2
) 

250,625 (12,000) 

146, 198 (7,000) 

125,313 (6,000) 

83,542 (4,000) 

41,771 (2,000) 

62,656 (3,000) 

20,885 (1,000) 

8,354 (400) 

Weber attempted to further refine his correla
tion by differentiating between pipe jacking 
using augers that are at the cutting edge, and 
those situations when the auger is retracted 
inside the cutting head. However, Equation 3 
did not correlate well to laboratory data when 
the auger was placed at the cutting edge. 
Figure 6 (on page 36) shows a comparison 
among all three methods for computing Ps 
versus the cutting edge diameter, including 
the results from Weber's method for auger 
positions both at the cutting edge and retract
ed. These results are for a dense sand with 'Y 
equal to 22 kN/m3 (cp equal to 42 degrees), a 
cutting edge thickness of 2 centimeters and 
the height of soil cover at 3 meters. These 
results show that Herzog's method is clearly 
the most conservative, and agrees quite well 
with Weber's method for the retracted auger. 
Scherle' s method, when the lower limit of f1 
equal to 300 kN/m2 is used, is least conserva
tive. When the upper limit of f1 equal to 600 
kN/m2 is used in Scherle's method, the resist
ance approaches that obtained using Herzog's 
method for larger diameter cutting edges. 

Frictional Resistance at the Soil-Pipe Interface. 
The frictional resistance acting on the pipe 
surface at the soil-pipe interface acts along the 
entire pipe and cutting shield length. As in a 
typical friction law, the frictional resisting 
force, R, is the product of the skin friction 



stress, M, between the tunnel 
shield/ jacking pipe with the 
surrounding soil, the pipe cir
cumference and the jacking 
distance, or: 

R = M · D8 • 'IT • L (4) 

where: 
M = skin friction (µ, • N) 
µ, = soil-pipe interface 

coefficient of friction 
(unitless) 

N = normal stress on pipe 
D8 = outside diameter of 

tunnel shield or jack
ing pipe 

L = jacking distance 
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Association suggests that, as a FIGURE 5. Weber's coefficient of loading bearing capacity 
guide, the skin friction stress, for edge resistance. 
M, be in the range of 111 to 556 -----------------------
psf (5.3 to 26.6 kN/m2

) of external circumferen
tial pipe surface area around its circumference.5 

This range is based largely on historical data 

PEv, based on Terzaghi's so-called "trap door" 
experiment:6 

from pipe jacking contractors. Thomson has PEv = "I • h • K (5) 
published a more detailed table of these M val
ues, as given in Table 2 (on page 37).4 

The wide range in values for particular 
soils as noted in Table 2 limits the value of 
such a listing. A more analytical approach to 
the determination of Mis by using established 
values of µ, and an appropriate normal stress 
on the pipe. Table 3 (on page 38) presents typ
ical values for µ, for static and sliding friction 
with different soil and pipe material inter
faces, as well as for pipe jacking using ben
tonite slurry as a lubricant. 

There have been numerous methods devel
oped to determine the mean normal force act
ing on the pipe surface. This determination is 
complicated by the variable direction of the 
normal force from predominantly vertical on 
the pipe's crown and invert to horizontal on 
the sides of the pipe. Terzaghi et al. gave the 
following expression for the vertical stress, 

where: 
"I = soil unit weight 
h = height of soil cover above pipe crown 
K = coefficient of soil load, given by 

[1 - exp(-2Ktan8 • h/b)]/(2Ktan8 • h/b) 
with K equal to the coefficient of lat
eral earth pressure above the pipe 
(unitless), 8 equal to the angle of 
interface friction (this varies from 
<!>/2 to <I> for the soil [unitless]) and b 
equal to the influence width of soil 
above pipe, given by D8 • [0.5 + tan 
(45 - <!>/2)] - however, the value of b 
is more conservatively and more eas
ily computed as equal to jJ · D8 • 

In addition, Stein et al. have suggested a more 
complex method for determining the lateral 
stress on the pipe.1 A reasonable estimate for 
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FIGURE 6. A comparison of the three different edge resistance computation methods. 

the average stress around the pipe circumfer
ence can be determined by assuming a value 
of K equal to 0.5 for the coefficient of lateral 
earth pressure, then taking the average of PEv 
as computed in Equation 5 and the associated 
lateral pressure for this assumed K value -
one-half of PEv· The resulting average stress 
around the pipe is then given is simply as 
three-quarters of PEv· 

Because of the uncertainties associated with 
so many input parameters, it is apparent that 
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this more fundamental approach may intro
duce more errors than it resolves. Hence, 
empirical data tables (such as Table 2) may be 
more useful to engineers and contractors if 
large variations can be avoided for a particu
lar soil. 

Pipe Jacking Data Details From 
Selected Cases in the CA/T Project 
Pipe jacking cases are presented from four 
CA/T Project contract sections - C14Al, 



TABLE 2. 
Soil-Pipe Interface Skin Friction Values 

Frictional Resistance Stress, M (kN/m2
) 

Soil Type France U.K. 

Rock - 2 to 3 

Boulder Clay - 5 to 18 

Firm Clay 8 to 10 5 to 20 

Wet Sand - 10 to 15 

Silt 17 5 to 20 

Dry Dense Sand - -

Dry Loose Sand 20 to 30 25 to 45 

Fill - ~45 

Dense Gravel 50 -

Note: Data From Ref. 4 

C14A2, Cl5Al and C09A4. Table 4 (on page 
39) summarizes the details and soil conditions 
for these particular contracts. Detailed data on 
these sections are provided in a previous 
study.7 

The C14Al and C14A2 contracts were for 
the New East Side Interceptor (NESI) Sewer 
Project, located in the South Station/Finan
cial District, Chinatown and South Bay sec
tions of Boston. These contracts involved the 
installation of four 78-inch (1.98-meter) diam
eter sewer pipes, each with an outside diam
eter of 94.5 inches (2.4 meters). Through the 
course of construction, jacking operations 
were occasionally interrupted by obstruc
tions in the path of the line, including timber 
piles and abandoned granite seawalls (for 
example, see Figure 3). The soil type was a 
mixed face of historic fill, organic silt and 
clay. Jacking for these lines took place 
approximately 25 feet (7.6 meters) below 
existing grade. 

The C15Al contract consisted of jacking six 
utility pipes near Boston's North End. The spe
cific locations for pipe jacking were at the 
entrance to the Callahan Tunnel, the egress 
from the Sumner Tunnel and beneath North 
Washington Street. At the Callahan Tunnel, 
two 60-inch (1.52-meter) diameter steel cas-

Australia Germany 

1 -

- 2.8 to 18.4 

5 to 7.5 5.3 to 9.3 

13 2.2 to 16.1 

- 4.9 to 8.5 

- 1.1 to 6.7 

- -

- -

- 2.3 to 6.4 

ings, 161 feet (49 meters) long and parallel to 
each other, were jacked approximately 35 feet 
(10.7 meters) beneath the tunnel entrance. 
Beneath the Sumner Tunnel egress, two 125-
foot (38-meter) long steel casings were also 
jacked 35 feet (10.7 meters) below the surface 
- one casing that was 60 inches (1.52 meters) 
in diameter, and the other was 48 inches (1.22 
meters) in diameter. Finally, on this contract, 
pipe jacking was performed beneath North 
Washington Street to install a reinforced con
crete sewer pipe with an outside diameter of 
80.5 inches (2.05 meters) and an inside diame
ter of 66 inches (1.68 meters), as well as a 48-
inch (1.22-meter) diameter steel pipe. Both of 
these pipes were jacked approximately 22 feet 
(7 meters) below existing grade. 

The soil encountered under the Callahan 
Tunnel was a stiff silty clay, and the soil 
encountered at the Sumner Tunnel was a 
medium to stiff mixture of silty clay and sand 
and gravel ( classified as "glaciomarine 
deposits"). For the North Washington Street 
section, the soil encountered when jacking the 
80.5-inch (2.05-meter) diameter sewer pipe 
was a mixed face of loose to medium stiff 
organic silt and clay on the bottom half, and 
historic fill on the upper half. The entire length 
of the 48-inch (1.22-meter) steel sleeve was in 
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TABLE 3. 
Standard Values for Coefficient of Friction of Pipes in Different Soils 

Interface Type µ. 

For Static Friction 

Concrete on Gravel or Sand 0.5 to 0.6 

Concrete on Clay 0.3 to 0.4 

Asbestos Cement on Gravel or Sand 0.3 to 0.4 

Asbestos Cement on Clay 0.2 to 0.3 

For Sliding Friction 

Concrete on Gravel or Sand 0.3 to 0.4 

Concrete on Clay 0.2 to 0.3 

Asbestos Cement on Gravel or Sand 0.2 to 0.3 

Asbestos Cement on Clay 0.1 to 0.2 

For Fluid Friction CBentonite) 0.1 to 0.3* 

Nole: Data are from Ref. 1 
• When using bentonite suspension as supporting and lubricating fluid, µ. depends on the liquid limit of the suspension. 

the organic silt and clay layer. While its invert 
elevation was the same as that of the 80.5-inch 
(2.05-meter) pipe, it did not cross into overly
ing historic fill layer. 

The primary scope of the C09A4 contract 
was tunnel jacking for Interstate 90, but it also 
included pipe jacking for utility relocation. A 
72-inch (1.8-meter) steel sleeve was jacked for 
two sewer force main lines at 35 feet (10.7 
meters) below the existing ground surface. 
The soil type encountered was a stiff to hard 
clay. 

Pipe Jacking Data & Analysis 
During each of the jacking operations, meas
urements were made of the jacking force 
required to advance the pipe. This force was 
computed based on the maximum jack 
hydraulic pressures during a particular drive 
(i.e., the incremental advance of the pipe, typ
ically Oto 4 feet, or O to 1.2 meters). Figure 7 
( on page 40)shows a typical jacking force ver
sus jacking distance record, in this case for the 
Callahan Tunnel East 60-inch-diameter steel 
sleeve. It should be noted that the jacking 
force was composed of an edge resistance 
(which was assumed to remain approximately 
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constant during jacking), and the frictional 
resistance that increases as the pipe was 
advanced. Therefore, in order to assess the 
validity of previously described methods for 
predicting jacking edge and frictional resist
ance, each of the pipe jacking cases shown in 
Table 4 was analyzed using Herzog's edge 
resistance method (see Equation 1 and Table 
1), and the friction law (see Equation 4 and 
Table 3) adapted to each case, as follows: 

• To compute the edge resistance, a tip 
resistance value, p5, from Table 1 was 
assumed based on soil type. This value 
was multiplied by the edge area of the 
pipe to get the resulting edge force, P8 • 

• The vertical stress on the pipe, PEw was 
computed using Equation 5, with the soil 
unit weight, -y, in all cases assumed to be 
120 lb/ft3 (18.9 kN/m3

), and K computed 
from {1- exp(-2Ktan8 • h/b)]/(2Ktan8 • h/b), 
assuming the influence zone, b, above the 
pipe to be j'J · D8, where D8 is the outside 
diameter of the pipe. 

• The average normal stress on the pipe, N, 
was computed as 0.75 times the PEv· This 
assumption was based on a coefficient of 



TABLE 4. 
Summary of CA/T Project Pipe Jacking 

Details & Analyses 

Pipe Properties Friction Analysis Input & Results* 

Avg. Avg. Com-
Normal Meas. puted 

Outside Jacking Herzog's Herzog's Stress on Friction Friction, Friction, 
Dia., in. Length, Depth, Soil Ps, psf Resultant Pipe, psf Coeff., psf psf 

Contract (m) Type** Location ft (m) ft (m) Type(s) (kPa)"'" Ps, lb (kN) (kPa) µ, (kPa) (kPa) 

C14A1 94.5 PCCP Various 129 25 Organic 8,354 17,216 1,548 0.15 252 232 
(2.4) Sewer (39.3) (7.6) Silts, (400) (76.6) (74.1) (12.1) (11 .1) 

Peat & 
Clay 

C14A2 94.5 PCCP S. Pit to 123 25 Organic 8,354 17,216 1,548 0.15 254 232 
(2.4) Sewer CSMH#14 (37.5) (7.6) Silts, (400) (76.6) (74.1) (12.2)§ (11.1) 

94.5 CSMH#13 213 Peat & 127 
(2.4) to #14 (64.9) Clay (6.1) 

94.5 CSMH#13 285 159 
(2.4) to #12 (86.9) (7.6) 

C15A1 60 Steel Callahan 160 35 Stiff 40,000 52,339 1,479 0.20 290§§ 296 
(1.52) Sleeve Tunnel E. (48.8) (10.7) BBC (1,915) (232.8) (70.8) (13.9) (14.2) 

60 Callahan 160 317 
(1.52) Tunnel W. (48.8) (15.2) 

60 Sumner 125 Stiff 40,000 52,339 1,479 0.25 430 370 
(1.52) Tunnel E. (38.1) BBC to (1,915) (232.8) (70.8) (20.6) (17.7) 

48 Sumner 122 Sand/ 41,871 1,270 264 318 
(1.22) Tunnel W. (37.2) Gravel (186.3) (60.8) (12.6) (15.2) 

80.5 PCCP N. Wash. 282 22 Top 8,354 14,666 1,752 0.10 164 175 
(2.05) Sewer St. (86.0) (6.7) Half (400) (65.2) (83.9) (7.9) (8.4) 

Historic 

48 Steel N. Wash. 
Fill, 

263 Bottom 8,745 1,270 91 127 
(1.22) Sleeve St. (80.2) Organic (38.9) (60.8) (4.4) (6.1) 

Silt 

C09A4 72 Steel Pit D to 241.5 35 Stiff to 62,656 98,380 1,649 0.25 419 412 
(1.83) Sleeve B/C, 1-90 (73.6) (10.7) Hard · (3,000) (437.6) (79.0) (20.1) (19.7) 

Jacked Clay 
Tunnels 

Notes: • All analyses assumed the following: unit weight, -y = 120 pd (18.9 kN/m3
); interface friction angle, 8 = 25°; 

width of influence area, b = y'J D5; and coefficient of lateral earth pressure, K = 0.5. 

** PCCP = Portland cement concrete pipe. 

"' From Table 1. 

§ Excludes net frictional stress from first 11 ft (3.4 m) and from readings during obstructions. 

§§ Excludes net frictional stress from first 20 ft (6.1 m). 

lateral earth pressure of 0.5, and derived 
by simply taking the average between 
vertical and horizontal stress on the pipe 
from the surrounding soil. 

• The net jacking force at any given point 
due to friction alone (i.e., the total jacking 
force minus the edge resistance comput-

ed using Herzog's edge resistance) was 
divided by the cumulative surface area of 
the jacked pipe to obtain the frictional 
stress per pipe surface area. 

• The frictional stress obtained in the previ
ous step was compared to the computed 
frictional stress from Equation 4, with an 
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FIGURE 7. Typical total jacking force versus length jacking distance from the Callahan 
Tunnel East steel pipe installation. 

assumed friction coefficient based on val
ues in Table 3. 

Table 4 summarizes assumed input param
eters and the results of this analysis, which 
produces the average measured frictional 
resistance for each case. The most significant 
assumptions are the values of the edge resist
ance stress, Ps, from Table 1, and the friction 
coefficient from Table 3. The last two columns 
of Table 4 compare the average net frictional 
stress (i.e., the frictional jacking force per pipe 
surface area jacked) for each pipe jacking 
stage undertaken, as determined from field 
data, to the computed values from Equation 
4. This comparison is further illustrated in 
Figures 8 through 10, which show the sum
mary plots of the net frictional stress for the 
three groups of jacked pipes versus pipe jack
ing length. The jacking stages were grouped 
as follows: Figure 8, the NESI sewer; Figure 9, 
Callahan Tunnel-Sumner Tunnel (CT-ST); 
and Figure 10, the North Washington Street
C09A4 (NWS) pipe jacking stages. 

· The set of NESI pipe jacking stages 
(Contracts C14Al and C14A2 in Table 4 and 
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Figure 8) were all 94.5-inch (2.4-meter) out
side diameter pipes jacked in organic silts, 
peats and clays. Based on these soils, a Herzog 
edge resistance, p8 , equal to 8,354 psf (400 
kPa), was selected from Table 1, and a friction 
coefficient, µ,, equal to 0.15, was used to com
pute the theoretical frictional resistance using 
Equation 4. As Figure 8 shows, the theoretical 
frictional stress of 232 psf (11 kPa) was gener
ally conservative except in the first 25 to 30 
feet (7.6 to 9.1 meters), where higher jacking 
stresses were measured, and in the "South Pit 
to CSMH#l4" stage, where timber pile 
obstructions were encountered. Piles were 
also encountered after about 80 feet (24.3 
meters) of jacking length in "CSMH #13 to 
#12," but they did not cause a significant 
increase in frictional stress. 

The CT-ST set of pipe jacking data is shown 
in Figure 9, including the theoretical values of 
net frictional stress. The Herzog edge resist
ance used in Equation 1 was 40,000 psf (1,915 
kPa) based on the descriptions in Table 1; this 
value lies between the values for "stiff to firm" 
and "stiff to hard" clay. The theoretical fric
tional values were calculated using two differ-



600.0 

500.0 

~ 400.0 
E-
~ 

j 
,ij 300.0 
C 
0 ·e 

·;::: 
u.. 
tj 200.0 
z 

100.0 

0.0 

Timber Piles 
f--4e--------+--~-9 Encountered f--------1--------+-< 

0 50 100 150 

Jacking Distance (ft) 

200 

---- C14A1 

---- C14A2, S. Pit to CSMH#14 

-+- C14A2. CSMH#13 to#14 

_._ C14A2, CSMH#13 to#12 

250 300 

1 .. ------- Soil Type: Mixed face of Organic Silts Peat & Clay SPT N-Value Unknown --------1 

FIGURE 8. Net friction stress versus jacking distance length compared to theoretical friction 
on the NESI contract. 

800.0 

700.0 

600.0 

~ 500.0 E-

~ 
"' 400.0 
,ij 
C 
0 

:~ 
300.0 u.. 

tj 
z 

200.0 

100.0 

0.0 

---CT East 

_._CTWest 

-+-ST East 

_._ST West 

>-~----1+--->af---l,L-"-<---,._-+-1-----+---_,,_+-----+-----< Theoretical Value ; 

0 20 40 60 80 100 

Jacking Distance (ft) 

CT Soil Type: Silty Clay 
SPT N-Value 9-13 

ST Soil Type: •I ST Soil Type: Glaciomarine: Silt, Sand & Gravel 
Glaciomarine: Silt, Sand, SPT N-Value 22 

Gravel 

~-~3,.c7~0~sf~~-1 ~~fi?~';!ical 
318 psi 

120 140 160 180 

I 

FIGURE 9. Net friction stress versus jacking distance length compared to theoretical friction 
on the Callahan Tunnel-Sumner Tunnel contract. 

CNIL ENGINEERING PRACTICE FALL/WINTER 2004 41 



'ti 
-3-

j 
<Jl 

'" C 
0 

:g 
u.. 

'w z 

800.0 

700.0 

600.0 

500.0 

400.0 

300.0 

200.0 

100.0 

0.0 
0 50 150 

-a- N. Wash St. PCCP 
__._ N. Wash. St. Steel 

--+-- C09A4 Steel 

Jacking Distance (ft) 

C09A4 Soil Type: Stiff Clay SPT N-Value 23 -----
N. Wash St. Soil Type: N. Wash St. Soil Type: Historic Fill on Top Half of Pipe, SPT N-Value 10-20 

Organic Silt, SPT N-Value 3 - 6 Organic Silt on Bottom Half of Pipe, SPT N-Value 4-16 

FIGURE 10. Net friction stress versus jacking distance length compared to theoretical friction 
for the North Washington Street and C09A4 contracts. 

ent µ, values: 0.20 for the CT pipes in stiff 
Boston blue clay (BBC), and 0.25 for the ST 
pipes in stiff BBC to sand and gravel. In Figure 
9, the CT theoretical value of 296 psf (14.2 
kN/m2

) is compared to both CT East and 
West field data (square and circle symbols, 
respectively), the ST East value of 370 psf (17.7 
kN/m2

) to ST East field data (diamond sym
bols), and the ST West value of 318 psf (15.2 
kN/m2

) to the ST West field data (triangle 
symbols). The theoretical values match rea
sonably well with the measured frictional 
stresses except in the first 40 to 50 feet (12.2 to 
15.2 meters), and at a jacking length of about 
80 feet (24.4 meters) in the Sumner Tunnel
East jacking, when frictional stresses were 
computed to be over twice the expected value 
(see Figure 9). There are no field notes to indi
cate what may have caused this discrepancy, 
although it can be speculated that either 
obstructions or a pause in jacking operations 
may have occurred. 

The last set of jacking data, for the NWS 
and C09A4 pipes, is shown in Figure 10, and 
Table 4 gives the data summary for these jack-
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ing phases. For the NWS pipes, which were 
jacked through historic fill and organic silt, a 
µ,-value of 0.10 and the minimum Herzog 
edge resistance of 8,354 psf (400 kN/m2

) were 
assumed to compute the theoretical frictional 
stress. For the C09A4 pipe in stiff to hard clay, 
a Herzog edge resistance of 62,656 (3,000 
kN/m2

) and aµ, value of 0.25 were assumed. 
Figure 10 reveals that there was excellent 
agreement between the measured and theoret
ical values for all three pipes except for the 
portion of C09A4 when jacking was paused 
over the weekend. Table 4 also shows close 
agreement between the average frictional 
stress based on field data and the theoretical 
frictional stress for these cases. Unlike the 
other two sets of data shown in Figures 8 and 
9, for these data there is no appreciable 
increase in measured frictional stress at the 
start of jacking. 

Discussion of the Data Analysis 
The analysis performed to predict jacking 
forces for these CA/T Project pipe jacking 
cases consisted of computing an assumed 



Herzog edge resistance and subtracting it 
from the total measured jacking resistance to 
obtain the pipe's measured frictional resist
ance, and comparing these measured values 
to theoretical frictional resistance values 
obtained using computed normal stresses (i.e., 
Terzaghi's stress calculations and an assumed 
lateral stress coefficient) and assumed values 
for the interface friction coefficient. In general, 
the theoretical friction provided a reasonable 
to conservative estimate of the actual meas
ured frictional resistance - i.e., it predicted a 
frictional resistance greater than or equal to 
that actually measured after the Herzog edge 
resistance was accounted for. However, this 
agreement was not as good at the beginning of 
pipe jacking in two out of the three data sets 
(in the NESI and CT-ST pipe jacking cases -
see Figures 8 and 9, respectively, and Table 4), 
where the jacking stresses were much higher. 
This divergence may be due to Herzog's 
resistance factors being much higher at the 
start of jacking than in the steady state. 
Measured and computed friction values were 
also not in agreement when obstructions were 
encountered or jacking operations were sus
pended for an appropriate amount of time. 

The average values of frictional resistance 
from field data, as presented in Table 4, can 
also be compared to values from the literature 
provided in Table 2 and by the Pipe Jacking 
Association.5 However, these previously pub
lished values have limited usefulness due to 
the large range in the values given. Thus, it 
can be concluded that, with careful selection 
of input parameters, the methodology 
detailed here may provide a more reliable 
means for a priori prediction of pipe jacking 
frictional resistance values. Clearly, case stud
ies of pipe jacking in other soil types need to 
be analyzed to confirm the method's wide
spread applicability. 

Conclusions 
A set of eleven pipe jacking cases from con
tracts associated with Boston's CA/T Project 
were presented (including soil conditions, 
pipe properties and construction problems 
encountered) to describe a methodology used 
to isolate the measured frictional resistance 
and compare that to a theoretical frictional 

resistance. The frictional resistance was 
obtained from the total measured jacking 
resistance by accounting for the edge resist
ance (based on Herzog's edge resistance val
ues) and computing the remaining frictional 
stress on the pipe's outside surface area. 
Terzaghi's method for tunnel stresses and an 
assumed lateral earth pressure coefficient 
were used to calculate an average normal 
stress on the pipe, from which the theoretical 
frictional resistance was computed. Compari
sons of the measured and theoretical friction 
revealed that, in general, the theory provided 
reasonable to conservative estimates of fric
tional resistance except at the start of pipe 
jacking (in the first 25 to 50 feet of jacking 
length) where much higher frictional resist
ance values were measured. However, this 
difference may be due to higher, non-steady 
state edge resistance values at the start of pipe 
jacking than those predicted by Herzog' s 
method. While pipe jacking case studies in 
other soil types need to be examined, the 
method used here for the given data offers the 
potential for the accurate prediction of jacking 
forces. 
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Issues 

Anatomy of a 
Court Trial on 
Tank Settlements 

Adequate preparation and 
an in-depth understanding of 
the role of the expert witness 
in legal proceedings are key 
to presenting an effective case 
in court. 

CHARLES C. LADD 

In 1969, PPG Industries, Inc. (formerly 
known as Pittsburgh Plate Glass, PPG), 
decided to establish a marine terminal on 

the east coast of the United States for the 
importation of chemicals from a production 
facility in Puerto Rico. The selected site lies in 
New Jersey near the Delaware River and is 
underlain by a soil profile that includes thick 
layers of a soft organic silt. The terminal con
sisted of several flexible bottom steel storage 
tanks, which were constructed from 1970 to 
1971. The tanks settled more than predicted by 
the geotechnical consultant, Dames & Moore 
(D&M), and the two largest tanks were subse
quently placed on pile foundations in 1975. 
PPG brought suit against D&M to retrieve the 

costs associated with the settlement and piling 
of the tanks. 

Project Initiation 
PPG acquired an option to purchase a 132-acre 
site on land at the confluence of Mantua Creek 
and the Delaware River near the town of 
Paulsboro, New Jersey. Initial development of 
the Mantua Terminal was handled by the 
Central Engineering Department of PPG's 
Chemical Division, but with the objective of 
finding an independent terminal operator 
which would take over its construction and 
then operate the terminal for other users in 
addition to PPG. PPG also hired an engineer
ing-contractor (EC) to assist with the design 
and construction of the facility. Neither PPG 
nor the EC had any geotechnical expertise. 

Five companies were requested in May 
1969 to submit priced proposals for the foun
dation design of the storage tanks. Of these, 
the only two geotechnical firms (one being 
D&M) both declined to bid for the work, 
explaining that bidding was not appropriate 
since the scope of required work was too ill 
defined. In any case, PPG hired a drilling com
pany, Sprague & Henwood (S&H), which sub
contracted the soil testing and evaluation to a 
materials testing laboratory (MTL) which, in 
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FIGURE 1. Location of storage tanks and borings at Mantua Terminal. 

turn, hired an academic as its geotechnical 
consultant. 

S&H drilled three shallow and eight deep 
borings, at locations specified by PPG, and sent 
three tubes to the MTL, which performed 
three one-dimensional consolidation (oedo
meter) tests, apparently without any 
Atterberg limits or measurements of un
drained shear strength. The report by the 
MTL indicated that the foundation soil pro
file consisted of a surface layer of organic 
material and loose sand (which would have 
to be partially removed and replaced with 10 
feet of structural fill prior to tank construc
tion) underlain by two thick layers of "organ
ic river silt" founded on dense sand and 
gravel. With replacement of the surface mate
rial, the report indicated an allowable bear
ing pressure of qa equal to 4,000 pounds per 
square foot (psf) and that under this loading, 
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tank settlements of 0.8 and 3.1 inches would 
occur in about six months beneath the edge 
and center, respectively, of a 112-foot-diame
ter steel tank. 

Meanwhile, the EC was proceeding with 
the design phase of the work, based on the 
recommendations in the MTL' s report, and 
PPG purchased the site in December 1969 
with a project budget of $7.5 million. Figure 1 
shows a plan of the Mantua Terminal with 
the location of the chemical storage tanks and 
the S&H borings. The size and contents of 
these flexible bottom, steel tanks were as fol
lows. 

• Vinyl chlorine monomer (VCM): two tanks 
of 105 feet in diameter with a product 
height of 65 feet. VCM is an extremely 
hazardous material that needs to be 
stored under refrigerated conditions as a 



TABLE 1. 
Timeline of Principal Events During the Design, 
Construction & Water Testing of Storage Tanks 

Time Owner Actions D&M Participation 

1969 May RFP for Foundation Design 

July to Aug. Initial Site Investigation & Tank 
Foundation Design 

Sep. to Oct. EC Starts Final Design 

1970 Early Apr. Construction Stopped Hired for Shallow Borings 

Mid-Apr. Deep Borings & Lab Testing 

Mid-May Report With Redesign & 
Instrumentation 

Early June Proposal for Instrumentation & 
Water Testing Monitoring 

Early July Proposal Rejected 

Nov. to Dec. First Water Testing (DEG, MEG, (Weekly Data Not Sent to D&M) 
Caustic) 

1971 Mid-Jan. Water Testing Data Sent to D&M Revised Settlement Analyses With 
Lower Prestress 

Mar. to Apr. Second Water Testing (DEG, Revised Analyses With Even Lower 
MEG, Caustic) Prestress, Computer Program to Fit 
First Water Testing (VCM 1 & 2) VCM Settlement-Time Data 

May to July Second Water Testing (VCM 1 Good Agreement Between 
& 2) Predicted & Measured Behavior 
D&M Terminated 

Dec. 1971 to Jan. 1972 Tanks Put in Service 

Feb. 1972 Letter Criticizing D&M's Work No Reply 

liquid (the unit weight is 3 percent less 
than water). At natural temperatures, it is 
an extremely inflammable and potential
ly explosive gas. 

• Caustic soda: one tank 94 feet in diameter 
with a product height of 42 feet and a unit 
weight of 96 pounds per cubic foot (pcf). 

• Mono-, di- and tri-ethylene glycols (MEG, 
DEG and TEG): three tanks with diame
ters ranging from 20 to 57 feet. 

• Water: two tanks 35 feet in diameter. 

Table 1 summarizes the principal events 
related to the design, construction and water 

testing of the storage tanks from 1969 through 
1972. 

Initial Construction & 
Redesign 
In mid-March 1970, PPG had found a terminal 
owner-operator (TO) that took over the proj
ect with an anticipated one-year construction 
period. It was also agreed by this time that the 
10 feet of structural fill recommended in the 
MTL report would be largely replaced by 
using vibroflotation to densify the upper loose 
sands in order to save costs. But shortly after 
starting this foundation improvement pro-
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gram, there was concern about the large quan
tity of unsuitable material that had to be 
replaced prior to commencing work with 
vibroflotation. Consequently, construction 
was stopped and D&M was hired in mid
April to make some twenty shallow borings to 
a depth of 20 feet in order to resolve this prob
lem. 

After reviewing the S&H boring logs, D&M 
on its own initiative made one deep boring 
and concluded that the tank settlements 
would be much larger than indicated in 
MTL's report. D&M then got permission to 
expand its scope of work to include three deep 
borings (see Figure 1 for the location of the 
shallow and deep borings), twenty-nine D&M 
tube samples with thirty-one Torvane and 
miniature lab vane measurements of 
undrained shear strength and five oedometer 
tests with Atterberg limits. D&M also per
formed settlement and stability analyses in 
order to develop revised foundation designs 
for the various tanks. 

The above geotechnical studies led to five 
reports and meetings over a period of two 
weeks (remember that time was critical since 
construction had been halted). 

The first D&M verbal report to the EC on 
May 1 indicated that: 

• The top 8 to 10 feet of material should be 
replaced. 

• The prior allowable stress of qa equal to 
4,000 psf would lead to settlements of 2 to 
3 feet (rather than only 3 inches) and may 
have to be reduced to only 2,000 to 2500 
psf. 

• The VCM tanks could have a differential 
settlement (8) tolerance between the tank 
center (pc) and edge (PE) of 21 inches. 

• Alternate designs could include staged 
filling, larger diameter tanks, more tanks 
and piling. 

The second report from D&M, a progress 
report to the EC for the VCM tanks on May 8, 
concluded that: 

• qa would be approximately 3,000 psf, 
leading to a tank diameter of 121 feet for 
same volume. 
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• For this tank loading and diameter, the 
estimated final consolidation settlements 
for the north and south tanks would be Pc 
equal to 16 and 19 inches at the center and 
PE equal to 3 and 4 inches at the edge. 
These estimates were calculated for a pre
load stress (preconsolidation stress, <T

1
p, 

minus the initial effective overburden 
stress, <T

1vo) within the organic silt layers 
of 1,200 psf. The resulting differential set
tlement of 13 to 15 inches was less than 
the allowable 8 of 21 inches. 

• It would be prudent to use an undrained 
factor of safety (FS) of 1.5 to 1.6, versus 
the usual FS of approximately 1.2 to 1.3 
for steel storage tanks, due to the haz
ardous nature of VCM and construction 
at a new site. 

• Loading above about 3,000 psf could cause 
excessive unpredictable settlements due to 
plastic flow of the organic silt layers. (Note: 
Plastic flow refers to undrained shear 
deformations within a zone of the foun
dation soils wherein the shear stress in 
the soil equals the undrained shear 
strength of the soil. Such shear deforma
tions cause lateral spreading [squeezing] 
of the soil and, hence, increased tank set
tlements.) 

The third report was presented by D&M at 
a meeting with the EC, PPG and the TO on 
May 11: 

• D&M presented the above estimated set
tlements for two 121-foot-diameter VCM 
tanks loaded to q. equal to 3,000 psf, and 
also noted "a real need for checking set
tlement" during water testing. (Note: 
Flexible bottom steel storage tanks are 
filled with water [water tested] to check 
their integrity before being put in service. 
Water testing also may be used to preload 
the foundation soil in order to reduce in
service tank settlements. Such preloading 
is often accompanied by mud jacking to 
restore the initial crown of the tank bot
tom.) 

• Increasing the tank diameter would cause 
a five- to six-week delay (needed to order 
the new steel), while piling would add 



$400,000 to $500,000 to the foundation 
costs. 

The fourth report given by D&M at a meet
ing with the the EC, PPG, the TO and the MTL 
and its consultant on May 12 was held appar
ently to resolve the differences between the 
D&M and the MTL recommendations for the 
VCM tanks. (MTL's consultant also stated that 
MTL had recommended a qa of 3,600 psf and 
someone else had increased it to qa of 4,000 
psf.) This meeting resulted in: 

• A compromise loading of% equal to 3,300 
psf being agreed to. The original VCM 
tank diameter of 105 feet would be 
retained, but the uppermost row of steel 
plates was eliminated to lower the tank 
height from 65 to 55 feet. 

• D&M's proposed monitoring program 
during water testing of the VCM tanks 
being agreed to. This program included a 
prolonged loading period with steam 
heating to prevent freezing during the 
winter, installation of piezometers to 
record pore water pressures within the 
organic silt layers and the use of Varec 
gages to provide direct measurements of 
the settlement of the tank bottom. 

The last report D&M presented on May 15 
to the EC, "Foundation Investigation of 
Proposed VCM and Caustic Tanks," indicated 
that: 

• For the VCM tanks, D&M recommended 
qa equal to 3,300 psf and quoted the same 
predicted settlements as cited in the May 
8 progress report, along with predicted 
times to reach 90 percent consolidation of 
one to two years. 

• For the caustic tank, D&M recommended 
initial water testing to q equal to 2,600 psf, 
then to q equal to 3,300 psf with caustic 
soda for 45 days before final loading to qa 
equal to 4,000 psf - i.e., the use of staged 
loading to preload the foundation soils. 

• The accuracy of the computed settlement 
magnitudes was considered to be ±25 percent, 
which when applied to the computed 3 of 
15 inches for the south VCM tank, gives a 

maximum differential settlement of 19 
inches ( compared to the tank tolerance of 
21 inches). 

• The two VCM tanks would be filled to qa 
equal to 3,300 psf over twenty days and 
then maintained for a period to one to two 
months. These tanks and the caustic tank 
would have piezometers to record pore 
pressures and Varec gages to obtain accu
rate measurement of bottom settlements. 

The report did not discuss the possibility of exces
sive settlements due to plastic flow at q equal to 
3,300 psf, even though the computed settle
ments included only those due to one-dimen
sional consolidation. 

Figure 2 summarizes the essence of D&M' s 
May 15 report regarding the VCM tanks. The 
typical soil profile has two organic layers of 20 
to 25 feet in thickness separated by a thin sand 
stratum overlying dense and gravel. Excluding 
the one oedometer test on peat, the other four 
tests had (mean ±1 standard deviation) a natu
ral water content equal to 61 percent (±7.5 per
cent), a liquid limit equal to 78 percent (±5 per
cent) and a plasticity index equal to 42 percent 
(±5 percent). The Atterberg limits straddle the 
A-line on Casagrande's plasticity chart, leading 
to an OH-CH classification. The selected pre
stress of 1,200 psf within the organic soil was 
based on a combination of the oedometer and 
undrained strength data. (Note: Although all 
settlement calculations used the same stress 
history, the strength tests indicated that the 
upper organic layer beneath the caustic tank 
was about 50 percent stronger than under the 
VCMtanks.) 

On May 25, 1970, the EC supplied informa
tion to the state of New Jersey for a permit to 
construct the tank foundations at the Mantua 
Terminal. The EC stated that D&M would be 
involved with the water testing program and 
specific reference was made to the installation 
of piezometers under the VCM and caustic 
tanks, along with measurements of settlement 
both along the outside edges and inside the 
tank throughout the water testing program. 
On June 4, D&M submitted a proposal to the 
EC that detailed the scope and objectives of 
the water testing monitoring program. D&M 
would install the piezometers (along with soil 
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FIGURE 2. Typical cross-section for the VCM tanks with stress history, predicted settlements 
and instrumentation. 

sampling for future lab testing if justified), 
train terminal staff in reading the piezometers 
and recording the exterior and interior settle
ments, and make continuous interpretation of 
the monitoring data in order to compare 
results with predictions and to recommend 
possible changes in the water testing loading 
rates and duration. The estimated cost for 
these services was $28,000 to $37,000. The EC 
recommended to the TO that the proposal be 
accepted and it also arranged for the purchase 
and installation of three Varec-type gages for 
each tank. 

On July 1, the EC informed D&M that the 
TO had rejected the monitoring proposal and 
that the piezometers and Varec gages would 
not be installed. 

During this period, the TO became increas
ingly concerned about escalating costs and its 
ability to profitably operate the terminal due 
to the poor foundation soil conditions. The TO 
and PPG never came to a final agreement, and 
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on July 31, 1970, PPG paid the TO for its costs 
and resumed control of the project. Over the 
next several months, the cost estimate for the 
total project, which also included dock facili
ties, increased by $1.4 million over the original 
$7.5 million budget. Subsequent cost saving 
measures included the elimination of the 
Varec gages to reliably measure interior settle
ments of the tank bottoms and the elimination 
of steam heating ($11,700) to prevent freezing 
during the tank water testing program. 

Water Testing Program & 
Revised Settlements 
D&M was contacted by the EC and PPG dur
ing the fall of 1970. Because the piezometers 
and Varec gages had been deleted from the 
monitoring program, D&M emphasized the 
need for 'the immediate evaluation of tank 
monitoring data "to confirm that the settle
ments will be tolerable and that no tank dis
tress will occur because of shearing deforma-
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FIGURE 3. Load and settlement versus time for the first water test on the caustic tank. 

tions of the supporting soils."2 It was agreed 
that settlement data (two readings per week) 
would be phoned weekly to D&M so that 
"appropriate comments, conclusions and rec
ommendations concerning future tank per
formance, the need and/ or desirability of tank 
releveling, future monitoring, etc., would be 
provided in a timely fashion."2 

Tank Water Testing in 1970. The DEG, MEG 
and caustic tanks were water tested during 
late 1970 for a period from thirty-one to thirty
eight days before being emptied due to the 
formation of an ice layer within the two small
er tanks. Edge settlements were recorded by 
the EC about twice weekly. Interior measure
ments made by PPG were less frequent 
because PPG used a tape and plumb bob 

through nozzles in the domed roof which "on 
windy days is difficult and sometimes not 
possible." (Note: Varec gages would have 
eliminated this problem.) 

Figure 3 plots the water test data for the 
caustic tank, which experienced an average 
edge settlement of PE of 8 inches and center 
settlement of Pc of 15 inches at a load of q 
equal to 2,500 psf. In contrast, D&M had pre
dicted PE of 3 inches and Pc of 14 inches after 
two years at q equalto 3,300 psf. The DEG and 
MEG tanks also had much larger and more 
rapid settlements than expected. Neverthe
less, no settlement data were sent to D&M 
during these water tests. 

D&M Work From January to July 1971. 
After finally receiving the tank water test 
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FIGURE 4. Load and settlement versus time during water tests of the two VCM tanks. 

data in mid-January 1971, D&M evaluated 
the results and reported its findings to the 
EC and PPG by mid-February. D&M's obser
vations and conclusions included the follow
ing: 

• The quality of the settlement data was 
poor, especially regarding the interior 
settlements, which were needed to deter
mine if the differential settlements were 
approaching the allowable limit (Varec 
gages were again recommended and 
rejected) and the loading period was too 
short (less than 60 percent consolidation 
had occurred based on plots of settle
ment versus the square root of time) due 
to the lack of steam heating to prevent 
freezing. 

• The large settlements during water test
ing were attributed to the very rapid con
solidation of organic soil that had a lower 
prestress than the 1,200 psf selected for 
the design, based on the reevaluation of 
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the laboratory oedometer and strength 
test data. Lateral squeezing (plastic flow) 
due to undrained shear deformations was 
discounted since the foundation stability 
factors of safety during loading were high 
(greater than two). (Note: If the piezome
ters · had been installed, Ladd and Foott 
concluded that they would have shown 
minimal dissipation of excess pore pres
sures and, hence, lateral squeezing, rather 
than rapid consolidation, caused the 
excessive settlements.2) 

• Although the settlements were larger 
than originally predicted, the center to 
edge differential settlements (8 equal to 
Pc minus Pr) were still within the toler
ance of the tanks. 

• New settlement estimates with a lower 
prestress were prepared for the second 
water testing of the caustic and glycol 
tanks (which were later confirmed in 
March, when the caustic tank settled less 
than 6 inches over forty-five days) and for 



TABLE 2. 
Comparison of Design Versus Water Test 

Load-Settlement Data for the Caustic & VCM Tanks 

1970 Design 

Tank 
q. (psf) t90 (year) Pc (in.) 

Caustic 4,000* 2+ 14 

VCM No. 1 3,300 2- 16 
(North) 

VCM No. 2 3,300 1 - 19 
(South) 

Notes: • After staged loading for 45 days at q equal to 3,300 psf 
** Approximate values due to uncertain & incomplete data 

the first water testing of the two VCM 
tanks. 

Water tests of the two VCM tanks (No. 1 is 
the north tank and No. 2 the south) started in 
late February. Figure 4 plots load and center
line (pc) settlement versus time. The VCM No. 
1 tank initial loading of 2,900 psf was reduced 
to 2,500 psf because of D&M's concern that 
plastic flow might be occurring and both tests 
were terminated due to concerns about the 
uncertainty in, and magnitude of, the differ
ential settlement. The edge settlements 
reached 9 inches for the No. 1 tank and 8 to 12 
inches for No. 2, which had a slight tilt due to 
several feet of peat under the southern por
tion. The tank bottoms were mudjacked to 
restore the original crown after the first water 
tests, which had produced differential settle
ments of o equal to 12 to 16 inches compared 
to the allowable value of 21 inches. 

D&M again concluded that the VCM tank 
settlements were primarily due to rapid con
solidation and that the prestress was even 
lower than the revised value. The firm used a 
computer consolidation model to "fit" the 
observed settlements to the variable applied 
loading. This calibrated model was then used 
to predict settlements during the second water 
testing to approximately full loading of qa 
equal to 3,300 psf. Figure 4 plots the results for 

During Two Water Tests 

Duration Total Pc 
q (psf) (months) (in.)** 

2,500 2.8 21 

2,700 to 2.0 33 
3,100 

2,500 to 2.3 52 
3,300 

the second water tests, where the last reported 
centerline settlements reached about 12 inches 
and 26 inches for the No. 1 and 2 tanks, respec
tively, about one week before the end of load
ing (the unloading schedule also was incom
plete). The average edge settlements after 
unloading were about 8 inches for No. 1 and 
11.5 inches for No. 2. The collective settlement 
data agreed reasonably well with predictions 
from the computer model, which D&M then 
used for estimates of the residual consolida
tion settlements expected to occur when the 
tanks were put in service. 

Table 2 compares D&M's design predic
tions with measured behavior during the two 
water tests of the caustic and the two VCM 
tanks. In a period of only two to three months, 
the tank bottom settlements were roughly 
double those predicted to occur after one to 
two years at water testing loads less than the 
full design load (especially for the caustic 
tank). D&M attributed this large discrepancy 
to the organic layers being more compressible 
(less prestress) and consolidating more rapid
ly than originally thought. Whether or not this 
conclusion was reasonable based on the avail
able data became a topic of debate during the 
litigation. In any case, D&M encountered 
numerous problems during its evaluation of 
the water testing results. In addition to remov
ing the piezometers from the monitoring pro-
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gram, which would have clearly negated the 
rapid consolidation hypothesis, D&M had to 
interpret incomplete data of dubious quality 
(e.g., readings too infrequent, questionable 
measurements of bottom settlements, incom
plete documentation of loading histories and 
problems with being furnished data in a time
ly fashion). Moreover, D&M's contract was 
terminated by PPG prior to the second VCM 
water tests in order to save costs. After strong 
objections, D&M was reinstated with an 
added budget of $3,000, which brought the 
total to $19,000. 

Events From Fall 1971 to Early 1972. After 
completing the VCM water testing in mid-
1971, the tank bottoms were mudjacked for a 
second time to restore the original crown ( and, 
hence, the design differential settlement toler
ance of 21 inches), the connecting pipes were 
readjusted and the tanks were declared safe 
by a metallurgical consultant (Battelle) after 
an inspection of the bottom welds. The caustic 
tank also was mudjacked (for the first time). 
The tanks were put in service near the end of 
1971 after PPG finally agreed to install five 
Varec gages in each of the VCM and caustic 
tanks in order to accurately measure in-serv
ice bottom settlements. 

During this period, PPG sold the facility to 
a second terminal operator for $9 million, 
which covered PPG's cost- of which some 
$235,000 was attributed to the "unpredicted 
and excessive foundation settlement prob
lems."2 As part of the sales agreement, PPG 
had to assume responsibility for the repair or 
replacement of any of the tank foundations 
that were found to be defective within five 
years after the sale. PPG informed the new 
owner of the prior history of the tanks and the 
need to carefully monitor their performance 
and report the results to PPG. 

PPG wrote to D&M in February 1972 about 
the soil settlement problems and PPG's 
responsibility for the performance of the tank 
foundations until the end of 1976. The letter 
stated that PPG felt that "there have been sev
eral significant deficiencies in the performance 
of Dames & Moore ... on this project," lead
ing to costs that were "extremely high com
pared to our past experiences on other similar 
projects." The letter concluded by saying that 
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after evaluating actual tank settlements versus 
D&M's predictions, PPG would wish to dis
cuss "the entire Soils Program ... with Dames 
& Moore, especially in the areas of financial 
and liability matters." D&M did not respond 
to PPG's letter. 

Performance & 
Piling of the VCM Tanks 
In-Service Performance From 1972 to 1974. Due 
to VCM production problems in Puerto Rico, 
the two VCM tanks were never loaded to 
their design capacity of 3,300 psf. The maxi
mum load rarely reached 2,000 psf (60 per
cent of design load), with the loadings typi
cally being only 1,000 psf (±500 psf). Interior 
(pc) and edge (PE) settlements were recorded 
approximately monthly and by the end of 
1974 had reached the values summarized in 
Table 3, with resultant differential settle
ments (B) of only several inches. These settle
ments were amazingly close to those predict
ed by D&M, but this was entirely fortuitous 
since the actual maximum loads were only 
about half of those used for the settlement 
predictions. 

During this three-year period, PPG twice 
contacted Battelle to review the settlement 
data and inspect the exterior of the tanks. 
Battelle concluded that the tilt of the VCM No. 
2 tank was well within allowable limits and 
the tank bottom was not being overstressed. 
However, Battelle noted that the connecting 
pipework had to have sufficient flexibility to 
avoid overstress as the tanks settled. 

Events During 1975. By the end of 1974, the 
VCM production problems were largely 
resolved and, hence, it was desirable to fill the 
tanks to near full capacity. PPG's Engineering 
Department, which still did not have anyone 
versed in soil mechanics or foundation engi
neering, was charged with evaluating the abil
ity of the tanks to operate safely with higher 
loads. In early January, department staff 
decided to perform a test by pumping VCM 
from the north (No. 1) to the south (No. 2) tank 
and over the period of January through March 
the VCM No. 2 tank experienced edge and dif
ferential settlements of about 1.3 and 1.0 inch
es, respectively, at q approximately at 2,400 
psf. The total differential settlement, B, was 



TABLE 3. 
Comparison of Measured Load-Settlement Data 

From 1972 to 1974 Versus D&M's Final Predictions 

Measured (Predicted by D&M) 
Tank qmax (psf) Pc (in.) PE (in.) 8 (in.) 

VCM No. 1 2,000 6 4 2 
(North) (3,300) (5 ±3) (3 ±2) (2 ±1) 

VCM No. 2 2,000 10.5 6 ±1 4 to 5 
(South)* (3,300) (10.5 ±4) (4.5 ±2) (5 ±4) 

Note: * Range in measured & predicted settlements are due to the presence of a peaty layer under the southern portion of the tank. 

now approximately 5 to 6 inches compared to 
the allowable of about 19 inches (2 inches less 
than the initial 21 inches due to a smaller 
crown after the last mudjacking in 1971). 
Although the settlements were far less than 
experienced during the water testing, PPG 
was concerned about the possibility of the 
tank bottoms rupturing due to crimping over 
their concrete ring walls. PPG recognized the 
need to inspect the tank bottoms to access this 
danger. 

In early January of 1975, D&M was asked to 
evaluate the in-service settlement data and to 
comment on the on-going load test of the VCM 
No. 2 tank. After reviewing the data (and also 
meeting with the author for several hours), 
D&M concluded that "it was not evident why 
the tank movements are greater than anticipat
ed" and recommended that instrumentation 
(piezometers, slope inclinometers and deep 
settlement points) be installed to check if the 
settlements might be due to II creep" of the 
foundation soils.2 D&M recommended that the 
VCM No. 2 tank loading be kept at 2,400 psf -
i.e., no additional loading until the actual 
behavior of the foundation soils could be 
ascertained from the instrumentation. D&M's 
January 27 proposal for the field instrumenta
tion and analyses was rejected, presumably 
due to the cost (near $50,000) and its four
month evaluation period, plus PPG's lack of 
confidence in D&M's ability. 

In March 1975, PPG contacted a second 
geotechnical consultant (McClelland Engin-

eers, Inc., from Houston, Texas) for a separate 
evaluation of the tank settlement problems 
and recommendations for what to do about 
the tank foundations. McClelland's $2,500 
proposal was rejected. 

During this three-month period, an in
house study by PPG had looked at several 
options. These options included: 

• limiting the tank loadings, which would 
require a new VCM tank; 

• installing a reinforced concrete slab under 
the tanks; and, 

• supporting the tanks on a pile founda
tion. 

The study was apparently driven by concerns 
about possible crimping of the tank bottoms 
near the concrete ringwall, the effect of higher 
loads on future settlements and PPG's respon
sibility for the tank foundations until the end 
of 1976. 

In any case, in mid-April, PPG's Central 
Engineering staff recommended that both of 
the VCM tanks be placed on pile foundations 
at an estimated cost of $1.6 million. The 
VCM No. 2 tank was emptied in May and 
inspected by Battelle, which found "no evi
dence of any sharp bending which might 
cause weld cracking" - i.e., there was no 
crimping near the ringwall.2 Nevertheless, 
the south tank was moved by airflotation in 
order to install a pile foundation, followed 
by the north tank at a total cost of $2 million. 

CIVIL ENGINEERING PRACTICE FALL/WINTER 2004 55 



g -20 

C: 
0 -30 .... ·.:: 
C1:l 
> 
~ -40 . 
LU 

-50 

Adapted From Ref 1 
Shear Stress (psf) 

FIGURE 5. Shear stress increase and shear strength versus depth under center of VCM tank 
No.2. 

This cost was then passed on to D&M in the 
form of a lawsuit. 

The Litigation 
PPG filed suit in federal court in the fall of 
1976 to recover its extra cost incurred by rely
ing on D&M's recommendations. The suit 
alleged that D&M was negligent in the prac
tice of soil engineering and in misrepresenting 
the accuracy of the tank settlements (i.e., the 
estimated ±25 percent accuracy). 

During the next two years, persons 
involved with both sides of the suit were 
deposed. D' Appolonia Consulting Engineers, 
Inc. (DCE), was hired by PPG as its geotechni
cal expert witness and filed its report in 
October 1977. Geotechnical expert witnesses 
for the defense filed their reports in August 
1978. These consisted of two reports by Dr. 
Harl P. Aldrich, Jr. - one on the state-of-prac
tice for the foundation design of steel storage 
tanks and a second on the need for piling the 
VCM tanks-and one by Ladd and Foott.2

-
4 

The latter detailed the project history, evaluat-
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ed D&M' s work, discussed the cause of the 
large settlements and the need for piling, and 
rebutted many of the criticisms contained in 
the DCE report. 

The court trial was held in the Camden, 
New Jersey, Federal Court with a jury of six 
lay persons over a period of six weeks from 
February to March 1979. 

PPG's Allegations of Negligence & Misrepre
sentation. There were three principal compo
nents of PPG's basic position: 

• PPG had relied on D&M's settlement pre
dictions and considered the 11 ±25 percent 
estimated accuracy" to be a guarantee 
that included both consolidation and 
plastic flow (lateral deformations due to 
local overstressing of the foundation 
soils). The VCM tanks settled several feet 
more than predicted by D&M in 1970 
(Tables 2 and 3 add up to an extra 1.9 feet 
for tank No. 1 and 3.6 feet for No. 2). 

• D&M's proposed instrumentation during 
water testing was of II academic interest"; 



otherwise D&M would have strongly 
objected when it was deleted. 

• The piling was justified since PPG needed 
full tank capacity, which would have cre
ated the danger of a rupture of the tank 
bottom. D&M could not predict when the 
settlements would stop and PPG worried 
that the settlements would continue 
indefinitely. 

The detailed report by PPG' s geotechnical 
expert put forth the opinion that much of the 
tank settlements during water testing was the 
result of lateral deformations due to plastic 
flow of the organic silt layers.1 It contended 
that D&M was negligent in its estimation of 
the likelihood of these settlements occurring 
and in failing to identify them when they 
occurred during the water testing. DCE fur
ther contended that whenever any local over
stressing of soil below a tank occurred, the 
profession would normally expect that large 
and unpredictable plastic flow settlements 
could take place. And this situation would 
arise whenever the FS was less than 2.0. 

Figure 5 was used to illustrate the extent of 
local overstressing at the centerline of VCM 
tank No. 2. It shows the soil profile, the com
puted undrained shear strength (su) for the 
organic layers if they were normally consoli
dated (a lower limit) and with a prestress of 
1,200 psf (as assumed by D&M and essentially 
endorsed by DCE), and measured values of Su 

from D&M's laboratory Torvane tests. For an 
allowable tank loading of qa equal to 3,300 psf, 
for which DCE computed a FS of 1.45, the line 
labeled 'T is the theoretical shear stress 
obtained from elastic stress distribution. 
Hence the shaded area represents the theoret
ical zone of soil failure (for a 1,200 psf pre
stress) - i.e., the zone where plastic flow 
would occur. DCE further maintained that 
such local overstressing can lead to "progres
sive failure" and ultimate failure of the tank. 
The DCE report also stated that:1 

For the conditions that existed at the Mantua 
site, a safety factor of 3. 0 appears to be an appro
priate recommendation. Many articles pub
lished in the geotechnical literature prior to 
1970 would also support this value. 

The DCE report also made many detailed 
criticisms of D&M's work, including: insuffi
cient number of deep borings, undisturbed 
samples, and laboratory tests; and inappropri
ate testing procedures and interpretation of 
the test data. Moreover, even though the 
piezometers had not been installed, the water 
test settlement data were sufficient to show 
that significant plastic flow (lateral deforma
tions) was occurring. 

D&M's Defense Against Professional Negli
gence & Misrepresentation. D&M's basic position 
was that the settlement estimates, with the ±25 
percent estimated accuracy, applied to normal 
consolidation movements. The estimates did 
not include any allowance for plastic flow 
movements, especially since methods for pre
dicting their magnitude did not exist at that 
time. D&M believed that it had made the pos
sibility of additional large and unpredictable 
settlements due to plastic flow at loads above q 
at approximately 3,000 psf very clear in the 
May 1970 meetings and reports. It was because 
of this possibility, and to check predicted tank 
behavior, that extended water tests and instru
mentation, especially the piezometers to meas
ure in situ excess pore pressures, were recom
mended, agreed to and included with the per
mit submittal. D&M contended that the failure 
to implement this instrumentation program 
was a major contributing cause of its inability 
to fully explain the observed behavior, and of 
the ultimate and unnecessary decision to place 
the VCM tanks on piles. 

The reports by D&M' s geotechnical experts 
contended that D&M's initial foundation 
investigation and recommendations were rea
sonable and conformed to accepted standards 
for such work.2

-
4 The use of factors of safety in 

the range of 1.2 to 1.5 was considered normal 
practice with flexible-bottomed steel tanks, for 
which the applied loads are precisely known, 
in contrast to foundations for building and 
bridges. (Note: The FS range of 1.2 to 1.5 was 
specifically quoted in Haley & Aldrich, which 
summarized that firm's practice based on 
seven soft ground projects with steel storage 
tanks between 1965 and 1970.3) D&M's use of 
a FS at the top of this range was appropriate 
for instrumented tanks containing hazardous 
materials at a new site. The reports considered 

CIVIL ENGINEERING PRACTICE FALL/WINTER 2004 57 



the use of a one-dimensional consolidation 
model as being common practice for predict
ing ultimate tank settlements. And the result
ing estimates should be reasonably accurate, 
often within about ±25 percent, although this 
range could not be guaranteed. 

Ladd & Foott made a thorough analysis of 
the settlement behavior of the tanks.2 This 
analysis benefited from extensive ongoing 
research at the Massachusetts Institute of 
Technology (MIT) regarding the likelihood of 
excessive settlements occurring due to 
undrained shear deformations and the role of 
plastic flow on their magnitude.5

'
6 They con

cluded that the large settlements observed 
during the water tests were primarily due to 
undrained shear deformations (as did DCE), 
but the principal cause was an unusually low 
ratio of undrained Young's modulus to 
undrained shear strength (Eufsu) for the highly 
plastic, organic foundation soils, rather than 
plastic flow per se as proposed by DCE. The 
report also concluded that the in-service tank 
settlements occurred mainly due to consolida
tion, but at a rate faster than expected from the 
laboratory consolidation tests, and that the 
settlements had stabilized ( essentially leveled 
off) for the caustic tank at q equal to 3,300 psf 
and for the VCM No. 1 tank at q equal to 2,000 
psf. 

The D&M experts contended that the data 
available from the water tests (e.g., such as 
shown in Figures 3 and 4) indicated that the 
settlement rates were decreasing with time, 
which is characteristic of consolidation behav
ior. Hence D&M's interpretation of the data as 
rapid consolidation of soil having a lower pre
stress than initially selected was reasonable. 
(Note: As previously mentioned, the factor of 
safety of the caustic tank was calculated to be 
greater than 2.0, which would preclude plastic 
flow based on the then-available analysis tech
niques.) Moreover, had the recommended 
piezometers been installed, the lack of dissipa
tion of excess pore pressures during the settle
ment periods would have clearly shown the 
occurrence of excessive undrained shear 
deformations rather than rapid consolidation. 

D&M' s experts did not consider it neces
sary to pile the VCM tanks in 1975. At the time 
of the piling, the differential settlements were 
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less than one-third of the allowable value and 
it was not reasonable to expect "sharp bend
ing" near the ring wall, as later proven by 
inspection of the tanks when emptied. With 
staged loading of these tanks to a% of 3,300 
psf, long-term consolidation settlements of 
one to two feet would be expected, which may 
have required one more recrowning of the 
tank bottom via mudjacking (as done after the 
first and second VCM water tests). 

Finally, D&M's defense team believed that 
PPG was guilty of "contributory negligence" 
(i.e., PPG exacerbated the problem), which if 
proven would have prevented PPG from col
lecting any damages. Specifically, PPG's fail
ure to implement the instrumentation pro
gram was a major contributing cause leading 
to unnecessary piling because: 

• D&M was not involved during the first 
water tests of the caustic and glycol tanks, 
which, combined with no steam heating 
to prevent icing, caused the premature 
termination of the water tests. 

• The lack of Varec gages led to incomplete 
and inaccurate measurements of the inte
rior bottom settlements, and, hence, 
uncertainty in the differential settlements. 

• The lack of piezometers led to the misin
terpretation of the settlement data as 
rapid consolidation. The piezometers 
would have shown minimal dissipation 
of excess pore pressures, which would 
have indicated large settlements caused 
by undrained shear deformations (lateral 
squeezing) rather than consolidation. If 
this information had been available, 
D&M would have recommended loading 
in stages (which was recognized as a con
tingency plan), which would have 
increased the undrained strength and 
stiffness of the organic soils and thereby 
led to significantly less lateral squeezing 
and, hence, smaller total settlements. 

The Trial 
It should be noted that this was the author's 
first experience as an expert witness. I thought 
we had a very solid defense, but my naivety 
caused a lack of understanding of the adver-
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sarial system of justice in the United States 
(i.e., that lawyers are hired to win the hearts 
and mind of the jury in order to win the case 
for their clients). Nor did I appreciate how 
important the competence of the judge and 
lawyers was to the final outcome. (Note: 
Remember this trial occurred well before the 
televised trial of O.J. Simpson.) 

PPG presented its allegations over a period 
of four weeks. It was easy to prove that the 
tanks had settled much more than predicted 
(and certainly far more than the "±25 percent 
estimated accuracy"), to document the extra 
costs incurred during water testing and pil
ing, and to illustrate PPG's concerns about the 
safety of the VCM tanks (via internal memos, 
depositions, etc.). Dr. Elio D' Appolonia testi
fied for five hours in order to cover the 

essence of the material contained in the 1977 
DCE report. However, in this author's opin
ion, D&M's lawyer did a poor job of identify
ing major weaknesses in D'Appolonia's testi
mony during only three hours of cross-exam
ination. This opinion especially applies to the 
concept that soft ground construction 
designed with a factor of safety of less than 
2.0 may lead to ultimate failure due to pro
gressive failure, which is clearly contrary to 
decades of experience with highway embank
ments, levees, preload fills, etc. The con
tention that D&M should have used a design 
FS of 3 for the tanks also defied common prac
tice. 

Dr. Foott's Testimony. D&M's defense relied 
primarily on testimony by the authors of the 
three geotechniGal expert witness reports. Dr. 
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Roger Foott went first with an analysis of the in
service tank performance and why piling was 
not necessary, but his cross-examination did not 
go well for the defense. Since Dr. Foott had been 
sitting with the D&M lawyers during the trial, 
his testimony was viewed as not meeting the 
objectivity required of an expert witness. 

Ladd's Direct Testimony. My first direct testi
mony, which lasted two hours, was not well 
suited for a trial in that I basically gave a series 
of lectures in response to four principal ques
tions that the D&M lawyer had told me he 
would ask: 

• What are the usual steps in geotechnical 
design of tank foundations? 

• What did you examine, find and conclude 
regarding D&M's work in 1970? 

• What do you have to say about D&M's 
conduct during 1971 (my reply included 
an explanation of why the lack of 
piezometers led to D&M' s attributing the 
excessive settlements to consolidation 
rather than plastic flow)? 

• What do you think caused the excessive 
tank settlements? 

(Note: On the day prior to my testimony, I had 
prepared 20 pages of handwritten notes that 
covered these four questions) 

Figure 6 shows two sketches that I used in 
response to the last question. Part (a) attempt
ed to explain the concept of Young's shear 
modulus (E). Part (b) was used to illustrate the 
concept of lateral squeezing and the fact that 
the value of E was far more important than 
plastic flow per se as proposed by DCE. I then 
used the technique presented by D' Appolonia 
et al. to backcalculate the value of Elsu from the 
first water test of VCM No. 2.5 The resulting 
Efsu of 39 was an order of magnitude lower 
than quoted from ten case histories cited in 
that study and, hence, the highly unusual 
organic soil at the site represented a unique 
case in the annals of geotechnical engineering. 

After being cross-examined for the entire 
next day, I was again put on the stand for redi
rect testimony. This time the defense lawyer 
posed a series of specific questions, mostly 
regarding how I obtained the E!su of 39, why 
this was so unusual, and why the piezometers 
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contributed to the problem. This testimony 
was, I believe, more effective in defending 
D&M. 

Ladd's Cross-Examination. I soon learned 
that the objectives of this exercise were to dis
credit my expertise (which was not successful 
since I had a thorough knowledge of the tech
nical issues), catch inconsistencies in my testi
mony (somewhat successful) and to confuse 
me and the jury. 

The lawyer asked me to define the follow
ing terms and explain related questions (most
ly from Ladd and Foott):2 undrained settle
ment; plastic flow; the difference between 1-, 
2- and 3-dimensional loadings; the difference 
between secondary compression and undrain
ed creep; to establish whether undrained 
creep is plastic flow; to delineate what mech
anics occur in soil during plastic flow, among 
other things. These questions unsuccessfully 
attempted to confuse me. 

Since my undergraduate thesis was includ
ed in PPG's list of documents, I had looked at 
the appendices but not the text.7 The lawyer 
read statements from the thesis trying to 
establish that a FS of 3 was used for the design 
of the tanks, that the profession knew about 
plastic flow before 1955 and that secondary 
compression settlements can be fairly large 
with organic soils. I considered this line of 
questioning really hitting below the belt since 
I knew very little about soil mechanics at that 
time (having taken only one undergraduate 
course on the subject) and received only a B 
grade on the thesis. 

The lawyer proceeded to list twenty-five 
articles that discuss "plastic flow, strength loss 
and progressive failure and closely related 
phenomena: creep, local yielding, local shear
ing and strain softening." After that, he asked 
me which ones "were relevant to this case." I 
had made notes on all twenty-five and thus 
easily responded to the first several articles. 
He then changed the question to, "was the 
concept of plastic flow discussed" and I again 
answered. He finally changed the question to 
whether or not the words "plastic flow" were 
used in the article. I was now stumped since 
different authors used different terms. 

When asked if the piezometers were essen
tial to the project, I replied that D&M correct-



ly recommended that they be installed and, if 
they had been, then D&M would have recog
nized that the excessive settlements during 
water testing were primarily caused by 
undrained shear deformations, rather than 
rapid consolidation of soil with a lower pre
stress than originally assumed. The judge 
asked, "Would that have stopped the tanks 
from settling as much as they did?" and I 
answered that "that is not the issue ... 
because we know that piezometers do not 
stop the tanks from settling." That was a poor 
answer. The correct answer, given later on 
redirect, was: Yes, the piezometers would 
have reduced the settlements because D&M 
then would have recognized the problem (i.e., 
large undrained shear deformations) and, 
therefore, would have recommended staged 
loading of the tanks (i.e., preloading) in order 
to increase the stiffness of the soil via consoli
dation and, hence, end up with smaller final 
settlements. The judge then asked if they 
would have exceeded those originally predict
ed by D&M (i.e., the issue of the ±25 percent 
accuracy). I had to agree that they would 
have, due to the very low E!su of the soil, but 
with magnitudes much less than had 
occurred. (Note: If it were established that 
PPG's deletion of the piezometers had con
tributed to the problem, then PPG would have 
been guilty of "contributory negligence" and 
could not have been awarded any damages). 

Since I testified that the uniquely low mod
ulus of the soil (the Efsu of 39) caused the 
excessive settlements rather than negligence 
by D&M, the lawyer posed a long series of 
questions along the following lines (remember 
that the jury was composed of six lay persons): 

• We're talking of organic silt having a low 
modulus. We could go out to Paulsboro 
with a shovel, dig a hole and have a pile 
of this dirt sitting in the courtroom. What 
makes this soil suffer from this magical 
thing that leads to a low modulus? 

• Is the soil soft and squishy like baby 
food? 

• Is it like stepping into quicksand? 
• How does this low modulus affect what 

happens when you drive a stake into the 
ground? 

• What is low modulus: Is it the color of the 
soil, or the weight of the soil or the 
amount of water in the soil or what? 

By this time I was getting rather frustrated 
and I again referred to the sketch I had pre
pared for the trial, which is shown in Figure 
6a, and answered the last question by stat
ing, "It is the slope of the plot of pressure 
versus strain when you load the soil. It 
would be the red line marked modulus E." 
The lawyer then replied, "There was no slope 
out there at the Paulsboro site. You know 
that, don't you, that this was level ground?" 
(Note: I thought that the lawyer's response 
was a masterful attempt to thoroughly con
fuse the jury.) 

Dr. Aldrich's Testimony. Dr. Aldrich then 
detailed the state-of-practice for the design of 
tank foundations and explained why he 
believed that it was not necessary to pile the 
VCM tanks. During the former, he stated that 
whereas building foundations commonly 
used stability factors of safety of 2.5 to 3.0, 
lower values of FS from 1.2 to 1.5 were accept
ed practice for tanks because: 

• the maximum load is precisely known; 
• tanks can be filled to the maximum 

design load during water testing; and, 
• since the first two points confirm tank 

safety, lower design factors of safety can 
result in significant cost savings. 

As readers who personally know Dr. 
Aldrich would expect, his testimony was clear 
and concise, and easily withstood two hours 
of cross-examination even though it clearly 
refuted DCE's position regarding design fac
tors of safety. 

Charge to the Jury & the Outcome 
The judge's charge to the jury posed three 
principal questions. 

• Was D&M negligent in the practice of 
geotechnical engineering and in misrep
resenting the accuracy of its predicted 
tank settlement? 

• If so, was that negligence a proximate 
cause of PPG's damages? 
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• What is the amount of damage incurred 
by PPG? 

The judge refused to allow the jury to consider 
PPG's possible contributory negligence by not 
installing the recommended instrumentation 
for monitoring tank performance (most espe
cially the piezometers) and by not involving 
D&M in a timely fashion during the initial 
water testing of the tanks. 

The jury found D&M guilty of negligence. 
The 11 ±25 percent accuracy" was thought to be 
the major problem by the defense lawyers 
since this was the expected margin of error set 
by the geotechnical consultant. PPG was 
awarded damages of $1,883,000, plus $378,000 
in interest. D&M appealed the verdict prima
rily on the basis that there was ample evidence 
of possible contributory negligence by PPG 
for this charge to have been considered by the 
jury. The case was settled prior to the appeal 
being heard for $1.6 million. 

The D&M defense cost over $500,000. 

Lessons Learned 
There were a number of things that D&M 
could or should have done to possibly avoid 
the unfortunate outcome of the project or to be 
in a stronger position during the litigation. 
This "discussion" is largely based on the com
mentary set forth by Foott and in ASFE Case 
History No. 20.8

'
9 

Spell Out the Risks of Excessive Settlements 
More Clearly. D&M clearly noted the possibili
ty of excessive, unpredictable settlements due 
to plastic flow of the organic silt layers in its 
May 8 progress report, and most likely during 
the meetings of May 11 and 12. However, this 
topic was not discussed in its May 15 final 
report, which was a mistake. The final report 
also should have stated that the "±25 percent 
accuracy" of the estimated settlements 
applied only to those caused by consolidation 
and did not include possible increases due to 
undrained shear deformations (which could 
not be predicted at that time). Ideally, the 
report also should have spelled out the possi
bility of the need for preloading via staged fill
ing for the VCM tanks, as was done for the 
caustic tank having a higher design load (as 
per the data presented in Table 2). However, if 
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the consultant's recommendations become 
overly qualified and cautious, they then tend 
to lose their substance. 

Explain More Clearly the Benefits of Instru
mentation & Involvement by the Geotechnical En
gineer During the Water Testing Program. The 
final report and instrumentation proposal 
should have explained in more detail how the 
piezometers would be used to assess the rate 
of· consolidation and, hence, help to distin
guish between settlements resulting from dis
sipation of excess pore pressures (i.e., consoli
dation) versus those caused by undrained 
shear deformations (which includes plastic 
flow). Such analyses require geotechnical 
expertise and if the piezometers had been 
installed, D&M would not have interpreted 
the very large settlements during the water 
tests as rapid consolidation of soil with a 
lower prestress than originally assumed. 
Furthermore, D&M presumably then would 
have recommended prolonged water testing 
in stages in order to strengthen the soil and, 
hence, reduce settlements due to undrained 
shear and plastic flow. 

Complaining When the Client Does Not Follow 
the Consultant's Recommendations. During the 
trial, PPG maintained that if the instrumenta
tion program was so critical, why did not 
D&M complain when it was scrapped? D&M 
did strongly complain about the lack of Varec 
gages to obtain direct readings of tank bottom 
settlements (which was again ignored) and 
the incomplete and poor quality data obtained 
during the first water tests in late 1970. But 
whether or not the piezometers were "essen
tial" became a major and complex issue dur
ing the trial (e.g., the judge's question to me 
about whether the piezometers would have 
reduced the settlement of the tanks). Although 
the piezometers were certainly desirable, the 
tanks had fairly conservative factors of safety 
and they would have been water tested with 
the monitoring of settlements - i.e., the origi
nal design did not require staged loading to 
strengthen the foundation soils (although the 
caustic tank did have an intermediate loading 
period). It also should be noted that many pre
loading projects rely only on settlement data 
to determine when the preload can be 
removed. Nevertheless, it would have been 



helpful for the defense if D&M had advised 
PPG of the added risk posed by not having 
piezometer data to help interpret the settle
ment records. 

Problems With Interpreting Poor Data in a 
Short Time Period. The first water test data in 
late 1970 (see Table 1) were not sent to D&M 
on a weekly basis as promised,the data were 
incomplete and of questionable accuracy (e.g., 
the results in Figure 3) and the tests were ter
minated prematurely due to concerns about 
freezing (steam heating was not used as rec
ommended by D&M). Should D&M have 
refused to analyze the data? Probably not, but 
D&M could have made it clear that the results 
of its analyses might be misleading due to the 
questionable validity and incomplete nature 
of the data. On the other hand, D&M believed 
that its interpretation of the large settlements 
as being caused by the rapid consolidation of 
soil with a lower prestress to be quite reason
able, so why dwell on possible shortcomings? 
DCE did maintain during the trial that D&M 
should have recognized the dominant role of 
plastic flow, even without the piezometers, 
although this contention was disputed by the 
defense. 

Responding to PPG's Letter of February 1972 
to D&M. This letter criticized the quality of 
D&M' s work and basically threatened to dis
cuss financial and liability matters after evalu
ating the in-service tank settlements. D&M 
never replied. Although understandable 
given PPG's history of inappropriate actions 
and the insulting nature of the letter, D&M 
obviously should have taken steps to under
stand the reasons for PPG's displeasure and 
attempted to resolve them, perhaps by involv
ing third-party mediation. 

Summary 
The author's experience as an expert witness 
has been limited to some half-dozen or so 
major litigations. In each case, I was given suf
ficient time to study all geotechnical aspects in 
my areas of expertise in great depth. This 
preparation is essential, since it ensures that 
the client's lawyer clearly understands the 
expert witness's opinions, including those 
opinions that may not help the client's case. 
After deciding which items that will be testi-

fied to, it is wise to develop a detailed outline 
of the specific questions to be posed and the 
answers. My first direct testimony in the trial 
described here was not appropriate because 
the questions were far too open-ended. An 
expert witness also needs to discuss with the 
lawyer questions that may be raised during 
cross-examination concerning issues where 
the expert's opinion may not support the 
client. When sworn in, the expert is told to tell 
the truth, the whole truth and nothing but the 
truth. I have no problem with the first and 
third requirements, but do worry about "the 
whole truth." I handle this dilemma by pro
viding brief answers to specific questions and 
do not feel obligated to volunteer information 
that will help the other side - that is the job of 
the opposing lawyer. 

ASFE has published an excellent reference 
for engineers asked to serve as expert witness
es.10 It starts with an overview of the judicial 
process and then gives detailed guidance 
about providing forensic services, including 
preparation for depositions, testimony and 
cross-examination. I wish it had been avail
able before this trial. 
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Essay 

A View From the 
Academy: Preparing 
Future Civil Engineers 
for Practice 

Demands on the education 
system need to be made with 
an understanding of the impacts 
of changes and the institutional 
constraints under which it is 
operating. 

THOMAS C. SHEAHAN 

The civil e.ngineering profession is going 
through what is arguably the.most con
tentious debate and transformation in 

recent memory over how to best prepare civil 
engineering students to enter the profession. 
Civil engineering is not alone in this self
examination, as evidenced by the National 
Academy of Engineering initiative known as 
The Engineer of 2020, which includes "strategic 
planning for the future of engineering educa
tion" without specifying a particular branch. 
Also, starting in 1999, the Engineering 

Accreditation Commission of the Accredita
tion Board for Engineering and Technology 
(ABET), which accredits the nation's engineer
ing programs, implemented a new set of crite
ria that has moved programs from a content
based to an outcomes-based emphasis - in 
other words, colleges and universities now to 
have to provide some proof that students are 
actually learning what institutions claim to be 
teaching them. ASCE originally endorsed 
Policy Statement (PS) 465, which "supports 
the concept of the master's degree as the First 
Professional Degree for the practice of civil 
engineering at the professional level." In 2004, 
ASCE also published its so-called "Body of 
Knowledge" (BOK) defining what should be 
taught and learned in the nation's civil engi
neering programs. This document also pro
posed modifying PS 465 to say that licensure 
should result from B + M/30&E, or Bachelor's 
degree plus Master's or approximately 30 
credits and experience (this modified version 
was approved in late 2004). 

Essays in professional publications regular
ly advocate how to "fix" what is apparently 
wrong with the nation's civil engineering cur-
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ricula. In the past year, one essay in Structure 
magazine indicated that what is needed is 
more specialization at the undergraduate 
level/ a more recent opinion piece in Engineer
ing News-Record included the statement: 
"Specialization only comes after years of expe
rience, not with a diploma."2 Instructors at 
universities across the country regularly share 
stories of alumni and employers' broad criti
cisms that recent civil engineering graduates 
do not know how to communicate well, prob
lem-solve, self-learn, use engineering science 
principles, integrate knowledge from various 
courses, understand the elements of a project 
from a broad perspective, understand the role 
and influences of economics and politics -
the list goes on and on. 

Driving Issues in Education 
As faculty strive to satisfy ABET accreditation 
criteria and respond to external pressures 
from the profession, they also face powerful 
internal drivers. Primary issues that impact 
curriculum design and the manner in which it 
is delivered include general education 
requirements and the push for research dol
lars and scholarly output. 

Most colleges and universities require all 
programs, including their externally accredit
ed ones (like engineering), to satisfy the insti
tution's general education goals. To satisfy 
these goals students must take social/ cultural, 
historical, diversity, and other courses that the 
college or university views as vital to the edu
cation of its graduates. Students like the flexi
bility offered by these general education elec
tives since they can use these courses to earn 
minors in business, architecture and other 
fields that enhance their preparation, particu
larly if they plan to pursue careers or graduate 
degrees outside of engineering. 

In addition, there is ever increasing pres
sure, even at traditionally undergraduate 
institutions, for faculty to obtain research 
grants and publish scholarly articles and 
books. As colleges and universities become 
more corporate in their outlook, boards of 
trustees and presidents of those institutions 
are increasingly mindful of their ranking 
among similar schools (e.g., the U.S. News and 
World Report rankings) and its effect on attract-
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ing students with strong academic back
grounds. Along with a variety of factors, 
research and scholarship are elements in these 
rankings, and moving up implies greater 
stature for schools. This emphasis on research 
and scholarship impacts the curriculum since 
faculty are given reduced teaching loads to 
afford time to write proposals, conduct 
research, publish papers and books, and 
attend conferences. Such reductions, in turn, 
often restrict the number of courses that can 
be offered in a given semester. In addition, 
strong research credentials increasingly out
weigh professional experience in faculty hir
ing decisions. Thus, while ASCE and ABET 
demand that more faculty be licensed profes
sional engineers, the internal pressures point 
toward hiring someone who can win that 
large research grant and produce two to three 
journal articles per year. These priorities are 
not mutually exclusive, but their intersection 
is extremely difficult to achieve. 

To address this lack of time for teaching and 
the lack of practical experience, many institu
tions use adjunct faculty from the profession to 
inject experience into their programs and lever
age the full-time faculty in an economical way. 
Practitioners are sought to teach courses, par
ticularly those that are design- or construction
intensive, and knowledgeable practictioners 
are often found who are willing to spend one or 
two nights a week teaching. However, adjuncts 
are not a long-term, stable answer to this prob
lem, especially at the undergraduate level, 
where instructors are needed who must 
increasingly understand the educational 
process and assessment techniques required by 
ABET. Adjuncts usually cannot be on campus 
in the daytime, so they typically provide only 
teaching services, and cannot provide the other 
"pieces," like advising and contributing to cur
riculum development. In addition, practition
ers are spread thin at work, like everyone else, 
so that it is getting more difficult to find some
one who simply has the time to devote to teach
ing a class. 

The State of the Student Pool 
Freshmen engineering students are increas
ingly talented, judging from high school grade 
point averages, SAT scores and the numbers 



of advanced placement (and even college) 
courses taken during high school. However, 
anecdotally, instructors across the country 
complain that these students are not as well 
prepared in terms of their math and science 
ability as students twenty-five years ago. 
Instructors of first-year, sophomore and high
er level engineering courses often find them
selves reviewing math and science principles 
that should have been learned in lower-divi
sion high school courses. A colleague at a top
ten engineering school had to review the 
equation of a line for his civil engineering jun
iors. While the quality of a high school educa
tion is not the sole cause for graduating less
prepared engineers, it clearly impacts the 
amount of learning that can be accomplished 
in college programs. 

Employer Expectations 
On the output side of programs, there is the 
impression that employers expect newly mint
ed graduates to have all the talents needed to 
be highly productive right away. Haven't 
mentoring and learning on the job always 
been essential elements in the evolution of an 
engineer? Who has ever expected that a col
lege graduate would be ready to hit the 
ground running? Could a twenty-two-year
old ever be ready to meet with clients, gener
ate new business, present a project at a town 
meeting, write a winning proposal or final 
report, etc., without mentoring and experi
ence? Some are more ready than others thanks 
to internships or cooperative work experience. 
But most students need full-time work experi
ence and the guidance of a supervisor to rise 
to that level. Some innovative firms have start
ed in-house continuing education programs to 
target and ramp up skill sets they view as 
vital. But in a world that is highly complex, 
both technologically and in other aspects of an 
engineer's job, a bachelor's degree is merely 
the passport for moving to the next stage of 
learning, either on the job or in graduate 
school. 

Speaking of that next stage, what about PS 
465, which points toward additional educa
tional and experience requirements for profes
sional licensure? A prominent, senior engineer 

in Boston gave a lecture recently where he 
commented that most firms simply cannot find 
enough good engineers. If some form of this 
policy is put into place, licensed engineerings 
will be better prepared, but there may be fewer 
of them, and employers must be prepared for 
increasing salary demands that inevitably 
result from a reduced supply. While salary 
increases could draw more young people into 
the profession, the added educational require
ment could exacerbate an existing phenome
non: students with civil engineering B.S. 
degrees choosing to pursue a different and 
more lucrative career with a graduate degree 
in a field such as law or business. 

Summary 
These are exciting, dynamic times for engi
neering education. As in any business, a vari
ety of requirements, pressures and con
stituents' needs must be balanced, but with 
the fundamental goal of doing what is best for 
students. As engineering practitioners make 
demands on the education system (as they 
should), understanding the ramifications of 
changes and the institutional constraints 
under which colleges and universities func
tion will allow everyone involved to set rea
sonable priorities and make better decisions. 
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Essay 

Mass MoCA & the 
Hoosac Tunnel 

Any engineer knows that 
the key to the universe is 
discovering the cause for an 
effect (and vice versa). To 
what lengths do we go to 
discern them? 

BRIAN BRENNER 

Mass MoCA is not an espresso drink, 
but an elaborate museum in North 
Adams, Massachusetts. The muse

um displays works of modern art and "instal
lations." To a rational engineer such as myself, 
a lot of the artwork is hard to appreciate. The 
material can be confusing and unapproach
able. When I visited, there was a display of 
something about risk and the cosmos of the 
universe. You threw some weird dice at a sort
of craps table, and then received a playing 
card with a symbol that you were supposed to 
find elsewhere in the exhibit. My card had a 
"Joker" with a symbol representing eternity, 
or the loss of lunch, or something like that. 
There were many paintings on the wall. I 
think they were paintings. They had blobs of 
color arranged (or flung) in random patterns. 

Next to this exhibit was a vast space filled 
with crumpled white paper. New sheets of 
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paper would gently float down from the ceil
ing at timed intervals. While this was happen
ing, eerie voices cried out from teathered 
hanging speakers, which rose and fell from 
the high ceiling. Children ran around in this 
space. It was like an untidy bedroom, only this 
one was much much bigger and it had a lot 
more stuff on the floor. 

At the risk of seeming gauche, I admit that 
I didn't understand the point of most of the 
exhibits. The only one I did get showed video 
clips of a taxi wandering around North 
Adams. The taxi had a board on top that had 
been programmed with space-appropriate 
messages automatically matched to a GIS. For 
example, if the taxi drove by MacDonalds, the 
message might be something like "Eat health
ier food." Now this was a clever exhibit, and it 
even had a computer database and engineer
ing things. But overall, most of the exhibits 
struck me as peculiar. Probably at the top of 
the strangeness list was an exhibit I can't even 
describe completely. Suffice to say that it dis
played a male mannequin wearing a gold foil 
suit that had a dynamic feature. 

Modern Irony 
I may not understand modern art, but I do like 
irony, and I thought that Mass MoCA was 
plenty ironic. The museum occupies a beauti
fully restored old factory complex. The com
plex features a campus of nineteenth-century 



brick buildings, redone in industrial chic for 
the museum. Along with the strange museum 
is a strange restaurant and a strange store. The 
idea, apparently, is to develop a center of 
avant-garde strangeness. There's also a 
lawyer's office in one of the buildings - that's 
not strange per se, but the lawyers probably 
like being associated with the edginess of the 
complex. 

Mass MoCA creators succeeded admirably 
in establishing the museum after battling 
years of adversity. The museum complex has 
recently become very popular and a destina
tion attraction, no easy thing in the fiercely 
competitive Berkshires with such stellar cul
tural attractions as Tanglewood and the beau
tiful Williamstown art museums. The facility 
has become a catalyst for the redevelopment 
of the whole city, which, along with Pittsfield, 
had been a poor stepchild to the rest of the 
classy county. Mass MoCA is a roaring suc
cess and has helped put North Adams back on 
the map. The downtown was thriving when I 
visited, with a mix of eclectic and practical 
stores on the busy, attractive Main Street. 
There was even a real mocha bistro, some
thing unimaginable in the dowdy, hardscrab
ble little city of the past. 

The irony comes into play when you think 
about the previous uses of the factory com
plex. Back in the nineteenth century when the 
factory was a factory, workers made widgets 
of some sort. I'm not sure exactly what they 
made, but it was clearly something tangible, 
corporeal and useful. In the days of competi
tive American manufacturing, understanding 
what you did with your time and its resulting 
product was bit different than today at Mass 
MoCA. Workers trudged off to the mill in a 
pre-post-North Adams factory setting 
we're talking Flintstones here. 

The World Gets Smaller & Larger 
The frontier at the edge of the wilderness was 
much closer for those workers two centuries 
ago. Not far from the mills are the portals of 
the Hoosac Tunnel. The tunnel's west portal 

opens in North Adams, about four miles from 
the museum. The Hoosac Tunnel is a great 
civil engineering achievement. In its day, it 
was the longest rock tunnel in the world, 
extending 4.75 miles below the Hoosac moun
tain range. The tunnel opened a clear railway 
route to the west. It required twenty years to 
build, and featured the first use of nitroglyc
erin. The tunnel was built at a time when the 
connection between things and what you did 
to get them was much more direct and under
stood than it is today, at least in our privileged 
Commonwealth. Freight traffic still uses the 
tunnel, but its importance has been eclipsed 
by the roar of semis barreling down the Mass 
Turnpike to the south and braving the hairpin 
turn on Route 2. 

In today's factories in North Adams, the 
frippery of Mass MoCA revitalizes and drives 
the economy forward. The infrastructure 
comes back to life, and the area is reborn. But 
I wonder if this is a real rebirth. The art instal
lations at Mass MoCA, while maybe entertain
ing if you are wise enough to understand 
them, don't really build or accomplish any
thing. I know that's a silly argument - there 
is a place for pure abstract (and in this case, 
completely disconnected) thought in the 
scheme of creation. But still, my son is also 
good at making a mess on the floor, and does 
little to drive the economy of our household, 
not to mention trying to revitalize a city's 
economy. Maybe I'm too much the engineer, 
looking for more direct cause and effect. 
Maybe I should accept the fact that food just 
arrives at the supermarket and not wonder 
about how it gets there, and what I'm doing to 
earn the right to eat it. But in North Adams 
there are ghosts in the factory walls and in the 
musty darkness of the old tunnel, and they 
must be looking on and wondering as well. 
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Gale A~sociates, Inc. 
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(800) 659-4753 

• Planners 

With offices in: 

Orlando 
(800) 326-5693 

San Francisco 
(800) 704-0325 

Northeastern 
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PRACTICE-BASED PROGRAMS IN 
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~; ,/ ~" ¾' r ~ >: ¾ "' 1 ', r~!• i~•~":( lv1 ¥ 

Announcing our NEW Master of Engineering programs in: 

• Infrastructure Engineering 

• Geotechnlcal and Geoenvironmental 
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• Structural Engineering 

• Water Resources Engineering 

Full-time or part-time study options available. 
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Includes coursework in legal or professional issues, 
and a capstone engineering project. 

For more Information, contact: : S • ' 
Tufts University 
Graduate and Professional Studies 
617-627-3395 
engineer@tufts.edu 
Web: ase.tufts.edu/GradStudy 

I 

321 Summer Street, Boston, MA 02210 617/482-7293 
www.stvinc.com info@stvinc.com 

l!2J!IM~,Me~9,~:~.~R.~lfm.,.,.: ..• 
RESPONSIVE 

TRANSl'ORTATION 
S01,UTIONS 

180 Canal Street, Suite 500 
Boston, MA 02114 

617.725.0099 fax: 617.725.0049 
email: boston@mcmtrans.com 

Also serving from: 
Fort Washington, Exton & Harrisb11rg PA 

Palm Beach Gardens, Fort Lauderdale & Cape Coral, FL 

www.mcmtrans.com 
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Professional Services 

no PIOblum ODDS unsolVDd. 

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

listen. think. deliver:r,, 

CDM 
World Headquarters 

One Cambridge Place, 50 Hampshire Street 
Cambridge.Massachusetts 02139 

tel:617 452-6000 fax:617 452-8000 
www.cdm.com 

consulting• engineering• construction• operations 

Geotechnical, Environmental, 
Water Resources Engineers 

1021 Moh1 Srrcet 
Wmche.<ter, MA 01890 
781 721-4000, 781 721-4073 fox 
tvww.gciconsulrants .com 

II GEI Consultants, Inc. 

GUERTIN ELKERTON & ASSOCIATES, INC, 

Engineers and Scientists 

IJ 
9 I Montvale Avenue Stoneham, MA 02180 

tel: (800) 284-1048 fax: 781-279-7993 
e-mail: info@geainc.us 

~- ;_ 

web: www.geainc.us 

Engineering Fixed & Movable Bridges, 
Railways.Highways and Special 
Structures for over a Century 

-,sot Broadway, New York, NY 10036 
T.212.944.1150 F. 212.391.0297 www.hardesty-hanover.com 

Officei also ln, Fl CT MD Ml NJ NY VA WA 
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Pease International Tradeport 
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T 603.433.8818 
F 603.433.8988 

amel@appledoremarine.com 
www.appledoremarine.com 
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Construction Admin. 

Offshore Structures 
Permitting 
Mooring Analysis 
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Coastal Consultants 15 Elkins Street 

Boston, MA 02127 

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

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

CHILDS ENGINEERING 
CORPORATION 

I\' \ I I RI RON I I N (, I NI I RING 

BOX 333 MEDFIELD, MASSACHUSETTS 02052 
TELEPHONE (508) 359-8945 fAX (508) 359·275 l 

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

50 Sprague Street 
Hyde Park, Massachusetts 02136 

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

Equal Employment Opportunity/Affirmative Action 

Gunther Engineering, Inc. 
Consulting Civil Engineers & Land Surveyors 

New England Survey Service (1932) 
Survey Engineers of Boston (1983) 

William S. Crocker Co.(1912) 
J.F. Hennessy Co./Brookline (1922) 

Aspinwall & Lincoln (1877) 

~ 
803 Summer Street, Boston, MA 02127 

Phan~.- (617) 464-5100 • Fax: (617) 4/J4-2U2 

Howard/Stein-Hudson Associates, Inc. 
www.hshassoc.com 



MARINE CIVIL ENGINEERING 

PORT & HARBOR• COASTAL & OCEAN • STRUCTURAL 

JOHN GAYTHWAITE, P.E. 
CONSULTING ENGINEER 

MARITIME ENGINEERING CONSULTANTS, INC. 
155 PINE STREET 

MANCHESTER, MA 01944 
978-526-4071 

I OCEAN ANO COASTAi- I 

Otlt 
I CONSULTANTS I 
COASTAL• STRUCTURAL 
DREDGING/CIVIL• REGULATORY SERVICES 
UNDERWATER INVESTIGATION 
CONSTRUCTION ADMINISTRATION 
INFORMATION TECHNOLOGY/ 
WATERFRONT MANAGEMENT 

Professional Stone Deposit Evaluations 

Trumbull, CT 
(203) 268-5007 

Plymouth, MA 
(508)830-1110 

Cherry Hill, NJ 
(856) 773-4101 

Cost-Effective Subsurface Investigation 
Geotechnical Troubleshooting 

Concise Concrete Petrography 

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

253 Low Slue/ 

St1ite232 

Newburyport 

Mas . .:.admsett.\· 01950 

(978)-465-1428 
FAX (978)--165-2640 

viueassoc/(llc.r.ttel 

LEE MARC G. WOLMAN 

CIVIL ENGINEER 

172 CLAFLIN STREET 

BELMONT, MASSACHUSETTS 02178 

(6171 484-3461 

Professional Services 

186 Lincoln Street 
Suite 200 z/iiiERING 

/? 
INC. 

Boston, MA02111-2403 
T: 617-338·0063 
F: 617-338-6472 
www.Jnel.com 

s E A Consultants Inc. 
www.seacon.com 

• Municipal 
• Energy 
• Transportation 
• Higher Education 
• Federal & State Buildings 

• Surface 
Transportation 

• Air 
Transportation 

• Railffransit 

• Civil/Site 
• Air. Water, 

environment 
• Commerce& 

Induslry 

• Facilities 
• Public 

Outreach 

M1•w.w:rco'71.com I NEW ENGLAND OFFICES: 

Rocky Hill, CT t Boston, MA I Salem, Nil t Portland, ME t Hallowell, ME 
T~-1'. 86_0:~_2_~:8_8_8-~, ,, !c!:617:542_.4~44. _Tel.:6.~?:_8_9,3-1J~.16. _ -~-\l:2_0_7_.8_79.76~_6. Tel:207.623.9188 

t'{B!~~@!RP,~O~ 
Call: 978-532-1900 

Your Natural Resource for Innovative Solutions since 1899 

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

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

IG'lALLEN 
ENGINEERING 

1101 Worcester Road 
Framingham, MA 01701 

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

Investigation of 
Structural Failures 

Investigation of 
Problem Structures 

Consulting in 
Structural Engineering 

CIVIL ENGINEERING PRACTICE FALL/WINTER 2004 79 



• Highways, Bridges, 
Tunnels, Airports 
&Railroads 

• Urban & Regional 
Planning 

• Environmental 
Services 

• Water Resources 

• Facility Management 

M IT Massachuse .. tts 
Institute of 
Technology 

Department of Civil and 
Environmental Engineering 

9 Month M.Eng. Program in: 

• Environmental and Water Quality 
Engineering 

• Geotechnology 

• High Performance Structures 

• Information Technology 

Contact: 
Graduate Admissions 
Tel: 617-253-7119 
E-mail: ceed@mit.edu 
http://web.mit.edu/civenv 
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