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Editorial 

Streamlining the Public 
Works Design Process 

Engi_neering business
11

operations i~ Massachusetts h.as been und~r scrutiny si~ce ~he publi
cat10n of the report A Taxpayer s Look at a Sacred Cow: Pubhc Sector Design m Massa
chusetts Two Decades After the Ward Commission." Released in November 1995 by the 

l\Jassachusetts Taxpayers Foundation, the report was commissioned by the American Consulting 
Engineers Council of New England (ACEC/NE), the Boston Society of Architects, the Boston So
ciety of Civil Engineers and other professional design organizations representing over 350 corpo
rate members and 30,000 practicing professionals in Massachusetts. It is a scholarly paper, 38 
pages long, that analyzes the procedures followed in Massachusetts for selecting and managing 
design services for public projects, explains how these procedures evolved, evaluates. their effi
ciency and effectiveness, finds them, wanting in many respects and makes specific recommenda
tions for reform. The paper will be of particular interest and value to Civil Engineering Practice 
readers, their colleagues and clients who are involved in Massachusetts public projects and those 
who would like to evaluate other states' interests in the public sector work process. 

Since the report was released, it has gained some public interest for its recommendations of 
savihg taxpayer money. On June 20, 1996, Governor William Weld spoke to 900 members of 
ACEC/NE, the Boston Society of Architects and other allied design professionals at the Design 
Professions Annual Dinner held in Boston. Many in the audience anticipated that the governor 
would announce major policy changes in state procurement and contracting as a result.of the re
port initiatives. · · 

Salary & Overhead Cap Relief 
In his speech, Governor Weld announced a major step toward the ultimate elimination of caps on 
direct labor and overhead. He promised to follow the national mandate to abolish caps on 
federally-aided transportation design projects. Technically, the announced policy was to not seek 
a legislative exemption from the elimination of caps established in the National Highway Bill, re
cently enacted by Congress. Thus, all federally-aided design, such as the remaining design on the 
Central Artery /Tunnel project, the Route 3/Weymouth to Duxbury project, thel-495/Lawrence 
project will be "cap less," in his terms. Conversely, the caps will remain on state-funded design 
projects, which represent the majority of public work under the Massachusetts Highway Depart
ment's (MHD) jurisdiction. With the dual capless and capped systems, the governor set up a 
"competition" of sorts to see if the cap relief saved time and money, with the ultimate potential for 
total cap relief if these benefits are realized. 
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Statewide Partnering 
The governor spoke proudly (and justifiably so) aboutthe success of the ACEC/MHD partnering 
process and announced that the Massachusetts Bay Transportation Authority (MBTA) .:_ the 
agency responsible for overseeing all public transportation projects - would be joining it imme
diately. He also expressed his intent to further broaden partnering by directing Secretary of Trans
portation and Construction, James Kerasiotes, and Secretary of Administration and Finance, 
Charles Baker, to "work with all state agencies to implement partnering." 

More Lump Sum Contracts 
The MHD and MBTA have recently experimented with lump sum contracts to streamline the ne
gotiating and invoicing process. The governor announced an expansion of that effort to the 
MHD' s $63 million footprint bridge program, a bridge rehabilitation program which will be de
signed completely with lump sum as a fee basis. 

Elimination of the Study/Design Prohibition 
The Department of Capital Planning and Operations (DCPO) is the agency responsible for over
seeing all public building construction projects and enforces the current state law that prohibits a 
designer of" public building projects" from performing both the feasibility study and the final de
sign. The intent of the law was to prevent a designer from justifying a building project to do the fi
nal design. The governor recognized the time wasted by this prohibition and announced his in
tent to file legislation to eliminate this law .. 

Reduction of Paperwork 
Throughout his speech, Governor Weld expressed his disdain for excessive regulations and 
wasteful paperwork. To emphasize this point, he concluded his speech with the phrase "as little 
paperwork as we can possibly get away with." There were no specific changes to implement this 
policy, but its unmistakable clarity will provide a solid basis for future.action. 

The First Step to Action 
What does the design community gain from this speech? First, there should be acknowledgment 
of the rarity and importance of the event: after all, when has a sitting governor spoken to the engi
neers of Massachusetts solely on the design process and announced any reform at all? Although 
lots of questions remain about how, when and by whom these policies will be implemented, the 
partnering framework has been established and funded to answer them. All in all, the recom
mended policy changes represent a profound step forward in the procurement and contracting 
process by state government. Starting on page 7, a condensed version of the Massachusetts Tax
payers Foundation report is presented in this issue of Civil Engineering Practice. It is published · 
herein to continue the debate in bringing public works design and construction management into 
the 21st century. 

Cynthia Chabot, 
Chair, Editorial Subcommittee, 

Civil Engineering Practice Editorial Board 

(Special thanks are given to Bill Rizzo, Past President of ACEC/NE, for his input and updates.) 
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Issues 

A Taxpayer's Look 
at a Sacred Cow: 
Public Sector Design 
in Massachusetts Two 
Decades After the 
Ward Commission 

Architectural and engineering 
selection and management 
procedures for public projects 
are burdened with red tape and 
bureaucracy, and, most 
important, result in a large 
waste of taxpayer dollars. 

EDWARD MOSCOVITCH 

The procedures by which Massachusetts 
selects and manages architectural and 
engineering services for public projects 

have become encumbered with red tape and 
unnecessary bureaucratic controls. As a result, 
inestimable taxpayer dollars are wasted annu-

ally. By delaying project completion, creating addi
tional agency and designer paperwork, increasing 
the cost of competing for public sector work, and dis
couraging innovation by design professionals, cur
rent procedures work to raise rather than lower 
overall costs. 

Background & Methodology 
The Commonwealth of Massachusetts (and its 
cities and towns) account for a substantial por
tion of the market for architectural, engineer- ' 
ing and other design work (the A/E industry) 
in the state. Unfortunately, A/E firms have be
come increasingly frustrated with public sector 
work. State and local government selection 
processes make it far more expensive to obtain 
public as compared to private work. Once a de
sign firm is selected, government auditing and 
contract management procedures make it far 
less likely that the firm will actually make a 
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profit from its work. Worse, excessive delays in 
making decisions, a tendency to define the 
scope of design work too tightly and an envi
ronment that finds it difficult to respond to 
change or to new ideas combine to discourage 
innovation. Designers who go the extra mile to 
find ways to save on construction or long-term 
maintenance costs or to provide more usable 
space for a given construction budget are often 
not compensated for this extra effort. 

All too often, designers working on public 
sector projects in Massachusetts find that they 
cannot provide the best work of which they are 
capable and also make a profit on their work. 
Since most designers would rather not be 
forced to make such a choice, design firms that. 
have access to private sector work normally 
avoid government projects. 

Convinced that this situation benefits neither 
the A/E industry nor the state and municipal · 
agencies for which it works,. the American Con
sulting Engineers Council of New England 
(ACEC/NE), the Boston Society of Architects, 
the Boston Society of Civil Engineers (BSCE) 
and the Massachusetts Association of Land Sur
veyors and Civil Engineers (MALSCE) con
tracted with the Massachusetts Taxpayers Foun~ 
dation (MTF) to conduct an independent 
appraisal of the way public agencies in Massa
chusetts select design firms and oversee design 
and construction work. MTF has also been 
asked to prepare recommendations for improv
ing public design and construction practices. 

The findings of the MTF' s appraisal are in
corporated into this article. The analysis of 
public sector design procedures is based on 
over three dozen interviews with people in
volved in all aspects of design and construe~ 
tion. Those interviewed included engineers 
and architects who have done state arid local 
design work, state construction managers from 
Massport, the Massachusetts Water Resources 
Agency, the Massachusetts Bay Transportation 
Authority, the Massachusetts Highway De
partment, the University of Massachusetts, the 
Department of Mental Retardation, public 
works directors in Weymouth and Bedford, 
construction executives at Digital Equipment 
Corporation and the Massachusetts Institute of 
Technology, top officials at three major con- . 
struction contractors, a member of the Ward 
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Commission, as well as senior staff members at 
the Division of Capital Planning and Opera
tions, the Inspector General's office, the De
signer Selection Board and the U.S. Army 
Corps of Engineers. 

A survey of architectural and engineering 
firms in Massachusetts was also conducted to 
review the role of such firms in the state's econ
omy. The survey asked for information about 
the markets that the firms serve (Massachusetts 
versus out of state, private versus public); their 
employment, sales, and profits; and their expe
rience in working with state and municipal 
government clients. 

Although commissioned by the A/E indus
try, the intent of this study is to conduct a 
consumer-oriented critique of the current system 
by looking at public sector design and con
struction from the point of view of the user 
agencies and, ultimately, of the broader public 
that pays the bills and uses the transportation, 
water, education and human services that pub
lic construction supports. 

Central to the appraisal is a comparison be
tween public and private sector procedures for 
selecting designers and supervising their 
work. Private sector procedures have evolved 
to meet the needs of project owners who have a 
choice as to how to proceed and who are under 
market pressure to run their businesses in a 
cost-effective way. 

The study does not necessarily assume that 
private sector procedures are superior, but 
does assume that an understanding of these 
procedures will point to the goals any owner, 
public or private, should be trying to achieve. 
These goals include: ' · 

• Timely completion of construction; 
• Minimizing life-cycle cost; 
• Reducing supervision costs; 
• Minimizing construction costs; 
• Assuring durable construction; and, 
• Taking advantage of design profession

als' expertise to get the most useful struc
ture for the money available. 

Massachusetts public design procedures are 
then evaluated with respect to these goals. 

The problems with public service contract
ing in Massachusetts, which have led to wasted 



taxpayer dollars and diminished quality, are in 
sharp contrast to the private sector and even 
the federal government. The survey of archi
tectural and engineering firms conducted for 
this study indicates the extent to which these 
administrative and other impediments are 
unique to Massachusetts state government. 
The survey found that the Commonwealth is 
most troublesome among federal and private 
procurers with respect to reimbursement for le
gitimate business overhead expenses, unrea
sonable reporting requirements, payment de
lays and unreasonable contract terms. In its 
efforts to eliminate corruption in the public 
contracting process, Massachusetts has created 
a system that is unreasonably constrained rela
tive to other public entities, leading to wasted 
money and unrealized value. 

Reform of current selection and oversight 
practices could save public money by acceler
ating design and construction timetables, 
eliminating or redirecting resources spent on 
unnecessary oversight and rewarding design
ers who find cost-effective solutions for state 
construction needs. 

The Ward Commission 
Current public sector design procedures in 
Massachusetts descend from the Ward Com
mission, which was formed some fifteen years 
ago after a set of scandals in design and constr
uction ofbuildings for the University of Massa
chusetts. The commission's report rings with 
anger over what it found: 

"Corruption is a way of life in Massachu
setts ... For a decade at least across Republi
can and Democratic administrations alike, 
the way to get architectural contracts was to 
buythem ... The way money is raised to run 
political campaigns is a mixture ... of gen
teel extortion or discreet bribery."1 

The commission concluded its extensive re
view of designer selection processes by observ
ing that: 

"The test becomes whether one pays, not 
whether one can do the best job. The insidi
ous effect, finally, is to lose sight of standards 
altogether and to accept shoddy perform-

ance because that is the way business is done 
in Massachusetts ... when architects and 
contractors believe that to do business with 
the state means they must buy a contract 
through bribes or payoffs, or even generous 
campaign contributions on demand, the bet~ 
ter of them will refuse to enter .the system 
and will not do business with the state."1 

,,. 

This problem was not academic; it cost the 
state millions of dollars: 

"One major consequence of corruption 
and political favoritism was in insidious ero
i?ion of standards and the acceptance of 
work in the public sector which would not 
be tolerated in the private sector, .. The com
mission did a study under the direction of a 
professor of architecture from the Harvard 
School of Design ... The results stagger be-
lief ."1 · · 

Seventy~six percent of the projects the Harvard 
professor examined had "a structural flaw that 
threatens the safety of building and results 
from incompetent design or inferior construc
tion." Seventy-two percent of the buildings 
had areas that were unusable because of errors 
in design: 

"Since 1968, over a billion dollars have 
been wasted because of unnecessary delays 
in design and construction ... the estimated 
cost. .. to repair present defects in all public 
buildings is more than two billion dollars." 1 

The Ward Commission was concerned not 
simply with corruption, but with the entire sys
tem of designing and constructing state build
ings. Inevitably, this report revisits many of the 
same issues raised by the commission. Indeed, 
there has been no change from the commis
sion's goals of a process in which the best de
sign and construction firms compete for and 
acquire state work, in which students in librar
ies and dormitories, residents of homes for the 
elderly, and office workers in state buildings 
live and work in healthy, well-designed facili
ties and in which timely construction and cost
effective design give the taxpayers the best fa
cilities at a reasonable price. 
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As a result of the commission's report, ma
jor reforms in the statutes governing public 
sector design and construction were enacted 
and corruption was brought under control. 
Unfortunately, the procedures for selecting ar
chitectural and engineering firms ( design 
firms) that have developed since the Ward re
port emphasize procedural regularity over 
cost-effective construction and design indus
try practice. 

Major Findings 
The study found numerous problems, chief 
among them: 

• Selection procedures fail to weed out at an 
early stage firms that have little chance of 
ultimately winning the work, thereby in
creasing the administrative burden on 
the state and the cost to design firms of ac
quiring state work. In contrast to the pri
vate sector, outstanding work on a project 
today does not give a design firm an eas
ier route to future state work. As a result, 
high quality firms in A/E specialties with 
a significant private market put their en
ergy into acquiring private rather than 
public work. · 

• Contract management provisions concen
trate on micro-management of design 
firms. Design firms are paid on a complex 
cost plus basis that requires inch-thickin
voices for payment. In the private sector, 
once a design firm completes its work 
and is paid an agreed hourly rate or fixed 
fee, the owner pays no attention to how 
the dollars are actually spent. Design 
firms working for Massachusetts, on the 
other hand, are subject to caps on how 
much can be paid to participating em
ployees, limits on how much is spent on 
overhead, and multiple, after-the-fact 
audits of everything from photocopying 
costs to the annual Christmas party. 
These procedures add to state oversight 
costs and impose a major administrative 
and financial burden on design firms 
working for the state. They re-enforce the 
preference of firms that have such a 
choice to pursue private rather than pub
lic sector work. 
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• Excessive Delay. Designer selection and 
supervision procedures in Massachusetts 
are slow. If it takes a private owner a year 
or less to design a building (from design 
to proceed with designer selection to 
complete construction plans), a compara
ble state building may take three years. If 
construction costs rise at something like 5 
percent a year, this two-year delay alone 
increases project costs by 10 percent - far 
more than total design costs, which aver
age some 6 to 8 percent of the total con
struction. State building (as opposed to 
transportation or water-related) con
struction is delayed by the requirement 
that the design firm that does the prelimi
nary study may not participate in final . 
design (a requirement that necessitates 
two selection processes) and by the split 
responsibility between the agency that 
eventually "owns" the building and the 
Division of Capital Planning and Opera
tions (DCPO) that supervises design and 
construction. Other sources of delay in
clude lengthy selection procedures and 
the difficulty in getting a quick response 
from state managers. 

• Discouraging Innovation. All too often, state 
practices fail to take into account the fact 
that good design saves money in the long 
run. When state agencies require design 
firms to submit design cost estimates 
along with statements of qualification, 
these firms inevitably assume that the 
agency will find it difficult to select any 
firm other than the low bidder and there
fore submit a scope of work stripped to the 
bare essentials. When state agencies set the 
design fee in advance, the fees run a per
cent or so under comparable private sector 
rates, despite the higher costs of doing 
state work. When design firms see oppor
tunities to save time or money or provide 
more usable space by changing the scope 
of the design, they find that it takes 
months for the agency to decide whether 
to accept a contract modification and that 
firms that proceed without prior authori
zation are usually not paid for their work. 
In all these ways, state practices discour
age firms from doing innovative work 



• No Quality Control in Selecting Construc
tion Contractors. For all practical pur
poses, state and local governments can
not bar a construction contractor from 
future work on the basis of poor perform
ance on a current project. The total de
pendence on price in selecting construc
tion contractors puts an extra premium 
on high~quality design work, on detailed, 
well prepared construction documents, 
and on supervision of the construction 
contractor by designers and state manag
ers. Shortcuts taken in the design stage 
will add substantially to the eventual 
construction cost. 

Recommendations 
Reform of current selection and oversight prac
tices could save the state money by reducing re
quired staffing, by speeding design and con
s truc tipn timetables, and by rewarding 
designers who make the extra effort to find 
cost-effective solutions for state construction 
needs. The proposals put forth here offer the 
level of control necessary to further the goals of 
the Ward Commission but provide enough 
flexibility in the public contracting system to 
allow higher quality and, in the end, less costly 
projects. These proposals provide the kind of 
mid-course review of public sector design 
practices that the Ward Commission would 
welcome. 

The recommendations summarized below 
(and detailed in the full version of the study) 
should be viewed not as final proposals suit
able forintroduction to the state legislature but 
as suggestions that can serve as a starting point 
for a broader discussion of how the state can 
improve current design and construction prac
tices: 

• Designer Selection. Selection processes 
should give weight to high-quality past 
work and limit the number of finalists. 
For smaller projects, agencies should be 
allowed simply to select design firms 
from a prequalified list that groups firms 
by type of expertise. Senior career manag
ers from the agency that will "own" the 
project should play a major role on selec
tion panels. The panels should include 

outside designers and private sector con
struction managers. 

• Simplification of Auditing. A simplified 
payment and audit process should be 
built around a single annual audit of each 
design firm. Payment should be made us
ing fixed fees or hourly rates built up 
from past-year audited costs. After-the
fact audits and retroactive adjustment of 
rates should be eliminated. All payments 
made should be final. Incentives should 
be established to reward firms with lower 
overhead rates and to limit payments to 
firms with overhead in excess of industry 
norms for the relevant type of design 
work. 

• Elimination of Micro-Management. While . 
reasonable incentives to limit costs are 
appropriate, the state should not micro
manage design firms with caps on over
head rates and workers' pay. These only 
serve to discourage designers from in
vesting in state-of-the-art equipment and 
eliminate the best qualified and most ex
perienced designers. 

• Design-Study Separation. Agencies should 
sign separate contracts for study and for 
design, but the prohibition against hav
ing the same firm do both study and de~ 

. sign should be eliminated. Inevitably, the 
design phase designer repeats much of 
the work done in the study phase. The 
elimination of one selection will speed 
the construction cycle. 

• Fewer Delays, Better Supervision. State 
agencies should place greater emphasis 
on hiring senior, well qualifiecl and well 
paid construction managers and less on 
"green eye-shade" review of costs. Pro
ject budgets should contain contingency 
amounts. Agency heads and construction 
managers should be given reasonable 
authority to decide on proposed design 
modifications within these amounts in 
timely fashion. Supervision of state 
building construction should be dele
gated from the DCPO to larger agencies 
that have the know-how and staff to han
dle such projects. 

• Don't Bid Design Contracts on a Cost Basis. 
Design contracts should not be put out for 
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competitive bidding based on proposed 
cost. While it is appropriate to avoid de
sign. firms with excessive overhead rates, 
a competition based on cost inevitably 
leads design firms to base their bids on the 
minimum possible number of hours, with 
a substantial risk that inadequate design 
will boost overall construction costs. In
stead, state and local agencies should fol
low the lead of the Massachusetts High
way Department and other departments 
that use Qualifications Based Selection, in 
which the agency first chooses the top
ranked firm and then negotiates over 
costs. 

• Let Agencies Manage Small Projects. The 
dollar ceiling on projects agencies · may 
manage directly (without DCPO supervi
sion) should be raised substantially from 
the current $100,000 limit. Agencies are 
unlikely to need DCPO expertise on reno
vation and remodeling projects. Direct 
management means faster completion 
and less state overhead expense. 

With a reasonable mix of good construction 
practice and prudent safeguards, the Com
monwealth of Massachusetts can enjoy public 
design and construction that is both cost
effective and corruption-free. 

Concluding Comments 
Massachusetts' design processes consistently 
give priority to procedural regularity over cost
effective common sense. Millions of dollars are 
wasted each year in the pursuit of complex pro
cedures that, at best, save thousands of dollars. 
The implicit assumption that state employees 
are incompetent and that design firms are cor
rupt is not only insulting and inaccurate, but 
also counterproductive - in that the state is 
unable to take advantage of the cost savings 
possible from close cooperation between the 
designer and the project manager. The state can 
continue to take reasonable precautions to pre
vent corruption without over-regulating the 
design and construction processes. State and 
local governments can save millions of dollars 
each year by: 
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• Investing in better supervision; 
• Fostering more flexible oversight practices; 
• By simplifying unnecessary paperwork; 

and, · 
• Taking advantage of the wisdom and pro

fessional expertise of the design commu
nity and their own senior project manage
ment staffs. 
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Case Study 

Construction & 
Performance of Jet 
Grout Supported Soldier 
Pile Tremie Concrete 
Walls in Weak Clay 

The use of a jet grouted 
kicker slab provided adequate 
lateral support for wall 
construction and simplified 
bottom excavation by 
providing a clean, stable invert 
surface. 

DANIEL N. ADAMS & MICHAEL J. ROBISON 

Like m~ny cities in the_United States, San 
Francisco h~s a combined sewer system 
that collects urban runoff and sewerage 

in the same pipe. This system can be a major 
source of pollution during wet weather. Dur
ing even the slightest rainfall, untreated waste
water may overflow into San Francisco Bay or 
the Pacific Ocean, causing officials to close 
beaches and ban fishing. In the early 1970s, the 

city and county of San Francisco embarked on a 
major program to control wet weather sewage 
overflows. The program, known as the Clean 
Water Program, consists of a series of facilities, 
including underground transport/ storage 
structures, pumping stations and treatment 
plants. 

One portion of the Clean Water Program is 
the Islais Creek Facilities, which consists of a 
series of underground box structures and tun
nels. Ground conditions adjacent to Islais · 
Creek consist of miscellaneous fill overlying 
thick deposits of weak Bay Mud overlying 
bedrock belonging to the Franciscan Forma
tion. The deep box structures for the Islais 
Creek Facilities were built within soldier pile 
reinforced concrete diaphragm walls (slurry 
walls) and were excavated through the filland 
Bay Mud into the Franciscan bedrock. Jet 
grouting was used to strengthen the Bay Mud 
to enable it to provide lateral support at the 
base of the box structure excavation within the 
slurry walls. 
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Three-Compartment Alemeny 
Sewer into the new facilities. As a 
result of these challenges, the de
sign of Contract E included: 

• Compressed air tunneling 
for the undercrossing of the 
railroad and highway via
ducts; 

• Deep concrete box structures 
built within and founded on 
thick steel and concrete dia
phragm walls, laterally sup
ported by jet grouted Bay 
Mud;and, 

• Top-down construction to 
facilitate connection be
tween the Alemeny Sewer 
and the new facility. 

Contract E consists of the fol
lowing main features: 

FIGURE 1. Islais Creek Contract E site location plan. 

• The 510-foot (155-meter) 
long, 12-foot (3.7-meter) di
ameter Davidson Tunnel; 

Project Description 
Islais Creek Contract E is an 1,100-foot (340-
meter) long component of the Islais Creek Fa
cilities, which was constructed between Janu
ary 1994 and April 1996. The project is located 
in the southeast corner of San Francisco, adja
cent to the west and south sides of Islais Creek. 
A site location plan is shown in Figure 1. 

The challenges that faced the designers and 
constructors of Contract E were numerous. 
First, Contract E had to cross beneath the exist
ing Caltrain/ Amtrak · Railroad embankment 
and the viaducts supporting Caltrans' Inter~ 
state 280 highway (1-280). Second, .the system 
had to be built within the weak Bay Mud that 

. exists in the Islais Creek area. The Bay Mud in 
this area is recognized as some of the weakest 
in the entire Bay Area. In fact, the excavation 
support system for the nearby Davidson Box 
Sewer, which was built in the late 1970s, failed 
rather dramatically during construction.1 

Third, the system had to include a control 
structure to divert flow from the existing 
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• The 252-foot (77-meter) long, 
10.5-foot (3.2-meter) diameter Undercross
ing Tunnel; 

• The East and West Transport/Storage 
(T /S) structures, which make up 360 feet 
(110 meters) of open-cut sewer boxes; 

• The Davidson Diversion Sewer and the 
Napoleon Diversion Sewer, which are pile 
supported box sewers 6.5 feet (2.0 meters) 
and 5 feet (1.5 meters) in diameter, respec
tively; and, 

• Several smaller sewers that are partof the 
connection to existing sewers; 

A layout showing the various features of Is
lais Creek Contract E is shown in Figure 2. In 
that figure, the previously existing structures 
are indicated with dashed lines. The structures 
built under Contract E are shown in solid lines. 
Figure 2 also presents the location of the exist
ing Caltrain/ Amtrak Railroad and l-280, 
which bisect the project. 

The West T /S is a 300-foot (91-meter) long, 
12-foot (3.7-meter) to 45-foot (13.7-meter) 
wide, by 46-foot (14.0-meter) deep box sewer 
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FIGURE 2. Layout plan of Islais Creek Contract E. 

that crosses under and connects at two loca
tions with the city's existing Alemeny Sewer. 
The West T /S abuts the Caltrain/ Amtrakcom
muter railroad embankment and is adjacent to 
and beneath I-280 viaducts. 

The East T /S is a 60-foot (18.3-meter) long, 
25-foot (7.6-meter) wide, 45-foot (13.7-meter) 
deep box structure that connects to the existing 
Davidson Box Sewer, which runs the length of 
Davidson Avenue. In addition to providing 
transport between the new and existing box 
sewer structures, the East T /S box was de
signed to be used during construction as the 
tunnel access shaft, with tunnels being driven 
from it in two directions. 

Prior to about 1890, the site area contained an 
embayment surrounded by tidal marshland. Is
lais Creek was a wide meandering waterway 
surrounded by hills rising 250 to 300 feet (76 to 
92 meters) above the basin. A land reclamation 
operation took place in the 1930s, and most of 

the area was filled with 10 to 20 feet (3 to 6 me
ters) of sand, rock fill and miscellaneous waste. 
Geologic conditions at the site can be summa
rized by the following strata, listed in the order 
encountered from the ground surface down
ward during excavation of the slurry walls: 

Fill. The fill is highly variable, consisting 
of brown, medium dense, poor to well 
graded sand and gravel, clayey sand, clayey 
silt and silty sand. Boulders and cobbles are 
frequently encountered. Fill was encoun
tered to depths ranging from 7 to 10 feet (2 to 
3 meters) below the ground surface within 
the excavation areas. 

Bay Mud. The Bay Mud is a plastic silty 
clay or clayey silt, with trace organic fiber, 
shells and sand. It falls into the MH or CH 
category of the Unified Soil Classification 
System. It ranges in consistency from very 
soft to soft in the upper portions of the de-
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posit, to stiff to medium stiff in the lower 
portions of the deposit. The upper portion, 
which has a thickness of 20 feet (6 meters), 
. has a higher water content, liquid limit and 
plasticity index, and a lower uriit weight 
than the lower portion. Geotechnical inves
tigations and testing indicate that 
undrained shear strength varies considera
bly along the project alignment. However, 
the clay is normally consolidated to slightly 
overconsolidated, with overconsolidation 
ratios ranging from 1.05 to 1.62. Design 
shear strengths for the Bay Mud range with 
depth from 500 to 860 psf (24 to 40 kPa) 
across the West T /S, and from 375 to 650 psf 
(18 to 31 kPa) at the East T /S. Bay Mud was 
encountered from the bottom of the fill to 
depths ranging from 60 to 118 feet (18 to 36 
meters) below the ground surface. 

Old Bay Clay. The Old Bay Clay is a dark 
greenish to bluish gray, moderately plastic, 
stiff silty clay, with trace amounts of sand 
and shells. It falls into the CL or CH category 
of the Unified Soil Classification System. De
sign shear strengths for the Old Bay Clay 
ranged from 1,500 to 1,700 psf (72 to 82 kPa). 
Old Bay Clay was encountered underlying 
the Bay Mud along about one-third of the 
West T /S, at depths ranging from 60 to 85 
feet (18 to 26 meters). 

Bedrock. The bedrock across the entire site 
consists of highly weathered to moderately 
weathered, hard serpentinite belonging to 
the Franciscan Formation. The serpentinite 
is fractured in some locations, with infilling 
present in the joints. Rock Quality Designa
tions (RQD) for samples ranged from Oto 66 
percent. Bedrock was encountered at depths 
ranging from 65 to 118 feet (20 to 36 meters) 
below the ground surface. 

Groundwater is present at depths ranging 
from 5 to 7 feet (1.5 to 2.1 meters) below the 
ground surface across the site. It was not clearly 
determined during construction if the ground
water levels were affected by tides. 

Design Requirements 
of the T/S Structures 
Both the West T /S and East T /S structures are 
designed to connect flows from existing pile 
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supported box sewers to the new Islais Creek 
Facilities. At the West T /S, the connections are 
made through a system of three bulkheads and 
two weirs located within the Alemeny Sewer at 
the Selby Control Structure and through eight
een weirs connecting to the Alemeny Sewer at 
the Napoleon Junction Structure. The connec
tion of the West T /S to the existing sewers is il
lustrated in Figure 3 in both plan and profile. At 
the East T /S, the connections are made through 
three flow control chambers connected to the 
Davidson Box Sewer. 

The existing sewers that connect to the new 
T ;s·structures have invert elevations within 12 
to 20 feet (3.7 to 6.1 meters) of the ground sur
face. The inverts of the tunnels and T /S struc
tures are approximately45 feet (14 meters) be
low the ground surface: During rainfalls, the 
Alemeny and the Davidson Box sewers will fill 
to capacity and overflow through the weirs and 
flow control chambers into the West T /Sand 
East T /S structures. Flows will be collected and 
stored within these structures and the remain
ing Islais Creek Facilities until capacity is avail
able to treat the flow at the Southeast Treatment 
Plant. 

Structural System. Both T /S structures were 
designed to be supported by, and constructed 
within, soldier pile tremie concrete (SPTC) 
walls. The T /S structures were also designed to 

. be laterally supported at the base of excavation 
by a zone of jet grouted Bay Mud, installed 
prior to excavation. 

SPTC walls are a variation of reinforced con-
. crete diaphragm walls, or slurry walls. They are 
constructed by excavating a linear trench in the 
ground. As excavation proceeds, the trench is 
filled with slurry, which supports the walls of 
the trench. With conventional reinforced con
crete diaphragm· walls, reinforcing steel is 
placed in the completed trench excavation. Re
bar placement is followed by the tremie concrete 
operation, in which concrete is placed from the 
bottom of the trench through tremie pipes while 
the slurry is displaced by the rising concrete. An 
SPTC wall is unique in that the reinforcing steel 
is replaced by wide-flange steel beams, or sol
dier piles. Figure 4 shows the simplified con
struction sequence for the SPTC walls. 

Jet grouting is a soil improvement technique 
that utilizes fluids jetted at very high pressure 
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FIGURE 3. West T/S plan and sections. 

to fracture, partially replace and simultane
ously mix soil in-situ with a stabilizing agent. 
With weak clays, jet grouting has the ability to 
increase the soil's in-situ shear strength ten
fold. On this project, after completion of the 
SPTC walls and before excavation began, a 
thick zone of jet grouted Bay Mud was created 
between the SPTC walls at the base of the: 
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planned excavation. The purpose of this zone 
of jet grouted Bay Mud, referred to as the jet 
grout kicker slab, was to provide lateral support 
of the SPTC walls during excavation. The loca
tion of the jet grout kicker slab relative to the 
SPTC walls is illustrated in Figure 3. 

Vertical Support. The Islais Creek Facilities 
are designed to be empty during the dry season 
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FIGURE 4. Simplified SPTC wall construction sequence.· 

and to be full during periods of rainfall. Be
cause of these conditions, the design of the 
structures had to accommodate large down
ward vertical loads for the full condition and 
significant uplift pressures for all operating 
conditions. 

To provide the necessary vertical support of 
the structures and permanent lateral support of 
the surrounding weak Bay Mud, both the West 
T /S and East T /S were designed to be con-
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structed within SPTC walls. The West T /S de
sign required 40~inch (1,000-millimeter) thick 
SPTC walls. The vertical and lateral support is 
provided by 40-inch (1,000-millimeter) deep 
steel beams located at a maximum spacing of 
6.5-foot (2.0-meter) centers, placed within 4 ksi 
(28 mPa) concrete walls. The East T /S design 
required 36-inch (900-millimeter) thick SPTC 
walls, with 36-inch (900-millimeter) deep steel 
beams, located at a maximum spacing of 6~foot 



(1.8-meter) centers. The design of the SPTC 
walls for both the West T /Sand the East T /S re
quired that the steel be<l;ms be socketed a mini
mum of 5 feet (1.5 meters) into bedrock. 

Shear studs were required to ensure an ade
quate bond between the steel beams and the 
concrete between them. The shear studs con
sisted of 4-inch (100-millimeter) long, 0.5-inch 
(13-millimeter) diameter Nelson studs, which 
were required to be included on the web of 
each soldier pile on both the East T /Sand West 
T /S structures. 

Jet Grout Kicker Slab. An analysis of the 
strength of the Bay Mud stratum indicated that 
it would not provide suffic~ent passive resis
tance to lateral earth pressures during the exca
vation of the West T /Sand East T /S structures. 
Thus, the design specified that a zone of jet 
grouted Bay Mud be installed below the invert 
elevation between the SPTC walls prior to the 
excavation of the T /S structures. This jet grout 
kicker slab was designed to reduce lateral 
movements and the bracing requirements for 
these relatively deep excavations. An added 
benefit of the kicker slab was that it formed a 
working platform on which to construct the 
base slabs of both T /S structures. 

The design assumed that the soldier piles 
"Yithin the SPTC walls would carry the entire 
lateral earth pressure load. The jet grout kicker 
slab was specified with a performance-based 
specification, with the requirement that the 
contractor provide sufficient jet grout im
proved soil to resist a maximum horizontal re
action of 100 kips/ ft: (1,460 kN / m) of running 
wall. In addition to this design requirement, 
the maximum allowable compressive stress in 
the jet grout kicker slab was specified to be 25 
percent of the contractor's anticipated design 
strength. This was meant to provide for a factor 
of safety of 4.0. 

The soldier beams within the SPTC walls are 
connected to the T /S structure floor slabs and 
12-inch (300-millimeter) thick finish walls with 
steel shear studs welded to the face of each sol
dier pile. The base slab and finish walls are 
structurally connected by standard reinforcing 
steel details. The roof of each structure consists 
of a 24-inch (600-millimeter) thick reinforced 
concrete slab that was connected as a cap beam 
(poured over and around each soldier pile) 

onto the top of the SPTC wall and interior finish 
wall. 

Instrumentation. Contract documents speci
fied instrumentation to monitor the SPTC wall 
performance during the construction of the 
T /S structures. Instruments used on the project 
included: 

• Surface settlement points located adjacent 
to the excavation and on the nearby 1-280 
viaduct supports; 

• Lateral deformation points located at the 
top of the SPTC walls and on the 1-280 
supports; 

• Inclinometers cast within the SPTC walls 
and socketed into rock; and, 

• Vibrating wire strain gages. 

Figure 3 presents a generalized plan noting in~ 
strumentation locations for the West T /S. Vi
brating wire strain gages were installed in 
pairs, opposite each other on the inside flanges 
of selected beams, at the mid-span, invert and 
embedment locations, at depths as shown 
schematically in Figure 5. The strain gages and 
inclinometers were installed on selected sol
dier piles in both the West T /S and East T /S 
structures and initialized prior to placing tre
mie concrete within the beams. 

Construction of the SPTC Walls 
A total of about 78,500 square feet of SPTC 
walls had to be installed project-wide on two 
different sides of an existing railroad embank
ment and through existing pile supported rein
forced concrete sewer boxes located below the 
ground surface (as shown in Figure 2). To ac
complish construction, the contractor utilized a 
rather complex sequencing scheme, which in
cluded multiple mobilizations of excavating 

· and servicing cranes, and a large slurry distri
bution/handling system. 

SPTC wall installation on the East T /S com
menced on June 6, 1994, and continued until 7 
of the 10 panels were completed, whereupon 
the SPTC wall operation moved to the West 
T /S. The partially completed East T /S walls 
were then used, along with sheet piles and the 
existing Davidson Sewer, to support the 
ground while construction of the new David
son Diversion Sewer and demolition and re-
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West .T /S sewer crossing was 
much more challenging since this 
section of the box (referred to as 
the Selby Control Structure) is the 
new overflow connection into the 
lower tunnel system. The West 
T /S SPTC walls were completed 
on October 10, 1994. 

Excavation of the 5-foot (1.5-
. meter) rock socket was performed 
using drop chisels - both star 
shaped and rectangular - com
bined with an 18-ton toothed 
clam. Panels ranged in length 
from 9.5 feet (3 meters) to 21 feet 
(6.4 meters) long. Typically, 
throughout the project, slurry 
wall excavation rates averaged 78 
square feet per hour in the 
clay/ soils and 14.3 square feet per 
hour in the rock. Overall, with 
two excavator cranes working the 
West T /S (one of which was run 
around the clock for some of the . 
operation), the contractor aver
aged 3.2 panels per week during 
the course of the work. For the 
East T /S, with production inter-
rupted as described above, the 
contractor averaged 1.7 com
pleted panels per week. These 
rates do include typical down 
time associated with the mainte
nance/breakdown of equipment, 
traffic delays, break periods and 
survey time; however, they do not 

· include mobilizations. -----------------------
moval of the existing Davidson Sewer took 
place. When the Diversion Sewer was com
pleted, the SPTC wall operations moved back 
to the East T /S, completing the wall installa
tion there on October 19, 1994. 

Construction of the SPTC walls for the West 
T /S commenced on June 25, 1994. Generally 
throughout the West T /S SPTC wall construc
tion, two excavation cranes, one service crane 
and one all-terrain crane were used during the 
operations. Like the East T /S, the West T /S 
SPTC wall excavations also had to cross 
through an existing box sewer. However, the 
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Use of Bentonite & Polymer Slur-
ries. Slurry wall panels throughout the project 
were excavated using both bentonite and poly
mer slurries to support the excavation. During 
the initial excavation within the fill, bentonite 
slurry was used to support the excavation. As 
the excavation proceeded into and through the 
clays, polymer slurry was introduced into the 
trench for the remainder of the excavation. Al
though the action of the bucket tended to mix 
both the polymer and bentonite slurries to
gether during the deeper portion of the excava
tion, this system was successful in forming a 
cake on the inside face of the sandy fill soils to 



control loss of ground into the excavation 
within the fill. Typically, by the time the excava
tion had reached depths greater than 60 feet (18 
meters), the percentage of bentonite in the 
slurry was negligible. 

Polymer slurries allow for sand and other 
larger solid particles to settle out of the slurry at 
a much quicker rate than bentonite slurries. 
Throughout the Contract E slurry wall opera
tions, this behavior was observed to be true. 
Typical panel excavation was completed at the 
end of a day, or by early evening. Prior to cover
ing the excavation for the night, the depth and 
cleanliness of the bottom were checked using a 
heavy steel weight affixed to a tape. A clean 
rock surface was confirmed by bouncing the 
steel weightoff the bottom of the trench across 
the entire length of the excavation (a process re
ferred to as sounding the hole). At the beginning 
of the next day's shift, the panel was cleaned 
out with a special smooth-edged "clean-out" 
bucket and sounded again by an inspector who 
confirmed depths from the night before and 
checked again for a clean bottom. Typically 
about 2 feet (600 millimeters) of material was 
removed from the bottom of the panel on the 
morning of concrete placement. During the 
clean-out of each panel, a sample of slurry was · 
taken from within the clean-out bucket and 
tested for sand content, viscosity and density. 
Sand· contents in the slurry were well below 
specified limits during the entire project. Con
sequently, conventional desanding was never 
performed. 

Soldier Piles & Welding. Soldier piles on the 
project were large and had to undergo several 
field modifications prior to being set into the 
slurry wall excavation. Beam sizes ranged from 
W36X210 to W40X324, and ranged in length· 
from 80 to 128 feet (24 to 39 meters) long. Weld
ing of shear studs within the webs at socket 
level and mid-box level, and sand blasting and 
epoxy coating the top 30 feet (9 .1 meters) of out
side flanges were required of every beam prior 
to installation. In addition, the installation of 
instrumentation was required on 18 beams 
prior to placement. For primary panels, in 
which the web area on the outside would later 
be excavated, the outside web shear studs were 
transposed to the inside face of the next beam 
(on the secondary panel). Interior beams, and 

all beams installed within a secondary panel, 
had shear studs welded to both sides of the 
web. 

The varying size/location requirements and 
the overall immensity of the beams required a 
rather detailed organizational effort by the 
contractor in order to place shear studs, epoxy 
coating and instrumentation in the right loca
tion on the beams. Many beams required splic
ing to achieve the required installation lengths. 
The specifications required that any splices in 
the SPTC wall piles be full-penetration butt 
welds. Full-penetration butt welding of beams 
of this size required about six hours of welding 
time per weld. All splices were X-ray inspected 
prior to beam placement. 

Figure 6 shows workers welding shear studs 
to the socket portion of a beam. Figure 7 was 
taken during beam placement beneath the I-
280 viaducts at the West T /S. 

Placement of Piles & Tremie Concrete. Once the 
panel had been excavated and cleaned, the sol
dier beams were inserted into the panel. For the 
larger primary panels, typically three or four 
beams were installed - two being end beams, 
which served initially as "end-stops" during 
the concrete placement of the primary panels, 
and then as excavation guides during secon
dary panel excavation. Typically, one or two 
piles were placed within secondary panels. At 
several low head-room panel locations, beams 
had to be welded as they were set into the 
.trench. Due to the addition of two welds to the 
soldier piles, this activity added about 12 hours 
to the cycle on panels beneath the I-280 via
ducts. 

Beams were typically measured on the 
ground surface, set into the hole, aligned into 
position and dropped the final 12 feet (3.7 me
ters) into the rock socket. This method serve.cl 
as a good way to confirm the bearing quality on 
the rock surface below. After the beam had 
been set, it was secured into the top of the guide 
wall with steel channels and anchored by rock 
dowels in the guide wall. The outside webs of 
the end beams of the primary panels were filled 
with styrofoam and plywood block outs. Steel 
straps were used to hold the block outs in place. 

Concrete was placed between the beams us
ing two or three tremie pipes ( depending on 
the panel size), which were inserted into the 
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FIGURE 6. Welding shear studs to the socket portion of a beam. 

panel between the beams and lowered to a 
maximum of 3 feet (1 meter) off the bottom of 

Fl(;URE 7. Beam placement beneath the 1-280 
viaducts at the West T/S. 
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the trench (see Figure 8). At several locations, 
the tremie pipes were serviced by three cranes 
(excavating, service and all-terrain cranes) due 
to the tight spacing of piles and rapid rise of 
concrete, which was installed from two or three 
ready-mix trucks at each panel. As concrete 
was placed, slurry was pumped off the top of 
each panel and stored for future use. 

Axial Bending of End Piles During Concrete 
Placement. During concrete placement of the 
first several panels, the tops of the end soldier 
piles were observed to break out of their re
straints in the guide walls. In some cases, this 
deformation was observed to occu,r abruptly, 
while in others it occurred slowly over the du
ration of the concreting operation. It was sus
pected that this situation was occurring be
cause the tremie concrete and soldier pile were 
compressing against the Bay Mud in an unbal
anced loading condition. 

In an effort to both determine what was hap
pening to the soldier pile and to see if adding 
steel would improve the condition, one panel 
was constructed with inclinometers installed 
in the webs of the end soldier piles. In addition, 
one of the end soldier piles had a 60-foot (18.5-
meter) long HP14X117 "strong-back" section 
welded to the inside center of its web. Incli
nometers installed on the soldier piles were 
read prior to tremie concrete placement and 



FIGURE 8. A three-tremie pour between beams. 

again after the tremie concrete operation had 
been completed. 

The results of these inclinometer surveys are 
summarized in Figure 9, which shows a plan 
view of the panel and notes the location and 
orientation of each soldier pile and associated 
inclinometer. The plot of inclinometer E-5 (the 
pile without the strong-back) and the plot of in
clinometer E-3 (the pile with the strong-back) 
are both shown before and after the placement 
of tremie concrete. Note that both plots are ab
solute position readings. The results reveal that 
during concrete placement, the piles did expe
rience bending about the weak axis due to the 
unbalanced load between the wet concrete and 
the weak Bay Mud. 

Although the magnitude of bending was ap
proximate! y halved for the pile with the strong
back installed, it was determined that this im
provement did not justify the extra costs associ
ated with changing the design. Although this 
phenomenon was not anticipated by the proj
ect team, calculations based on the displace-

. ments measured with the inclinometers were 
used to determine that the initial stresses re-

sulting from this bending would be tolerable. 
Top-Down Construction at the Selby Control 

Structure. Construction of the Selby Control 
Structure (see Figure 3) required that a section 
of the existing pile-supported Alemeny Sewer 
be removed and replaced with a weir structure 
for connection to the West T /S. The West T /Sin 
this area was constructed using the top-down 
method after the Selby Control Structure was 
completed.· The completed Selby Control 
Structure, supported vertically on the SPTC 
walls, provided the top level of bracing for the 
underlying excavation of the West T /S. Con
struction of the SPTC walls, the jet grout kicker 
slab and the new weir structure had to be per
formed while flow through the three compart
ments was maintained. 

At the start of construction in this area, a sys
tem of weirs and pumps were installed to di
vert flow in the Alemeny Sewer. The SPTC 
walls on either side of the Alemeny Sewer were 
installed next. To accomplish that installation, 
the existing section of the Alemeny Sewer was 
demolished down to its invert slab. Then, the 
invert slab was removed in 46-inch (1,170-
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FIGURE 10. Jet grouting procedures for the double-fluid method. 

millimeter) wide "slots" that corresponded to 
the width of the SPTC wall excavation. From 
within these slots, a total of forty-two 14- to 18-
inch (355- to 460-millimeter) diameter, more 
than 100-foot (30-meter) long redwood timber 
piles that supported the Alemeny Sewer were 
extracted using a vibratory hammer sus~ 
pended from the excavator crane. 

Excavation of the SPTC wall panels within 
the Selby Control Structure was then per
formed around the clock from between guide 
walls set on the invert of the existing sewer on 
either side of the 46-inch (1,170-millimeter) 
slot. The effect of these guide walls was to lift 
the top of slurry level approximately 4 feet (1.2 · 
meters) off the bottom of the invert slab. How
ever, even with this 4-foot rise, the excavation 
of the panels within the Selby Control Structure 
was performed with slurry levels approxi
mately 5 feet (1.5 meters) below the area 
groundwater table. In the event of instability or 
caving of the slurry panels during excavation, 
the contractor had the ability to flood the area 
above the tops of the guide walls to groundwa
ter level. Although flooding the area would 
have stabilized the slurry panel excavations, it. 

would have required excavation to proceed in 
the blind. As it turned out, panel h:,.stability did 
not occur during excavation and flooding was 
never required. 

Construction of the 
Jet Grout Kicker Slab 
Shortly after the award of the contract, the con
tractor submitted a Construction Incentive 
Change Proposal (CICP) to use jet grouting to 
pretreat the weak Bay Mud along the two tun
nel alignments of the project, and to mine the 
tunnels open-face through jet grouted Bay 
Mud without using compressed air. This pro
posal was accepted by the city, contingent on 
the successful performance of a jet grout test 
program. The city and the contractor agreed 
that one jet grout test program would be ac
ceptable for both jet grouting operations, pro
vided that the design criteria were similar. 

Jet Grout Test Program. The jet grout test pro
gram was used to show that jet grouted col-· 
umns could be installed to create a continuous 
rriass of treated soils in the weak day forma
tion, that the design. strength of 120 psi (830 
kPa) for the grouted soils could be achieved, 
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FIGURE 11. A view of the test excavation. 

and that heave could be controlled. The test 
consisted of 12 jet grouted columns installed 
using the Rodinjet technique and equipment. 
Six of the test columns were installed using the 
single-fluid method of cement grout (Rodinjet 
1), while the other six test columns were in
stalled using the double-fluid method of ce
ment grout and air (Rodinjet 2). Figure 10 on 
the previous page illustrates jet grouting proce
dures of the double-fluid method. 

An automatic batching plant was set up and 
calibrated to obtain a constant water/ cement 
ratio of the grout of 0.83 by weight at a produc
tion rate of up to 700 cubic feet per hour (20 cu
bic meters per hour). Type 1/11 low-alkali ce
ment was used in the grout mix, which had a 
Marsh viscosity of 32 seconds, a:nd a unit 
weight of 98 pounds per cubic foot (15 kN / m3). 

The unconfined compressive strength of the ce
ment grout averaged 2,600 psi (18 mPa) at 7 
days and 4,800 psi (33 mPa) at 28 days.3 

The 12 jet grout test columns were installed 
in a period of two days. Several of the grout in-
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TABLE 1 
Jet Grouting Parameters 

Grout Injection Pressure 5,850 psi (40 mPa) 

Air Injection Pressure 32 psi (900 kPa) 

Grout Volume Injected 8.28 ft3/ft (770 1/m) 

Grout Flow During 37 gallon/min 
Grouting (2.35 I/sec) 

Bulk Cement/ 25 lb/ft3 

Unit Grouted Soil (400 kg/m3
) 

Rotation Rate of Rods 10 rpm 

Withdrawal Rate of 0.5 ft/min 
Rods (12 cm/min) 

Design Replacement 38% 
Ratio 

jection parameters were varied during the 
course of the testing program. Grout injection 
pressures were either 4,400 or 5,900 psi (30.4 to 
40.7 mPa); grout injection rates were either 2.0 
or 2.35 liters per second; and grout volumes 
were either 80 or 90 liters per foot of column for 
Rodinjet 1 and 235, 230 or 200 liters per foot of 
column for Rodinjet 2. 

Following the installation of the test col
umns, a 30-foot (9-meter) square sheet pile sup
ported test pit was excavated to expose the top 
4 feet (1.2 meters) of each of the columns. It was 
found that the Rodinjet 1 columns had diame
ters ranging from 2.6 to 3.3 feet (0.8 to 1 meter). 
The Rodinjet 2 columns had diameters ranging 
from 7.9 to 9.5 feet (2.4 to 2.9 meters). Core sam
ples were obtained from the test columns and 
unconfined compressive strength tests were 
performed. The strength of the Rodinjet 1 col
umns averaged 500 psi (3.5 mPa), while the 
strength of the Rodinjet 2 columns averaged 
200 psi (1.4 mPa). A plan view of the test exca
vation in shown is Figure 11. 

Production Jet Grouting. On the basis of the re
sults of the test and the success of jet grouting 
already performed on the Davidson Tu.nnel 
alignment, the contractor elected to use the 
same plant, equipment and drilling methods to 
install the columns of the kicker slab. The pa-
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rameters selected for jet grouting project-wide 
are listed in Table 1. Throughout the kicker slab 
operations, the water/ cement ratio was held at 
a constant 0.85. 

The jet grout columns for the East T /S struc
ture are shown in plan and profile in Figure 12. 
The layout for the West T /S used the same 
spacing in a similar row pattern. As illustrated 

in Figure 12, the columns were laid out in rows, 
split-spaced on 5-foot (1.5-meter) centers, with 
spacing of 5 feet (1.5 meters) between jet grout 
columns in each row. To develop the required 
capacity of 100 tons per linear foot of wall, the 
height of the jet grout columns was chosen as 
13 feet (4.0 meters). Using an average jet grout 
strength of 160 psi (1,100 kPa), the load carry-
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FIGURE 13. Jet grouting operations from within the three-compartment box. 

ing capacity of the kicker slab was 300 kips per 
linear foot (4,400 kN per meter) of wall. Al
though this resulted in a factor of safety of 3 as 
opposed to the required value of 4, the city ac
cepted the reduced factor of safety due to the 
performance to date of the jet grouting opera
tions. 

Like the slurry wall operations, completion 
of the jet grouting operations around the exist
ing structures required several mobilizations 
between the East and West T /S structures. On 
the initial mobilization to the West T /S, all col
umns located alongside the three
compartment box were installed. Following 
the diversion, demolition and SPTC wall con
struction for the Selby Control Structure, the jet 
grouting operation was remobilized to com
plete the columns beneath the existing sewer. 

The jet grout columns for the kicker slabs 
were installed in a systematic manner and were 
designed to allow for at least one day of set time 
on a column before an adjacent, overlapping 
column would be installed. The East T /S struc
ture had a total of 42 columns installed between 
the SPTC walls. The West T /S structure was 
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more complex because it was narrower, and be
cause of the requirement for grouting to occur 
from within the three-compartment box sewer 
· at the Selby Control Structure. The West T /S 
structure had a total of 194 jet grout columns. 
At both structures, jet grouting required drill
ing to a depth of 60 feet (18 meters). The aver
age production rate during the installation of 
the kicker slab jet grouting was 10 columns per 
shift. Figure 13 shows jet grouting operations 
underway from within the three-compartment 
box structure. 

Spoils from the jet grouting operations were 
semi-liquid and tended to flow out and away 
from above the jet grout column at the grpund 
surface. In order to make the spoils acceptable 
for landfill disposal; they had to be dried prior 
to transport. The contractor established a dry
ing area on an unused portion of the site. Dur
ing the course of the jet grouting shift, spoils 
were moved from adjacent to the operations 
into the drying area. When excavation for other 
structures on the project 'Yas occurring, the jet 
grout spoils would be mixed with the exca
vated materials to reduce the moisture content 
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FIGURE 14. Inclinometer data for the East TIS structure. 

and make them suitable for transport and dis
posal. 

Quality control during the installation of the 
jet grout kicker slabs consisted primarily of vis
ual inspection. By the time the kicker slabs 
were installed, the contractor already had per
formed a significant amount of jet grouting for 
the Davidson Tunnel. The grouting procedures 

had been well established and strengths had 
been confirmed by . performing unconfined 
compressive strength tests on random core 
samples of the jet grouted Bay Mud. One of the 
most important tasks associated with visual in
spection was to make sure that each column lo
cation was grouted and that adjacent columns 
were not grouted on the same day. 
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Performance of the 
SPTC Wall/Jet Grout 
Kicker Slab System 
Overall, the excavation support system per
formed very well. The use of the jet grout kicker 
slab in conjunction with only two levels of brac
ing was very effective in controlling lateral de-
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flection and the resulting bending stresses in 
the soldier piles within the SPTC walls. The jet 
grout kicker slab allowed for excavation to be 
performed with two levels of bracing over the 
entire 50-foot (15-meter) cut. The jet grouting 
also provided a clean, stable invert surface, 
which greatly simplified excavation within the 
very sticky and unstable clays. It allowed for a 



SPTC Wall Beam Stress vs. Time 
Beam: W-79 

-10U--l-----~====l~~t=:t=t:t=l=1=::1=X1==t:J--l__J_-J_J_JLJ 
-15 -t----,f----l---f----l----lf----1----1--l------l---+------'-+---+-----+--+----+--+----+-+--+-+---+----I 

-20 ._...-+---+-+--+-+---+-+---+-+----+--t---+--!----+--l-----+---lf----1---1---+----' 

10/15 11/4 12/5 1/10/95 2/2 2/24 3/15 3/28 4/12 4/26 5/11 

Date 
(Not to Scale) 

----- EL -28.5 Outside 

v--------'v EL -45 Inside 

D----0 EL -28.5 Inside 

rn-----m EL -7 4 Outside 

~ EL -45 Outside 

0---0 EL-74 Inside 

Notes: 

1. Tremie concrete placed 7/28/94 

2. Jet grout completed 11/1/94 

3. Excavation to el. ·-33 ft 3/28/95 

4. Excavation to subgrade 4/4/95 

5. Positive stress indicates tension 

FIGURE 16. Strain gage data. 

safe excavation to depth and quick construc
tion of the invert slab. The overall lateral move
ment of the walls, as determined by inclinome
ters and lateral deflection points, was limited to 
approximately 0.5 to 1.0 inch (12 to 25 millime
ters) into.the excavation. Strain gage data indi
cated the stresses in the flanges of _the beams 
were on the orderof 10 to 20 ksi ( 69 to 138 mPa). 

Lateral Support During Excavation - Incli
nometer Results. Both the jet grout's ability to re
strain wall movement during excavation and 
its impact on the walls prior to excavation are 
grnphically presented in the actual inclinome
ter data obtained during the work. Figure 14 on 
page 29 presents a plot of data taken from an in
clinometer casing installed within the East T /S 

Source: City and County of San Francisco DPW, 
Bureau of Construction Management, Clean Water Div. 

structure. The centerline of the plot (zero) rep
resents the initial readings obtained after_ the 
placement of concrete within the SPTC walls. 
Deflections represented as negative are move
ments away from the excavation, while posi
tive deflections are movements into the excava
tion. The line dated 8 Nov 94 was taken after 
completion of the jet grout kicker slab. The sub
sequent plots were taken during the indicated 
stages of construction. This plot shows that in
stallation of the jet grout kicker slab resulted in 
outward wall movement of approximately 0.8 
inches (20 millimeters). This plot also show that 
the wall moved inward approximately 0.5 
inches (12 millimeters) during the excavation 
of the box structure. 
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SPTC Wall Beam Stress vs. Time 
Beam: W-22 
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FIGURE 17. Strain gage data. 

The actual inward deflection due to increas
ing lateral loading as the excavation proceeded 
is shown in Figure 15 on page 30, which is a 
summary plot of data collected from an incli
nometer casing installed within the West T /S 
structure walls. In that figure, the initial read
ing was taken after the completion of the jet 
grout kicker slab, so the outward deflection is 
not shown. The maximum movement into the 
excavation is about 1 inch (25 millimeters) and 
occurs mostly at the very start of the excava
tion. The smaller and smaller magnitudes of 
movement with time indicate that the jet grout 
kicker slab was performing very well. 

Stresses in Beams. The strain gage data dra
matically reflect the lateral ground move-
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Source: City and County of San Francisco DPW, 
Bureau of Construction Management, Clean Water Div. 

ments that occurred during installation of the 
kicker slab. Both Figures 16 and 17 are typical 
of all the strain gage data and indicate that an 
increase in stress developed in the flanges 
during the installation of the jet grout kicker 
slab. Interestingly, at locations at and above 
the bottom of the excavation they show that 
tensile stress generally developed in the inside 
flanges and compressive stresses in the out
side flanges after the completion of the kicker 
slab. As excavation mobilized lateral load 
onto the wall, the tensile and compressive 
stresses that developed in the wall above the 
base of the jet grout kicker slab were reduced 
significantly. However, the tensile and com
pressive stresses that developed in the wall at 



the base of the jet grout kicker slab were re
duced only slightly. 

Lessons Learned. Use of the jet grout kicker 
slab did provide adequate lateral support of 
the walls during excavation. However, use of 
the kicker slab resulted in some difficulties and 
some lessons were learned from observations. 

The largest difficulty was the outward 
movement of the SPTC walls during jE:t grout
ing. These outward movements resulted in 
wall cracks that led to leaks during excavation. 
The East T /S, which was nearly rectangular, 
had half- to three-quarter-inch cracks between 
the soldier piles and concrete at all four cor
ners. The rest of the walls were dry. These leaks 
were controlled by dry packing the cracks with 
water plug and other hydraulic cements dur
ing excavation. The walls of the West T /S expe
rienced similar distortions - three corners had 
similar cracks. 

Another difficulty resulting from the jet 
grouting was the heave of an existing tempo
rary sewer that was installed within the SPTC 
walls. The Napoleon Diversion Sewer is a 48-
inch (1,200-millimeter) cast-in-place concrete 
box sewer that, as per design, crossed through 
the West T /S approximately 12 feet (3. 7 meters) 
below the ground surface, and connected with 
the existing Alemeny Sewer (see Figure 3). Due 
to the sequence of the work, this sewer was 
temporarily crossed through the West T /S box 
in a 48-inch (1,200-millimeter) steel carrier 
pipe, which was "blocked out" of the SPTC 
walls to facilitate their construction. The jet 
grout kicker slab was installed beneath this 
steel pipe by the use of angled drilling. During 
mass excavation between the walls of the West 
T /Sin this area, groundwater was unexplaina
bly high and could not be lowered within the 
walls. It was soon discovered that the 48-inch 
(1,200-millimeter) steel carrier pipe had been 
"heaved" out of its connection at both com
pleted SPTC walls. This problem was solved by 
diverting the sewage around the carrier pipe 
with a pumping scheme so the cast-in-place 
concrete structure could be built. 

Summary & Conclusions 
The data presented above, as well as observa
tions made during construction, confirm that 
the jet grout kicker slab did provide adequate 

FIGURE 18. A view of the excavation within 
the completed SPTC wall jet grout kicker 
slab. 

lateral support of the SPTC walls during exca
vation. Maximum wall movements into the ex
cavation ranged between 0.5 and 1.0 inch (12.5 
and 25 millimeters), well within acceptable 
performance values for a cut of 45 feet (13.7 me
ters) in the weak Bay Mud strata. During jet 
grouting, the SPTC walls were forced out later
ally, away from the excavation. This action cre
ated stresses in the SPTC piles on the order of 
20 ksi (1,400 mPa), which reduced significantly 
as excavation proceeded. 

The jet grout kicker slab, in addition to pro
viding lateral support for the SPTC walls, pro
vided a clean, stable invert surface. The Bay 
Mud.is very sticky and difficult to both exca
vate and move around in. The kicker slab sim
plified bottom excavation since it enabled large 
excavating equipment to work off a stable in
vert surface. Figure 18 shows the deep excava
tion within the completed SPTC wall jet grout 
kicker slab system. 
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Design Considerations 

Effective Contract & 
· Shop Drawings for 
Structural Steel 

Pre-qualification, improved 
direct communication and 
greater emphasis on technical 
and professional conduct are 
key in producing high-quality, 
consistent shop drawings. 

EMILE W.J. TROUP 

During the past 15 years, the legal and 
insurance industries have increasingly 
influenced the way buildings framed 

with fabricated structural steel are designed, re
viewed and constructed. Insurers and attorneys 
have been advising structural design profes
sionals and contractors to limit their scope of 
service and write contracts that make the rela
tionships among the project participants more 
confrontational and defensive - hardly the 
stuff of "partnering" or "team building." The 
term approve has all but disappeared from shop 
drawing review vocabularies. 

For their part, since the fast-track construc
tion process became popular during times of 
double-digit interest rates, owners and devel
opers have come to expect that Rome really can 
be built in a day. Projects that sit on the shelf for 

two years suddenly must be designed in two 
weeks. This schedule-driven mentality provides 
design professionals insufficient time or fees for 
preparing complete Contract Documents and 
transforms the contractor bidding process into 
one of speculation rather than solid estimation of 
the work to be done. Speculation in bid prepara
tion breeds uncertainty - and uncertainty in
creases bid prices. Incomplete design drawings 
also increase the chances that they will be misin
terpreted. Not only is the public perhaps at 
higher risk, but the fast-track project can quickly 
become plagued with inflated costs and schedule 
- and offer greater potential for disputes, claims 
and litigation. Profits may be realized, but proba- · 
bly not by those involved at the level of structural 
design or steel fabrication. Ultimately, one way or 
another, the owner pays. 

Higher quality and more consistency in the 
way contract drawings and shop drawings for 
structural steel are prepared must be encour
aged. The recommendations herein are based 
primarily on "round table" discussions that have 
occurred during the past several years among 
members of the Structural Steel Fabricators of 
New England (SSFNE), New England Steel De
tailers Association (NESDA) and the following 
state structural engineers associations: Boston 
Association of Structural Engineers (BASE), 
CEPP /Structural Engineers Coalition of Con-

CIVIL ENGINEERING PRACTICE FALL/WINTER 1996 35 



necticut (CEPP /SEC), Structural Engineers As
sociation of Maine (SEAM) and Structural En
gineers of New Hampshire (SENH). 

An attempt has been made to avoid the is
sues of legal responsibility and liability and 
rather to concentrate instead on the basic tasks 
that each discipline should perform, as part of 
the team, to help achieve the primary design 
objective - providing structural safety and re
liability foroccupants of the built environment. 

Should Pre-Qualification 
of Structural Steel Fabricators 
Be Specified? 
Background. In the interest of public welfare, the 
selection of firms for the design, detailing, fab
rication and erection of structural framing sys
tems for most building projects should be 
quality-based. At this time only the Architect 
and the Structural Engineer of Record (SER) are 
required to be professionally licensed, attesting 
to his/her education, experience and compe
tency (by examination) for performing struc
tural analysis and design. Although licenses 
for major building construction disciplines are 
required by some jurisdictions (for example, 
the state of. Connecticut), qualifications for 
these "licenses" generally do not address tech
nical expertise or product quality. 

At the least, an unqualified steel fabricator can 
cause distress, added expense and dispute 
among the parties on the project and can jeopard
ize the construction schedule. At the worst, de
fects in the fabricator's or erector's work (if unde
tected) can jeopardize structural safety of both 
construction workers and the public at large. 

Since the mid-1970s, the American Institute 
of Steel Construction (AISC) has administered 
a Quality Certification Program for structural 
steel fabricators. Fabricators that are AISC cer
tified have been evaluated for their capability 
to perform work of the required quality for 
projects in various building and bridge catego
ries. The program is recognized by the Building 
Officials and Code Administrators (BOCA) as 
fulfilling the purpose of the inspection of Fabri
cation Procedures (often referred to in New 
England as "Part A Inspection") under Special 
Inspections, Section 1705 of the 1993 BOCA Na
tional Building Code. The AISC Quality Certi
fication Program recently underwent its first 
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major revision that became effective during the 
summer of 1995. The revised program places 
greater emphasis on shop experience, training 
and quality of the fabricated product. The 
number of certified fabricators has grown 
steadily over the years, but only recently has 
AISC published a listing in the December 1995 
issue of Modern Steel Construction. 

Attempts by the SER to pre-qualify steel fab
ricators have sometimes been rejected by gen
eral contractors who convince owners that se
lection of structural fabricators should be 
solely by price. In addition, the limited number 
of certified fabricators in certain areas has re
stricted bidding on some projects. However, 
other criteria for fabricator pre-qualification 
have been successfully used. One such crite
rion, for example, is membership in a recog
nized! regional industry association having 
pertinent qualifications for membership - in 
New England, one such organization is SSFNE. 

Currently, there are nearly 50 steel fabricators 
in New England that are AISC certified and/ or 
SSFNE members. At this time, there is no formal 
certification program on which to base the selec
tion of structural steel detailers or erectors. How
ever, a pre-qualified fabricator should be ex
pected to retain competent detailing (and 
erection, if included in the fabricator's contract). 

Recommendation. At least for buildings 
above a threshold size, complexity or occu
pancy type, the Contract Documents should 
specify that the structural fabricators of any 
material be pre-qualified. Pre-qualification cri
teria for steel fabricators include AISC Quality 
Certification and, if available, membership in a 
regional fabricator association that has explicit 
qualifications relating to the capability of the 
fabricator to produce an acceptable product. 
Clients should be educated as to the financial 
( and other) risks involved in insisting on a non
pre-qualified structural subcontractor. 

How Important Is Direct 
Communication Between the 
Fabricator, Detailer & SER? 
Background. Direct communication between 
design professionals and structural subcon
tractors or suppliers is an avenue by which 
schedule-sensitive and technical questions are 
clarified in a timely manner. Obviously, when a 



clarification results in a necessary structural 
change that increases project cost or affects an 
architectural detail, others in the normal chain 
of communication also must be informed. 

During informal pre-design discussions, the 
SER should seek advice about the selection of 
connections from steel fabricators and erectors. 
Perhaps more important is a post-award discus
sion with the successful bidder of structural 
work to reach a consensus about typical connec
tions and details. Agreement among members 
of the structural system team prior to placing 
mill orders and preparing shop drawings can 
avoid subsequent costly rework and delays. 

Recommendation. Because of considerations 
for the public welfare and project cost and 
schedule, the structural steel fabricator and de
tailer should have an open line of communica
tion with the SER during the preparation of 
shop drawings. Prior to the preparation of shop 
drawings, the SER and steel fabricator should 
agree as to what typical connections will be 
used. Direct contact between these parties 
serves the purposes of quality assurance, expe
diency and clarification. However, this is not a 
substitute for the normal chain of communica
tion with other parties as required by contract. 

Should Simple Shear Connections 
Be Selected by the SER? 
Background. To remain competitive, fabricating 
shops are increasingly dependent on computer 
numerically controlled (CNC) equipment for 
more efficient production. Much of this equip
ment is designed for specific operations - e.g., 
the punching and drilling of holes for bolting. 
Indeed, many shops consider themselves to be 
a "bolting" shop or a "welding" shop - mean
ing simply that they are more efficient in, but 
not limited to, one joining method over another. 
These shops much prefer to have the Contract 
Documents specify only the criteria and load
ing for simple shear connections (e,g., beam 
end reactions greater than 10 kips) and to assign 
selection and design to the fabricator and de
tailer. Shops that are not so automated may have 
more flexibility and may accommodate a wider 
variety of simple shear connection types - but 
even these shops usually have preferences. 

There is a significant difference between 
simple shear connection selection and design. 

There are only seven common simple shear con
nections, but many possible combinations of 
bolted or welded details and shop or field assem
bly. Of the seven basic types, perhaps four might 
be suitable connections on a given project. (Ex
amples of II unsuitable" connections might be 
shear plates into column webs and stiffened 
beam seats into girders.) Of these four, two or 
three are probably better, and of these each fabri
cator would have a preference. The SER may 
know the four suitable connections but probably 
not the fabricators' preferences for connections 
from among the many possible combinations. 

In addition to requiring knowledge of basic 
design concepts, the selection of connections re
quires knowledge of fabrication and erection 
practices and preferences, erection safety and lo
cal erection capabilities (experienced field weld
ers are not always available in the local market). 
Simple shear connection design (assuming loads 
are given) can usually be accomplished by cor
rectly applying the 1990 AISC Allowable Stress 
Design or Load and Resistance Factor Design for 
Simple Shear Connection handbooks. It is sug
gested that connection selection requires as 
much judgment and experience as design in or
der to determine how to adequately, safely and 
most efficiently assemble structural steel. 

Rather than specifying that all simple shear 
connections be designed for the end reactions 
produced by maximum allowable uniform 
loads, showing calculated beam reactions will 
allow the detailer to more closely match con
nection capacity to design requirements. And, 
showing end reactions along with beam and 
girder sizes on Contract Drawings provides the 
SER with an intuitive check by "another set of 
eyes"; a beam that is inadvertently undersized 
may be detected by an astute fabricator or de
tailer. Software programs such as RAMSTEEL 
automatically show design reactions (which 
can be modified at the SER' s discretion) on the 
drawing printouts. 

Specifying end reactions for a composite 
beam is especially important because there is 
no easy way for the detailer to calculate them. 
Some designers simply state that reactions 
should be some percentage of the non
composite allowable uniform load tabulated in 
the AISC Manual of Steel Construction. With the 
composite beam tables in the Load and Re-
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sistance Factor Design (LRFD) Manual, the de
tailer can "back into" the LRFD end reactions for 
uniformly loaded simple beams. Both approaches 
become questionable, and perhaps unconserva
tive, if concentrated loads are present ( especially if 
they are not shown on the drawings). 

Recommendation. Fabricators and detailers 
involved in structural steel work prefer the op
portunity to select and design simple shear 
connections that are included in the AISC de
sign aids. Contract Documents should provide 
selection and design criteria (including all end 
reactions) and note the connection types, if any, 
that are not acceptable on the project. 

Should Connections for Lateral Load 
Resisting Frames Be Specified on 
Contract Drawings? 
Background. With the fast-track construction 
process firmly ingrained in owners' minds, all 
projects today seem to be schedule driven. And 
structural design fees have been depressed (at 
least in the East), partly because clients errone
ously assume that computers have substan
tially reduced design costs, and partly because 
of the lower "value" clients and the public 
place on structural engineering services (in 
contrast to electrical and mechanical design 
that is viewed as critical to "customer satisfac
tion"; i.e., the value of the building). As a result, 
some SERs are hard pressed to complete de
signs on Contract Drawings for steel connections 
and joints in lateral load resisting frames. Since 
fabricators and detailers are usually under simi
lar pressures from general contractors, insuffi
cient information in the Contract Documents 
about moment or bracing connections, column 
strengthening (web doublers and stiffeners) and 
complex details often results in unrealistic or 
non-responsive bids and future claims for back
charges or" extras." Owners, architects, construc
tion managers and design-build contractors 
must be educated that limiting the SER' s scope of 
work, either by financial or time constraints, can 
generate either erroneous or inflated bids by 
structural suppliers and subcontractors and, sim
ply stated, provides a false economy. 

With many states adopting seismic code 
provisions and becoming more concerned 
about building performance during earth
quakes, the SER must be involved in connec-

38 CIVIL ENGINEERING PRACTICE FALL/WINTER 1996 

tion selection and design for lateral load resist
ing frames. Even if the prescribed seismic loads 
do not govern or even if the 1992 AISC Seismic 
Provisions for Structural Steel Buildings is not 
required to be followed (as for a Group II Build
ing in Connecticut, Av = 0.13, per the 1993 
BOCA Code), there may be drift or other service
ability or performance considerations that are 
generally not conveyed to bidders. Moreover, it is 
already becoming evident that even states fol
lowing BOCA and AISC specifications may not 
apply the respective seismic detailing provisions 
uniformly. In addition, joint design for moment
resisting steel frames, especially in high seismic 
risk areas, is in a state of rapid change as intense 
research and development continue in response 
to the 1994 Northridge Earthquake. 

Recommendation. Most fabricators prefer that 
the Contract Documents show the connections 
and joints for lateral load resisting frames, espe
cially · those designed and detailed by seismic 
provisions for extraordinary strength and en
hanced ductility. As an alternative, all criteria or 
procedures for selecting, designing and detail
ing such connections and joints (including col
umn strengthening) should be clearly specified, 
and sufficient information provided to allow for 
the timely preparation of responsive bids and 
the subsequent construction of the project. 

If Required to Strengthen Columns, 
Should Web Doubler Plates & . . 
Continuity Stiffeners Be Shown on 
Contract Drawings? 
Background. Web doubler plates, a form of joint re
inforcement (or, more precisely, column 
strengthening) in welded girder-to-column 
moment connections, have been a major source 
of difficulty for bidders of fabrication and de
tailing services. These doublers became an is
sue in Massachusetts when the first state build
ing code, published in the mid-1970s, 
prescribed seismic detailing based partly on 
provisions in the 1973 Uniform Building Code 
for ductile moment resisting frames (now com-· 
monly referred to as" special moment-resisting 
frames"). The intent of the Massachusetts code 
is for girder-to-column connections to develop 
the" full plastic capacity" of the girders in flex
ure. Although this code differentiates between 
the connection ( elements connecting the beam 



to the column) and the joint (the entire girder
column assembly at the intersection), many engi
neers assume that all other elements in the joint 
must accommodate forces that can ultimately be 
developed in girder flanges. (Please note that the 
1992 AISC Seismic Provisions reverse the above 
definitions for connection and joint.) In many 
cases, unstrengthened column webs, which are 
adequate for gravity and wind loads in low-rise 
buildings, are grossly inadequate to resist the net 
shears delivered by full capacity flange forces in 
deep girders. (Rarely do the panel zone shear 
strength or flexural strength of interior columns 
in low-rise buildings match the flexural capacity 
of two deep beams.) 

The need for web doublers is symptomatic 
of an undersized column. Because doublers are 
very expensive to detail and fabricate, fabrica
tors would prefer columns be designed by the 
SER in such a manner that doublers are elimi
nated. It is well-recognized that a "clean" col
umn, heavier by 50 to 100 pounds per foot, can 
be more economical than a lighter one with 
stiffeners and doublers. 

At the least,if bidders are not informed on 
the Contract Drawings as to the number of 
joints needing doublers, the preparation of a re
sponsive bid becomes futile. In addition, as re
quirements for weld inspection tend to in
crease, another expensive by-product of 
column strengthening for beam-to-column 
joints is shop weld inspection. Considering the in
creased concern about the performance of 
highly restrained, heavily welded joints under 
seismic loading, it is difficult to rationalize a 
joint design philosophy requiring heavy col
umn web strengthening, especially if the col
umns are relatively light. 

If there is no way to avoid doublers, they 
should be shown designed on the Contract 
Drawings. Otherwise, notes on drawings -
such as "Provide doubler plates as required" or 
"Design the connections for the full capacity of 
the beam" - are likely to generate bids that are 
erratic, are based on the expectation of future 
"extras" or attract ingenuous but unsuspecting 
fabricators. Structural engineers should note 
that software programs such as AISC's 
CONXPRT are a convenient way to check for 
and design doubler plates during the working 
drawing stage. 

As an alternative, bidders could be given the 
option of substituting stronger columns to 
eliminate doublers, thereby offering a more 
economical structure by reducing detailing, 
fabrication, review (by the SER) and inspection 
costs. However, unless the larger columns are 
noted as suitable alternatives on the plans, this 
option puts a substantial burden on bidders 
during a normally tight bid schedule, and is 
more properly executed - once - duringfinal 
design by the SER. This approach is much more 
efficient than having ten bidders all· figuring . 
doublers. The best alternative for all concerned 
is for the SER to check with one or two fabrica
tors and have the most economical solution de
termined prior to the final design of the col
umns (as recommended above). 

Continuity stiffeners are also employed for 
column strengthening. Some design firms sim
ply require stiffeners at all moment connections. 
Although this is not an economical approach for 
detailing and fabrication (especially if full pene
tration welds are required by the SER), it levels 
the playing field for all bidders and is probably 
preferable to most fabricators than the note, "Pro
vide stiffeners as required." Again, CONXPRT 
software facilitates determining the need for and 
design of continuity stiffeners and can be used to 
great advantage by the SER. 

Recommendations. If web doubler plates 
and/ or continuity stiffeners for columns are not 
designed, shown (located) or otherwise clearly 
indicated on the Contract Drawings, bidders 
may assume that none are to be provided. If col
umn strengthening is necessary, the Contract 
Documents should show doubler plates and 
stiffeners where they are required, or, as a mini
mum, identify the joints where they are required 
and indicate the criteria and procedures by 
which all reinforcement is to be sized and · de
tailed. The welding of stiffeners and doublers to 
the column should be by fillet welds. If feasible, in
creasing column sizes and material grade (from 
A36 to Grade 50} i,hould be considered to elimi
nate or minimize the need for reinforcement. 

What Documentation Can the 
Fabricator Provide to Establish the 
Competency of the Connection 
Selection & Design? 
Background. Connections are critical elements 
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of the primary structural system. Without ade
quate connections, the structure's load paths 
and the safety of the building is in doubt, re
gardless of how well the primary members 
have been designed. If the fabricator is permit
ted to select connection types and is assigned 
the task of designing these connections, docu~ 
mentation should accompany the shop draw
ings signifying that this work is competent and 
meets the criteria set forth in the Contract 
Documents. Such documentation will provide: 

• A more level playing field for bidders; 
• A faster "turn-around" time for review of 

the shop drawing:, by the SER; and, 
• Another element of quality assurance for 

adequacy of a vital part of the structural 
system - the connections. 

Recommendation. The following examples de
tail some situations ( or conditions) and how to ful
fill documentation needs: 

• Pre-qualification of the steel fabricator 
recognizing that AISC Certification, as an 
example, is no guarantee of acceptable fabri
cation and attests only to the capability of the 
fabricator to perform work of the required 
quality. 

• Require a post-bid award meeting to re
view the typical connection types and de
sign procedures the fabricator proposes 
to use on the project. (It is a sad commen
tary to the current process that the need 
for this meeting even has to be stated.) 

• With the shop drawing submittal, require 
that the fabricator verify the selection and 
design methods used by submitting sam
ple calculations, tabulating results or list
ing technical references. In addition, re
quire that all calculations be maintained 
in a form that can be readily reviewed. 

• Require that the detailer show both con
nection design loads (they should agree 
with those shown on the Contract Draw
ings) and the connection capacities on shop 
drawings. · 

• If the Contract Documents require the in
volvement of another structural design 
professional for connection design, spec
ify that bidders list the structural design 
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professionals who would be considered 
for performing this service. (The intent 
here is not for the SER to "approve" the 
selection but to assure that bidders un
derstand that another qualified design 
professional must be involved.) 

When Should Another Professional 
Engineer Be Involved in the 
Selection & Design of Structural 
Steel Connections? 
Background. If all the connections are selected 
and designed based on the Contract Drawings, 
it should not be necessary to require the in
volvement of another design professional. 
Likewise, if only simple shear connections are 
to be selected and designed by the fabricator 
and detailer (given the excellent AISC design 
aids now available), it should not be necessary 
for another design professional to be involved. 

For other connections not selected and/ or de
signed by the SER (including those in lateral load 
resisting frames), the SER must decide if it is nec
essary to require the involvement of another de-

. sign professional. (Pre-qualified fabricators 
should know their limitations and those of their 
detailers, and should voluntarily retain profes
sional design services when necessary.) The proj
ect schedule and cost estimates should reflect the 
fact that such a requirement may extend the time 
needed for bidding and for the preparation of 
shop drawings, and may inflate bid prices. 

Upon review of the shop drawings, if the 
connections meet the criteria and intent of the 
Contract Documents (as well as meet criteria 
set forth in agreements reached during post
award discussions), the connections should be 
accepted as presented. Therefore, the Contract 
Documents should clearly indicate any restric
tions or preferences imposed by the SER on 
connection selection or design. In the past, dis
putes have arisen when the SER rejects the 
competent work of another design professional 
retained by the fabricator or detailer without 
technical justification. 

Since the Hyatt Regency walkway collapse 
in Kansas City in 1981 there has been an in
crease in the requirement for stamped or sealed 
structural steel shop drawing submittals. 
However, it is suggested that documentation 
by the fabricator of design procedures or calcu-



lations is a better assurance of conformance to 
Contract Documents than the shop drawing 
stamp or seal of another design professional 
not familiar with the SER' s design concept. 
(There have been instances when the other de
sign professional is either not qualified to de
sign or review connections, or else simply 
stamps the fabricators' s work without a thor
ough review.) 

The fabricator's shop drawing is a detailed 
pictorial description of how primary structural 
elements (beams, columns, truss members, etc.) 
are to be fabricated and assembled to produce, 
ultimately, the building frame. Shop drawings 
generally do not show design calculations or 
specific procedures by which connections are 
sized and detailed for structural adequacy. Fur
thermore, the shop drawing shows information 
that is normally not reviewed for accuracy by 
any design professional, including the SER (for 
example, the detail dimensions for fabrication). 

Although acknowledging the need to some
times involve another professional engineer to 
oversee the design activity assigned by the 
Contract Documents to the fabricator, the ap
pearaµce of that professional' s stamp or seal on 
shop drawings raises very serious questions 
concerning the insurability of the steel fabrica
tor, as well as the allocation of risk between the 
SER, fabricator, detailer and the other design pro
fessional. The debate among all the affected disci
plines over insurability and liability issues con
cerning steel building connections has been 
ongoing by national organizations, blue ribbon 
committees and symposiums since the Kansas 
City Hyatt Regency walkway collapse. In spite of 
all the legal rhetoric, no one has proposed a solu
tion that might be acceptable to all parties and, 
most important, would be in the best interest of 
quality assurance and public safety of the com
pleted building. Barring such an acceptable reso
lution by the affected parties, the courts will even
tually decide the issue (probably to the detriment 
of one or more of the parties). 

Recommendation. It is certainly within the 
SER' s purview (in the bid documents for · any 
project) to require the fabricator to obtain the as
sistance of a design professional in the selection 
and design of connections. In general, however, it 
should not be necessary if only simple shear con
nections are to be selected and designed by the 

fabricator. Otherwise, it is a judgment call and it 
may depend on the size, complexity and occu
pancy of the project, among other factors. In any 
event, the playing field will be level if the bidders 
know exactly what is required - i.e., if the Con
tract Documents are clear. 

What Loads Does the Fabricator 
Need to Prepare Responsive & 
Competitive Bids? 
Background. The realities of the marketplace -
i.e., downward pressure on design time and fees 
- have, in some instances, had a negative im
pact on the quality (completeness) of Contract 
Documents. Lack of key information reduces 
the confidence with which fabricators prepare 
their bids and often delays the preparation of 

. shop drawings. If the fabricator makes certain 
justifiable assumptions during bid preparation 
based on the insufficient information provided, 
disputes are likely to arise if those assumptions 
are later challenged by the SER. 

Recommendation. If the steel fabricator is con~ 
tractually assigned the task of selecting or de
signing connections, certain information (as 
follows) must be supplied in the Contract 
Documents to permit responsive and timely 
bidding and preparation of shop drawings: 

• Simple Shear Connections: End reactions 
(composite or non-composite), unaccept
able connection types, and axial or tor
sional loads, if any; 

• Bracing Connections: Axial loads (+ or -) 
and whether or not one-third increases in 
stresses are permissible; 

• Moment Connections: Shears and mo
ments (ft-kips), axial loads, all reinforce
ment of main members· ( or, at the least, 
clear and complete connection and joint 
design requirements), and whether or not 
a one-third increase in stresses is permis
sible. 

• Truss Connections: Shears, moments and 
axial loads, depending on the function of the 
trusses; 

• All Connections: Whether loads are Allow
able Stress Design (ASD) or LRFD and if 
either procedure can be used to design 
the connections. Some fabricators and de
tailers, like some design firms, are not yet 
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experienced with LRFD. Also, any design 
procedure to be used that is not included 
in the AISC Manual. 

When Should the SER Consider a 
Request for Changing a Connection 
Specified in the Contract Documents? 
Background. One frequent complaint from SERs 
is that fabricators request a change to a connec
tion that has already been shown on the Con
tract Drawings. This request_reflects the prefer
ence of mos_t fabricators to use the best talents 
of their shop personnel and equipment, and it 
may also help explain why there has been a ten
dency for connection criteria on Contract 
Drawings to be incomplete. 

The SER should consider a request for the re
view of a specified connection that the fabricator 
believes to be structurally deficient, unsafe for 
ironworkers or impractical to erect. Otherwise, 
when a connection is shown designed on the 
Contract Drawings, it should be bid exactly that 
way unless an alternate is perceived to benefit 
other members of the construction team. On any 
project, the fabricator can, at his/her risk, sub
mit a bid based on alternate connections, but the 
SER is under no obligation to accept any change 
that the fabricator proposes. If such a change is 
accepted during post-award discussions, the 
fabricator should be prepared to supply sup
porting documentation (and perhaps compen
sation) for review by the SER. 

Under no circumstances should a steel fabri
cator or erector modify - without approval from 
the SER - shop or erection drawings that have 
been reviewed and released for construction. 

Recommendation. The SER should cqnsider 
changes proposed by a fabricator if they are 
necessary or beneficial to the project. 

What Should Be the Extent of the 
SER Shop Drawing Review? 
Background. Regardless of who ultimately 
performs the task of the original selection and de
sign of steel building connections, SERs should 
note the Council of American Structural Engi
neers (CASE) July 30, 1994, Position Statement: 

"The SER should be responsible for the de
sign of the primary structural system. There 
may be times when some element of the pri-
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mary structural system is to be designed and 
sealed by someone other than the SER. 

"Nevertheless, such elements, including 
connections designed by others, should be 
reviewed by the SER. He[/she] should re
view such designs and details, accept or re
ject them and be responsible for their effects 
on the primary structural system." 

Recommendation. Fabricators who are pro
vided the opportunity (by virtue of the Contract 
Documents) to select connections that suit shop 
efficiency and economy should submit docu
mentation that substantiates conformance of the 
work to the Contract Documents and facilitates 
the review of the shop drawings. The SER' s re
view of the shop drawings (and any other struc
tural submittals) should be as thorough as nec
essary to verify the structural adequacy of the 
complete primary structural system including, 
by definition, its connections and joints. 

NOTES - The recommendations made here repre
sent the author's opinion. Even though key engi
neers and steel fabricators have reviewed the recom
mendations, no attempt has been made to solicit a 
formal consensus from any of the associations men
tioned here. 
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Design Considerations 

From Casagrande' s 
11 Calculated Risk'' to 
Reliability-Based 
Design in Foundation 
Engineering 

This article was presented to 
the Boston Society of Civil 
Engineers Section/ASCE as 
the Sixth Arthur Casagrande 
Memorial Lecture on ilpril 18, 
1996. 

FRED H. KULHAWY 

In October 1964, Arthur Casagrande pre
sented the second Terzaghi Lecture, which 
was entitled "Role of the 'Calculated Risk' 

in Earthwork and Foundation Engineering."1 

This seminal lecture and the resulting paper 
candidlystated and illustrated that geotechnical 
uncertainty is quite prominent and that the geo
technical design process is fraught with pitfalls. 
This approach dramatically differed from what 
was (and still is) presented in most texts, which 
typically address uncertainty in design in a 

rather straightforward manner as if it were a de
terministic quantity. I was duly impressed by 
this lecture, so when I was invited to present the 
Sixth Casagrande Lecture my topic was chosen 
easily. I would build on Casagrande' s basic 
ideas of risk and examine how they have led to 
some modern concepts of reliability-based de
sign (RBD) in foundation engineering. My par
ticular focus is to provide a window into some of 
the thought processes that are necessary to ap
preciate and eventually apply RBD within foun
dation engineering and subsequently in other . 
areas of geotechnical engineering. 

Casagrande's "Calculated Risk" & 
Observations on 1960s Practice 
In his paper, Casagrande classified design risks 
into two broad categories: human and engi
neering. Under human risks, he noted that 
most fall into the categories of: 

• Unsatisfactory organization and division 
of responsibility; 
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• Unsatisfactory use of available knowl
edge and judgment; and, 

• Corruption. 

The engineering risks he classified as: 

• Unknown; and, 
• Calculated. 

Casagrande then proceeded to note that, of 
these groupings, all but the calculated risk are 
purely qualitative and enter into the design 
process in a wholly subjective manner. 

With regard to calculated risk, he spelled out 
the two following conditions that delineated his 
thoughts onwhat this kind of risk was about:1 

• "The use of imperfect knowledge, guided 
by judgment and experience, to estimate 
the probable ranges for all pertinent 
quantities that enter into the solution of a 
problem." · 

• "The decision on an appropriate margin 
of safety, or degree of risk, taking into 
consideration economic factors and the 
magnitude of losses that would result 
from failure." 

These heady statements capture much of the 
essence of geotechnical practice and also deline
ate the limitations of practice. To emphasize the 
importance of parts of these statements, there 

. were many discussions to his paper, two of 
which are particularly pertinent. Stratton made 
the following very important observation:2 

"It is not casual experience and untested . 
judgment that must be brought to bear, but 
the organized rather than the random use of 
available knowledge in the first instance and 
this in turn bulwarked by seasoned experi
ence and proven judgment." 

Perhaps even more important to our current 
premise is the following observation by Golder:3 

"We do not know how we make a decision." 

These comments by exceptionally promi
nent practitioners point out that there was 
broad appreciation of the importance of uncer-
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tainties in geotechnical design and that design 
judgments perhaps had a more subjective than 
objective flair. 

In contrastto the specific appreciation of un
certainties expressed above, "standard" texts 
of the time such as Peck et al., Chellis and Teng 
adopted a more traditional stance and just ex
plicitly stated values to use in design.4-

6 Typi
cal values of the time were as follows: 

• For bearing capacity, use a minimum fac
tor of safety (FS) of 3 for dead load plus 
normal live load, oi: use 2 for dead load 
plus the maximum or extreme live load. 

• For side resistance in cla:y, use 50 to 75 
kN/ m2 (0.5 to 0.75 tsf in units of the time) 
and then apply a conservative FS. 

• For side resistance in sand, use the nor
mally consolidated coefficient of horizon
tal soil stress (Kone), or 0.45, in the evalua
tion before applying the FS. 

The recommendations for soil property evalua
tion also were simple and typically were as fol
lows: 

• Use the "cohesion" (undrained shear 
strength in modern parlance) equal to 
half the unconfined compressive strength 
(c equal to qu divided by 2) and e~aluate 

· the effective stress friction angle (cl>) from 
correlations with the Standard Penetra
tion Test N-value or otherwise . 

The rationale for selecting these values and 
parameters was not discussed in these or other 
period texts, and it has never been clear to me 
precisely how these values evolved and how 
conservative they really were intended to be. 

Some Later Observations on Risk 
Since the 1960s, there has been great interest 
and activity in probability theory and risk 
analysis. Much has been written on the subject, 
but practical applications in direct design prac
tice have been few and far between. In the 17th 
Terzaghi Lecture, Whitman tackled the subject 
of "Evaluating Calculated Risk in Geotechnical 
Engineering."7 While laying out a sound 
framework for risk analysis, he noted that 
"probability theory today is regarded with 



doubt and even suspicion by the majority of 
geotechnical engineers."7 This statement is still 
valid today, but at least more engineers are sym
pathetic to probabilistic concepts. Perhaps more 
disturbing was the observation he made that 
"the prospect of assigning a numerical value of 
risk presents a rather frightening dilemma to en
gineers and their clients."7 This so-called di
lemma actually represents a very fundamental 
problem in perception. Assigning a FS is, at least 
· nominally, establishing an acceptable level of 
risk. However, it must be noted that a FS of2 or 
2.5 sounds better to the average person than a 
probability of failure of 1 or 2 percent. The 
former suggests a healthy cushion in the design, 
while the latter states directly that it could fail. 

Whitman then proceeded to make the fol
lowing observations about risk analysis in geo
technical engineering:7 

"(a) Not enough is known about soil or 
rock and its behavior in situ to do an evalua
tion of risk; (b) we will be criticized no matter · 
how we do the analysis; but (c) we must pro
ceed to make such studies. Learning how to 
do so in a meaningful and responsible manner 

. is still a major challenge to the profession." 

I believe that knowledge about ground char
acteristics and their uncertainty has improved 
sufficiently to make reasonable evaluations of 
risk in some classes of geotechnical problems. 
There will always be criticism for any new or 
"different" method of evaluation. Perhaps that 
is just human nature. However, such studies 
most certainly must continue. If they are not 
pursued, geotechnical knowledge and the pro
fession will never advance. 

Observations on Current Practice 
Within the professional practice of geotechni
cal engineering, I detect there is a general com
placency and a feeling that the state of knowl
edge is perfectly adequate to do optimal 
design. The National Research Council's Com
mittee on Reliability Methods for Risk Mitiga- · 

. tion in Geotechnical Engineering states this 
· opinion well:8 · . 

"However, in conventional geotechnical 
_practice, such as foundation engineering 

and embankment dam design, probabilistic 
methods have not seen extensive use. In these 
older, more conventional areas of geotechni
cal engineering, well-developed, effective, 
and successful methods are available that 
embody the lessons learned from decades of 
professional practice. Many geotechnical en
gineers practicing in these traditional areas 
apparently have seen little need to change 
from using methods that have served them 
well to new and largely untried methods 
with questionable potential benefit."· 

I would not paint such a rosy picture of" con
ventional" geotechnical practice. Just because 
there are few foundation failures does not mean 
that design practice is optimal or even satisfac
tory. It could also mean that there is too much 
conservatism built into the design process or 
perhaps that the foundations have never had to 
support their design loads. Certainly other pos
sible reasons could be given as well. 

To illustrate the wide variability of practice, 
consider the simple design example that is out
lined in Table 1, which presents an example of a 
straight-sided drilled shaft in saturated clay, 
1.5 meters in diameter and 1.5 meters deep, 
with average mobilized undrained shear 
strength along the vertical shaft surface equal 
to 38 kl\J/ m2 and a potential tip suction equal to 
0.5 atmosphere acting over the tip area during 
undrained transient live loading.9 (The origi
nal data and calculations were in customary 
U.S. units, so some roundoff will be encoun
tered if calculations are redone.) These data 
were given in 1984 to a number of experienced 
designers who were asked to compute the de
sign capacity using their "normal" design prac
tices with a FS equal to 3 for illustration pur
poses only. This exercise resulted in the five 
different design assumptions and capacities 
depicted in the first three columns of Table 1. 
Column four gives the ratio of the available up
lift capacity to the recommended design value, 
which can be interpreted as the" actual" FS, re
gardless of the nominal FS used in the design 
calculations. 

Assumption 1 considered the side, tip and 
weight components equally, while Assump
tion 2 subtracted the weight from the design ca
pacity to give a so-called "net design capacity." 
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TABLE 1. 
Design Capacity Example 

Design Assumption Design Equation Qud (kN) for FS = 3 Qu/Qud ("Actual" FS) 

1 Qud = (Qsu + Qiu + W)/FS 170.7 3.0 

2 Qud - W = (Qsu + Qiu)/FS 214.2 2.4 

3 Qud = (Qsu + W)/FS 108.9 4.7 

4 Qud - W = Qsi/FS 152.4 3.4 

5 Qud= W/FS 21.8 23.5 

Noles: Q,u = side resistance= 261.8 kN; Q,u = tip resistance= 184.4 kN; W = shaft weight= 65.3 kN; Qud = design uplift capacity; FS= factor of safety; 
Qu = available uplift capacity= Q,u + Q,u + W= 511.6 kN 

From Ref. 9 

Assumptions 3 and 4 were similar to Assump
tions 1 and 2, except that the tip resista'nce was 
disregarded conservatively. Assumption 5 was 
an extreme case adopted by one designer, in 
which both the side and tip resistances were 
disregarded. However, this designer would 
only use a FS in this equation a bit greater than 1 
(typically on the order of 1.25), which would 
give an" actual" FS of 9.8. It turned out that As
sumption 3 was the one most commonly used. 
(As a further point of interest, this exercise was 
conducted again recently, and the results were 
essentially the same.) 

For this simple case, in which all of the compo
nent capacities and the FS were given, the results 
still varied by almost a factor of two, disregard
ing the uncommon Assumption 5. If the design
ers had been free to select the procedure for com
puting each component capacity, as well as the 
FS, then even more variability could ensue. 

A simple perusal of most recent references 
and texts does not provide rigorous advice on 
most of these issues. More often than not, sev
eral design equations are given to evaluate side 
resistance, a range of bearing capacity factors is 
cited, numerous lateral loading models are pre
sented, etc. Then, various ways are cited to 
evaluate the geotechnical input properties to 
do these calculations. Finally, typical FS values 
are given, most commonly in the range of 2 to 3 
(which is essentially the same as was done in 
the 1960s). Obviously, there have to be differ
ences resulting from different designers using 
different combinations of a design equation, 
property evaluation methodology and FS. If 

46 CIVIL ENGINEERING PRACTICE FALL/WINTER 1996 

there have been local calibrations of all these 
factors with local load tests, then a sound de
sign procedure could ensue. If not, then how 
sound is the design? 

The Reliability-Based 
Design (RBD) Alternative 
The design scenario described above poses 
many potential problems. The problems are 
not necessarily inherent in the individual com
ponents, but certainly in how they are linked 
together. RBD provides an alternative that has 
an advantage because the system components 
are evaluated together in a coherent fashion. 
More specifically, reliability analysis is the con
sistent evaluation of design risk using prob~ 
ability theory, and RBD is any design method
ology that uses reliability analysis, explicitly or 
otherwise. Of course, in structural engineering, 
many engineers have embraced these con
cepts, and many structural codes already are 
based on RBD principles. 

Consider the basic geotechnical evaluation 
process depicted in Figure 1. On the left is the 
forcing function - which could be a load, hy
draulic gradient, chemical concentration. or 
similar such item. This forcing function is ap
plied to a geotechnical system that is repre
sented by a model, coupled with necessary in
put properties, that should describe the 
sought-after behavior. The result of this process 
is the specific system response being considered 
or monitored. This process is imperfect, so the 
entire process usually is calibrated using field 
or other pertinent observations to "tweak" it 



Forcing 
Function 

Model 
+ 

Property 

System 
Response 

FIGURE 1. Components of the geotechnical evaluation process. 

empirically so that it agrees with the actual ob
servations. This physical calibration process is 
coupled with economic and safety/ service
ability evaluations to implement the erttire pro
cess in a design mode. 

During the usual calibration process, all 
components are treated as deterministic quan
tities. A straightforward, easy-to-measure and 
unique forcing function is applied (such as 
dead loads or perhaps periodic repeating live 
loads in a pile load test). The system response 
commonly is monitored in limited fashion 
(such as butt or head movement and perhaps a 
few tell-tales in a pile load test). And then a 
model with associated properties is selected 
(which could range from a simple elastic con
tinuum to very complicated, advanced models 
requiring many properties). The calibration 
process is such that either broad behavior is ap
proximated in' general (such as overall pile 
movements and load transfer) or specific as
pects of behavior are approximated specifi
cally (such as butt movement with load). In ei
ther case, deterministic empirical factors are 
developed for subsequent use in design. 

In reality, the actual loads on the pile are 
complex and consist of dead, sustained live 
and transient live loads. The dead loads can be 
assessed reasonably accurately, but detailed 
assessment of the live loads is complicated. 
However, for design purposes, loads are estab
lished based on a number of assumptions of be
havior. For example, in transmission line struc
ture engineering, it is common to focus on the 
SO-year return period maximum wind, which 
has a mean coefficient of variation (COV) of the 
maximum wind speed on the order of 15 per
cent.10 The COV is the standard deviation di-

vided by the mean, both ideally for a large popu
lation, and essentially is a measure of the <lisper-· 
sion of the data. 

The system response can have even more 
uncertainty. An example of this issue is pre
sented in a study by Lambe, et al., which exam
ined the reliability of geotechnical predictions, 
primarily for earth dams and natural slopes, 
but it should still Brovide some insight into 
overall reliability. 1 Their evaluations sug
gested that geotechnical predictions can be 
made as follows: 

• Predicted vertical displacement within 
±50 percent of the measured vertical dis
placement; 

• Horizontal displacement within ±150 
percent; 

• Change of pore water pressure within 
±25 percent; 

• Horizontal stress within ±50 percent; 
• FS within ±25 percent; and, 
• Flow within one order of magnitude. 

The model to be selected normally is a sim
plification of actual behavior, primarily be
cause in-situ geotechnical behavior is very 
complex. Finally, there is a great deal of uncer
tainty in the evaluation of the in-situ geologic 
and geotechnical regimes and their properties. 

With all of these variabilities and uncertain
ties, it would seem to be natural for RBD to be 
applied extensively within geotechnical engi
neering. However, almost the opposite has 
been true. In contrast, structural engineers 
have embraced RBD openly for the last several 
decades, and much of structural design is now 
done using RBD codes. The load evaluation 
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The de facto formula
tions to date have fo
cused largely on a single 
resistance factor and on 
the resistance (capacity) 
having a relatively small 
COY that also is much 
smaller than the COY of 
the loads. These assump
tions may not be appro
priate for geotechnical 
design, because natural 
in-situ materials have to 
be considered. Also, 
there is much reliance on 
judgment in interpreting 
limited site information, 
as well as reliance on 
many empirical correla-
tions. These factors gen
erally do not enter into 
structural design and, 
therefore, the resistance 
evaluation is simpler. 

Uncertainties have 
long been appreciated in 
geotechnical engineer- · 
ing, whether they are 
called cal(:ulated risks or 
some other term. Tradi-

. tionally, a FS is used in 
design (which of course • 
includes uncertainties), 
but the uncertainties are 
addressed only qualita
tively and subjectively 
within the framework of 
the evaluation process 

. FIGURE 2. Reliability assessment for two normalrandom variables 
(Q andf). 

described in Figure 1. 
RBD is an alternative 
that embraces the uncer-

and structural design are being done almost on 
a daily basis with reliability-based limit state 
design using load and resistance factors, while 
the geotechnical and foundation designs are 
being done using working stress design with 
unfactored (?) loads. Serious incompatibilities 
could develop with this situation. 

In addition, the overall form and style of the 
structural RBD equations have largely been set. 
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tainties in the loads and 
capacities directly by modeling them mathe
matically as random variables, and then quan
tifies design risk as a probability of failure. 
While there certainly are some sophisticated 
mathematical tools and manipulations re
quired to address the uncertainties and reliabil
ity models directly, they would not be encoun
tered in routine geotechnical design, just as 
they are not encountered in routine structural 



EQUATION 1 

Pr= Prob(Q < F) = Prob(Q - F < 0) 

EQUATION 2 

design. Instead, the rigorous analyses are used 
as part of the calibration process that results in 
straightforward RBD equations that have a 
"look and feel" that is comparable to that of the 
conventional deterministic equations. 

Some RBD Definitions 
For simplicity, capacity (Q) and load (F) com
monly are assumed to be characterized by nor
mal distributions as shown in Figure 2. For 
these distributions, the key parameters are the 
mean (m) and standard deviation (s), with the 
COV given by s divided by m, and the safety 
margin (M) is given by Q minus F. Other forms 
of distributions are available, and they very 
well may be preferred in the future. However, 
at this time, the normal distribution generally 
is preferred because of its simplicity. In any 
case, the assumed distribution is a part of the · 
calibration process. 

With the distributions shown in Figure 2, the 
probability of failure (p/) is given by Equation 1. 
The first case (with Q and F) is depicted by over
lapping distributions, while the second (with 
M) is depicted by a negative safety margin. 

As noted previously, the term probability of 
failure has a negative connotation. An alterna
tive is a more positive sounding term - reliabil
ity index(~), which is related to p1as shown in 
Equation 2, in which cl>-l is equal to the inverse 
normal cumulative function given in standard 
statistics texts. The resulting relationship is 
presented in Table 2. Note that the numerical 
values of ~ are perhaps more convenient to 
work with, but that the relationship between~ 
and Pf is highly nonlineat. The value of ~ 
should not be mistaken as a FS. 

Incorporating 
Geotechnical Uncertainty 
Geotechnical uncertainty · has to be incorpo-

TABLE 2. 
Relationship Between Reliability Index & 

Probability of Failure 

Probability of Failure, 
Reliability Index, ~ Pf= <I>(-~) 

1.0 0.159 

1.5 0.0668 

2.0 0.0228 

2.5 0.00621 

3.0 0.00135 

3.5 0.000233 

4.0 0.0000316 

Note: <I>(·)= standard normal probability distribution 

rated explicitly in a meaningful manner. Most 
available RBD codes tend to address capacity 
as a single lumped parameter with a single re- · 
sistance factor. However, this process is not op
timal, because most geotechnical resistance pa
rameters are displacement-dependent. 
Consider, for example, the typical load
displacement behavior of a drilled shaft in 
compression as illustrated in Figure 3. In the 
figure, the tip and side constitute significantly 
different components of the shaft :resistance 
with increasing displacement. Typically, the 
side resistance is mobilized at a displacement 
of 10 to 15 millimeters, while the tip resistance 
is mobilized at a displacement of 5 to 10 percent 
(ormore) of the shaft diameter. In addition, the 
shaft weight is mobilized at the first onset of 
displacement. Clearly, different resistance fac
tors are appropriate for these side, tip and 
weight components. 

Next, the variability in the soil (or rock) 
properties used to predict these resistance com
ponents must be considered. Figure 4 illus
trates the inherent variability of soil, which is 
the reality of in-situ conditions that must be 
dealt with. However, the trend of the desired 
property can be established for a specific layer, 
along with the deviation from this trend, as 
well as the scale of fluctuation - which 
roughly defines the interval wherein the devia
tions exhibit a strong correlation. This inherent 
soil variability is described elsewhere in more 
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FIGURE 3. Typical load-displacement behavior of a drilled shaft in compression. 

d~tail, 12 but it is only the first component of the 
overall uncertainty (as illustrated in Figure 5). 

The second component is the measurement 
uncertainty that is attributed to data scatter 
and statistical uncertainty. Dat~ scatter in
cludes the inherent soil variability again and 
the measurement errors from equipment, pro
cedural/ operator and random testing effects. 
Equipment effects result from inaccuracies in 
the measuring devices and variations in equip
ment geometries and systems employed for 
routine geotechnical testing. Procedural/ op
erator effects originate from the limitations in 
existing test standards and how they are fol
lowed. In general, tests that are highly 
operator-dependent and have complicated test 
procedures will have greater variability than 
those with simple procedures and little opera
tor dependency.14 Random testing error refers 
to the remaining scatter in the test results that is 
not assignable to specific testing parameters 
and is not caused by inherent soil variability. 
These in-situ measurements also are influ
enced by statistical uncertainty or by sampling 
error that results from limited amounts of in
formation. This uncertainty can be minimized 
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with increased testing, but it is commonly in
cluded within the measurement error at this 
time.13 

The third component of uncertainty is intro
duced when field or laboratory measurements 
are transformed into design soil properties us
ing empirical or other correlation models (for 
example, correlating the standard penetration 
test N-value with the undrained shear 
strength). Obviously, the relative contribution 
of these components to the overall uncertainty 
in the design soil property clearly depends on 
the site conditions, the degree of equipment 
and procedural control, and the quality of the 
correlation model. 

Unfortunately, there is no standard method
ology for the systematic evaluation of geotech
nical variability, and there is no broad-based 
compilation of soil property statistics that is 
suitable for general use. Because of these prob
lems, a major research effort was undertaken to 
collect and synthesize statistical data on each of 
the major sources of the uncertainties de
scribed above.10 For each combination of soil 
type, measurement technique and correlation 
model, the uncertainty in the design soil prop-
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FIGURE 4. Inherent variability of soil. 
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TABLE 3. 
Approximate Guidelines on the Variability of Some Soil Strength Properties 

Design Property* Test** Soil Type Point COV (0
/~) 

Su(UC) Direct (Lab) Clay 20-55 

su(UU) Direct (Lab) Clay 10-35 

su(CIUC) Direct (Lab) Clay 20-45 

Su(Field) VST Clay 15-50 

Su(UU) qr Clay 30-40**** 

su(CIUC) qr Clay 35-50**** 

Su(UU) N Clay 40-60 

Su*** Ko Clay 30-55 

Su(Field) Pl Clay 30-55 

<I> Direct (Lab) Clay, Sand 7-20 

<!>(TC) qr Sand 10-15**** 

<l>cv Pl Clay 15~20**** 

Notes:* Su= undrained shear strength; UC= unconfined compression; UU = unconsolidated-undrained triaxial compresaj_on test; CIUC = consolidated 
isotrQpic undrained triaxial £.ompression test; su(Field) = correcte_d Su from vane shear test; TC= triaxial compression test; 4> = effective stress friction an
gle; 4>cv = constant volume 4> 
** .VST = vane shear test; qr= corrected cone tip resistance; N = standard pene_tration test value; Ko= dilatometer horizontal stress index; Pl = plasticity 
iridex 
*** Mixture of Su from _UU, UC and VST 
*"* COV is a function of the mean (for details, see Ref. 10) 
From Ref. 10 

erty was determined rationally by combining 
the appropriate component uncertainties us
ing second-moment probabilistic methods, 
General guidelines on the typical coefficients of 
variation of some common design soil strength 
properties are given in Table 3, Ideally, site
specific values for the COV would be deter
mined, but this is only really possible on rather 
large projects or in areas where much geotech
nical data are available from numerous local 
projects, Exact COV values are not needed in 
the RBD equations, so there should be no con
cern about evaluating these values precisely. 

Formulation of RBD Equations 
The basic objective of RBD is to ensure that the 
probability of failure of a component does not 
exceed an acceptable threshold level. While 
this objective clearly is satisfied if the probabil
ity of failure of a component lies far below this 
threshold, it is equally clear that this design 
also would not be economical. Therefore, a re
alistic design objective would be that the prob
ability of failure should not depart significantly 
from the threshold, For the case illustrated in 
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Figure 2, the RBD objective can be stated as in 
Equation 3, in which pr is equal to the accept
able target probability of failure. In principle, a 
rational value for Pr can be determined from a 
cost-benefit analysis as shown in Figure 6. By 
evaluating the variation of the initial, mainte
nance and expected failure costs with Pf, it is 
theoretically possible to arrive at the most eco
nomical pr for design,15 . However, this ap
proach is not practical at this time because of 
the difficulties in estimating many types of fail
ure costs (for example, the "cost" of human 
lives) and the effect of component failure on the 
system. A viable alternative is to set the value 
of pr at a level that is consistent with the failure 
rates estimated from actual case histories. 
However, comparing the theoretical probabil
ity of failure from reliability computationswith 
a value established from case histories is·not 

EQUATION 3 

Prob(Q < F) .;; Pr 
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Probability of Fa'lure for Design 
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t, 

8 
-~ 

~ 

Expected Costs 
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Initial 
Cost 

Decreasing Probability of Failure -

FIGURE 6. An illustrative cost-benefit analysis. 

straightforward. It has been reported that the 
theoretical probability of failure usually is sit 
nificantly smaller than the actual failure rate. 6 

This result is to be expected because design 
safety is affected by more than the uncertain
ties in design calculations. It also can be com
promised by factors such as poor construction 
and human errors. 

Currently, the most widely used approach 
for selecting a target probability of failure for 
design is to calculate the theoretical probabili
ties of failure implicit in existing designs and to 
use those values as a broad initial basis for se
lecting an appropriate value of py.17 While this 
approach is empirical, it has a major advantage 
of keeping the new design methodology com
patible with the existing experience base. Fur
thermore, this approach is consistent with the 
evolutionary nature of codes and standards 
that requires changes to be made cautiously 
and deliberately. 

The general approach for the calibration of 
PT involves the following four steps:10 

1. Select a set of representative design 
problems covering typical ranges of geome
tries, properties, etc. 

2. Determine an acceptable solution to 
each problem based on existing methodol
ogy (such as the allowable stress method). 

3. Evaluate the probability of failure for 
each design solution from Step 2 using a 
common reliability calculatic,m scheme (for 
example, the first-order reliability method 
[FORM]) and a common set of probabilistic 
models. . · 

4. Select an appropriate value for pybased 
on the range of pf computed in Step 3. 

RBD using Equation 3 involves the repeated 
use of reliability assessment routines, such as 
FORM, to evaluate the probabilities of failure 
of trial designs until the computed probability 
of failure . is reasonably close to the target 
threshold level. While this approach is rigor
ous, it' is complicated and, therefore, not suit
able for the routine design of conventional 
types of structures and foundations with no ab
normal risks or with no unusual or exception
ally difficult ground or loading conditions. In a 

. recent study, a simplified RBD methodology 
was developed that uses conventional lumped 
or multiple-factor formats for foundation de
sign.10 Equations 4 and 5 illustrate this meth-
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EQUATION 4 

odology for uplift loading of a drilled shaft in 
which Fso is the SO-year return period design 
load (typical for electrical transmission line 
structure design), Qun equals the nominal 
foundation uplift capacity, Qsun equals the 
nominal uplift side resistance, Qtun is the nomi
nal uplift tip resistance, W is the weight of 
shaft, and qt u, qt su, qt tu arid qt w are resistance 
factors. Comparable forms of the design equa
tions were developed for other loading modes 
as well. 

In principle, any reasonable format could be 
used for reliability calibration. However, prac
tical issues such as simplicity, familiarity and 
compatibility with existing design approaches 
are important considerations in proposing a 
simplified RBD approach. The formats shown 
in Equations 4 and 5 clearly satisfy these issues. 
For example, the resistance factor in Equation 4 
corresponds to the reciprocal of the FS in the 
traditional allowable stress approach. Equa
tion 4 also is known as the load and resistance fac
tor design (LRFD) format that already has been 
adopted widely in the structural community 
for RBD. Equation 5 is a broad generalization of 
Equation 4 that includes multiple resistance 
. factors, one for each component of the capacity. 

EQUATION 5 

The resistance factors in Equations 4 and 5 
were calibrated rigorously using FORM to pro
duce designs that essentially achieve a target 
reliability index (13T) equal to 3.2. This value is 
representative of those implicit in current de
signs assessed within the calibration process, is 
greater than that used for transmission line 
structure design and also is consistent with em
pirical rates of failure (accounting for the fact 
that actual failure rates are on the order of one 
order of magnitude higher than the theoretical 
rates). Details of the calibration process are 
given by Phoon, et al.IO It should be noted that 
consistently better designs, much closer to 13T, 
were obtained with the multiple factor format, 
which therefore should be the preferred format 
for foundation engineering. 

The results of an extensive reliability cali
bration study for the ultimate limit state (ULS) 
design of drilled shafts under undrained uplift 
loading are given in Table 4 and are to be used 
with Equation 5. All other limit states, founda
tion types, loading modes and drainage condi
tions addressed offer similar types of results, 
with simple RBD. equations and corresponding 
tables of resistance factors.IO Note that the re
sistance factors_ depend on the clay consistency 

TABLE 4. 
Undrained Uplift Resistance Factors for the 

Ultimate Limit State Design of Drilled Shafts (Using Equation 5) 

Clay COVof Su(%) 'l'su '¥tu 'l'w 

Medium 10-30 0.44 0.28 0.50 
(mean Su= 25-50 kN/m2

) 30-50 0.41 0.31 0.52 
50-70 0.38 0.33 0.53 

Stiff 10-30 0.40 0.35 0.56 
(mean Su = 50-100 kN/m2

) 30-50 0.36 0.37 0.59 
50-70 0.32 0.40 0.62 

Very Stiff 10-30 0.35 0.42 0.66 
(mean Su = 100-200 kN/m2

) 30-50 0.31 0.48 0.68 
50-70 0.26 0.51 0.72 

Notes: Target reliability index= 3.2. From Ref. 14. 
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and the COV of the undrained shear strength 
(su). The clay consistency is classified broadly 
as medium, stiff and very stiff, with corre
sponding mean Su values. of 25 to 50, 50 to 100 
and 100 to 200 kN/m2, respectively. Founda
tions are desig:ned using this new RBD format 
in much the same way as in the traditional ap
proach, except that the rigorously determined 
resistance factors shown in Table 4 are used in 
place of empirically determined factors of 
safety. Additional details on this specific appli
cation of RBD can be found elsewhere.10,18-20 

Although not described herein, comparable 
design equations and factors have been devel
oped for the serviceability limit state (SLS).10 

RBD Advantages & Disadvantages 
The simplified RBD methodology has three im
portant advantages. First, the multiple-factor 
format is familiar to most practicing engineers, 
and it has the same "look-and-feel" of tradi
tional design formats. Second, it is easy to use 
because the design engineer does not have to 
perform the elaborate probability computations 
that are necessary to develop the resistance fac
tors in the RBD format. Finally, this RBD meth
odology satisfies the RBD objective stated in 
Equation 3, with the resistance and load factors 
calibrated to produce designs that essentially 
achieve a target reliability index consistently. 

The primary disadvantage to using RBD 
might be the perceived loss of flexibility because 
the design engineer can not freely change the 
predictive model, the underlying probability 
distributions for loads and strengths, and the 
target reliability index. Rigorous re-calibrations 
would be needed if any of these factors were to 
be changed. However, this "perceived" loss 
does not end up being a real one for most de
signers. Most designers would probably wel
come this type of approach. There would be far 
less agonizing over what equation to use and 
how to use it, what geotechnical parameters to 
obtain and how, and what factor of safety to use 
and why. The geotechnical engineer instead can 
focus on ground evaluationissues, unraveling 
the geologic setting and stratigraphy, establish
ing proper trend and mean values of the perti
nent soil properties, assessing the variability or 
COV of the properties and addressing construc
tion issues. With formats such as the one pre-

sented in Table 4, the engineer also can make a 
direct assessment of the economic value of "bet
ter" data that normally have a lower COV. 

Concluding Comments 
Much has occurred in risk assessment since 
Casagrande discussed his "calculated risk." 
Many researchers have been able to make valu
able contributions to uncertainty assessment 
and RBD during this time, and we are now lit
erally on the verge of a new foundation design 
methodology. RBD already has been embraced 
by structural engineers, and now it is becoming· 
a reality in geotechnical engineering. However, 
the resulting RBD equations must be estab
lished in a manner that best optimizes geotech
nical design. Generally, doing so means using 
multiple resistance factor formats and calibrat
ing design equations with the realization that 
the resistance side of the equation can very well 
represent the greatest uncertainty in design. 
During this calibration process, there should be 
careful examination of how the geotechnical 
data are obtained, as well as the resulting prop
erty variability. Particular attention needs to be 
focused on the target reliability index, which 
can (and likely will) vary as a function of struc
ture type and use, foundation type and use, 
and loading condition, as a minimum. 

With a proper, simplified RBD format, the 
geotechnical engineer can focus on ground and 
construction evaluation in a rigorous fashion, 
without having to agonize (as in the past) over 
use of the" right" design equation or how to se
lect the" proper" FS in a rational and defensible 
manner. Although there is much research yet to 
be done in the RBD arena for the full range of 
geotechnical design conditions, it really can be 
used now for specific cases in a rational and 
practical design mode. 
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Issues 

Engineering as a 
·public Art 

Especially within the public 
sector, learning the lessons 
of the past provides the means 
to tackle the challenges that 
the profession of engineering 
will have to meet in the future. 

DOUGLAS B. MACDONALD 

Engineers enjoy an over-arching good 
fortune in their vocational enterprise be
cause they, like so few others, might ac

tually see their creativity and hardwork trans
lated into· tangible outcomes: roads and 
bridges to . carry commerce, airports to link 
communities across unimaginable distances, 
water and wastewater systems to bear the basic 
guarantees of public health. To be able to see 
these outcomes is a reward not enjoyed by 
every profession. Never mind .those who say 
(for they belittle a worthy virtue) that to be an 
engineer. one must get one's satisfaction not 
from personal recognition, but froin the recog-
nition of one's works.1 · 

Fostering the 
Highest Achievements 
There is much cause to celebrate engineers and· 
their engineering achievements - something 
the profession could use and is entitled to more 

of. There are many qualities that distinguish 
the very best work of engineers, especially in 
the public realm. How can any public agency 
- such as the Massachusetts Water Resources 
Authority (MWRA) - create a climate for engi
neering that stimulates its highest po~sible at
tainments? 

Why put special focus on the problems and 
opportunities of the public sector? Public 
works are a major part of the engineering effort 
conducted every day. Public agencies in Massa
chusetts are engaged in massive building and 
construction programs, helping to explain why 
the state has one of the highest concentrations of 
engineers per capita of any in the country. Hun
dreds of engineers are employed by the agencies 
themselves. Many others are in private practice 
- 35,000 people work for private engineering 
and design firms in Massachusetts - and most 
of those firms are directly tied to public works 
projects through the vast reliance placed on the 
use of consulting engineers. The proliferation 
and importance of public projects, however, are 
hardly limited just to Massachusetts. A quick 
scan of projects from the Tren Urbano in San Juan 
to wastewater pumping stations in Egypt to new 
sewage outfalls in Hong Kong, to say nothing of 
projects throughout the United States, shows the 
extent of public projects assisted by Massachu
setts engineers. By some estimate, perhaps half
a-billion dollars a year is pumped into the Massa
chusetts economy from the export of engineerinf 
services, much of that work in the public sector. 
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In almost every locale, within the public sec
tor lies the wealth of engineering excellence. 
Greater Boston's water supply system is one 
example. Some of America's greatest and most 
honored engineers were its creators.3 One such 
engineer was John Jervis, chief engineer of im
portant railroads as well as the Erie Canal and 
then the visionary designer of New York's Cro
ton water supply system. Jervis achieved all 
that before he came to Boston to lay out and 
construct the Cochituate water supply system, 
which was completed in 1848 to the applause of 
100,000 people gathered at what is now the 
Frog Pond on the Boston Common. Fifty years 
later, Frederic Pike Stearns envisioned the 
westward extension of the supply sources and 
designed and constructed the Wachusett Re
servoir and its aqueducts. This national land
mark in water supply engineering was an out
growth of more than twenty years of Stearns' 
personal experience (starting as a construction 
leveller) with the greater Boston water and drain
age systems. It is also the single project that lay 
the foundation for Stearns' own subsequent pro
fessional attainments, including his presidency 
of the American Society of Civil Engineers and 
his historic contribution to the design of the Pan
ama Canal - all before his death in 1919. And 
then there is Henry Goodnough, the designer of 
the Quabbin water supply system. Goodnough 
was tutored by Stearns in Boston but was des
tined to leave his mark on major projects 
throughout the region and the country. Allen Ha
zen, another Massachusetts product; and Good
nough' s long-standing adversary in the debate 
that echoes even today on the suitable role for fil
tration in municipal water supply systems, made 
his mark on projects throughout the nation. 

What engineer today would not want to 
leave his or her mark on any community in the 
fashion of these predecessors? What can be ob
served in their careers to help engineers today 
to follow in their paths? These outstanding en
gineers are basically typified by two qualities. 
First, they were each enormously skillful in the 
art of achieving their projects in the arena of 
public policy making. And, second, they were 
each outstanding performers in the classical 
skills of engineering design. 

Take, for example, Stearns. His bringing 
about of the Wachusett plan was achieved by 
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his own work with the Massachusetts state leg
islature and the public. This work was charac
terized by the clarity with which he explained 
his plan, as well as his tact and fairness, and his 
long record of unselfish public service.3 But to
day's MWRA engineers are equally in awe ( as 
were Stearns' own engineering contemporar
ies) of his engineering design achievement. He 
was, without doubt, the grand conceptor of a 
hydraulic design for a water transmission sys
tem that served greater Boston well in the 19th 
century, continued to serve it well despite the 
growth and spread of population in the 20th 
century, and promises to continue to serve it 
through the changes that will be brought in the 
n~ . 

The Lessons of Design 
Eugene Ferguson's book, Engineering and the 
Mind's Eye, provides rich but simple insights 
into how to connect these themes of past mas
ters' achievements with contemporary engi
neers' aspirations to meet infrastructure needs 
in today's public project environmeht.4 

Ferguson, a professor at the University of 
Delaware, focuses on engineering education. 
His book stimulates inquiry into the nature of 
engineering culture and some necessary com
ponents of engineering excellence. Ferguson's 
point of departure is that the first and indispen
sable quality of .the engineering enterprise is 
the very special process of design. Design, for 
Ferguson, is a short but mighty word that 
stands for how an idea is transformed into a 
plan. The design process can be deceptive be~ 
cause the plan - when the design is done -
may seem straightforward and precise. But in 
fact, the design process is as rich and complex 
as any intellectual achievement can be because 
any design necessarily encompasses "informal 
choices, inarticulate judgments, [and] acts of 
intuition and assumptions about the way the 
world works."4 All of these qualities are essen
tially part of a visual and artistic process of 
creativity, which is what design is all about. For 
Ferguson, this creativity underpins, one way or 
another, every engineering achievement. 

Ferguson is passionate about the topic of de
sign because he sees the visual, artistic and 
creative side of the engineering brain - all that 
is embodied in design - at risk of eclipse by a 



narrower notion that engineedng can be 
taught, or practiced, simply as computational 
analysis or as problem solving by calculation. 
The most horrendous heresy for Ferguson is 
that the judgment and skill called upon in the 
true practice of design could ever be supplied 
merely from interaction with a computer pro
gram. Should the engineering . profession's 
classic involvement with design values fade, 
then, says Ferguson, engineering solutions will 
fall far short of the profession's proper aspira
tions and its highest traditions. 

Not surprisingly, Ferguson expresses some 
strong opinions about the nature of good de
sign and the proper understanding of the de
sign process. For openers, he ridicules the idea 
that a flow diagram or a block diagram (these
quentialized ordering of the need box, the 
statement of problem box, the concept design 
box and so on) bears any relationship to the 
genuine design process. He writes:4 

"Although many designers believe that 
design should work this way, it is clear that 
any orderly pattern is quite unlike the usual 
chaotic growth of a design." 

Similarly, real public management problems, 
or real legal problems, cannot truly be solved 
with a flow diagram because the process of a 
design:4 

11 
• •• requires a continuous stream of calcula

tions, judgments and compromises. . . be
cause the topography of a new thing is as
tonishingly unconstrained and because 
numerical calculations always embody hu
man judgments." 

Making Things Run 
Today, engineers sometimes seem given to 
hand-wringing that the profession's social 
scope has been lost or at least diminished since 
a former golden age, Richard Weingardt, the 
President of the American Consulting Engi
neers Council, recently asked why is it that" en
gineers make things run but they do not run 
things?"5 Weingardt' s question often seems to 
be answered by suggestions that engineers 
should improve their 'image' or speak up to 
play the role of project 'managers,' or even, 

heaven forbid, "dispense with the traditional 
viewpoint that only the engineer knows what 
is good and right for the public."6 . 

Ferguson can be read to suggest a more pro
found and fundamental response. His book con
tains both bad and good news. The design pro
cess he describes as the foundation of the 
engineering professional enterprise bears re
markable resemblance to the core qualities of en
gineering practice as well as the core qualities 
that must underlie any successful public effort to 
bring to fruition great engineering works. In Fer
guson's frame of reference, there should be no 
surprise that great visionaries in engineering de
sign should also have proved to have been great 
leaders in the public process ( as can be seen in the 
careers of Jervis, Stearns and Goodnough). 

If today's engineering culture, as Ferguson 
fears, allows the true attributes of the design 
process to be displaced by mere computational 
problem solving, then engineers will slide 
away from their own capability for larger pub
lic policy contribution as quickly as they will 
lose the peaks of their professional attainment. 
However; the good news is that the converse is 
also true: engineers who preserve the primacy 
of the artistic and creative process of design 
will also be the citizens who are called forward 
by others to share their judgment with their 
communities and lead the implementation of 
projects in the real world. 

Stearns was praised because his water supply 
system - dams, reservoirs, aqueducts, pumping 
station and pipes - was "conceived with fore
sight. .. guided by the hand of nature ... [repre
senting] in perfection of detail and embodi
ment of the best practice of hydraulic 
engineering."3 And Stearns was eulogized in 
1919, because "men came to him sure of his 
friendly interest and sound counsel."3 They re
lied on the thoroughness of his analysis of a 
problem:Ferguson would not be surprised that 
Stearns' projects got built. 

The Design Process 
The first of Ferguson's rules of the design enter
prise is that there is no unique or correct solu
tion to any problem of design. Or, at least, if 
there is an optimum design solution, it is only 
likely to be extracted from a long process of trial 
and error. The design process is always open-
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ended and its success often owes more to the in
tuition and the personal experience and style of 
the design engineer than to the application of 
specific rules or formulas. No wonder Ferguson 
welcomes the comparison of the great designers 
with great artists however much the profession 
may tend to distinguish the science of engineer
ing from the qualities of art. For Ferguson, the en
gineer whose approach is limited by the notion 
that a problem can be solved by identifying a cor
rect formula and then properly applying compu
tational problem solving will have lost touch 
with the creative well-spring that leads to design 
solution masterpieces. 

Isn't it equally true that no public issue of any 
complexity can be solved by an approach cen
tered only on a formula and a computation, pre
dsely because no such problem, like no design 
challenge, has a single answer? A goal -
whether in engineering design or in public pol
icy - 11 may be reached by many, many different 
paths, some of which are better than others but 
none of which is in all respects the best way."4 

The second of Ferguson's key points is the 
appreciation that good design almost always 
depends on consultation and collaboration. 
Even if every project somewhere requires a de
sign leader, project designs are always the re
sult of skilled people working together and en
gaging in the social process of exchanging 
ideas, testing the application of diverse re
ceived wisdom and continually refining a de
sign as it resolves into a plan. 

Ferguson saves a special measure of concern 
for how the traditional collegial qualities of a 
drafting room can be preserved if designs are to 
be developed by engineers engaged in autono
mous· interactions with modern computer
aided design/ computer-aided manufacturing 
(CAD/CAM) workstations. An engineering 
profession that wants to equip engineers to im
plement projects in today's public environ~ 
ments would do well to keep engineers in 
touch with the qualities that Ferguson claims 
the drafting room taught: the need to recognize 
and resolve divergences of view, the gifts of ne
gotiation and the informal processes of discus
sion, banter and even gossip - all familiar 
parts of the profession's best traditions in 
achieving outstanding engineering design.4 

These drafting room practices do not diverge 
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too much. from the public policy problem
solving process. 

Ferguson's third point is perhaps his most 
personal: he believes absolutely .in the neces
sity for visual thinking in the work of engineer
ing. As his book's title emphasizes, the mind's 
~ye plays a critical role in conceiving and ex
pressing any design. 

The Importance of Communication 
Visual thinking rests, first and foremost, on ac-

. tually seeing things. The following passage in 
Ferguson's book illustrates a key point:4 

11 
[ A ]n engineer's intelligent first response 

to a problem that a worker brings in from the 
field is 'Let's go see.' It is not enough to sit at 
one's desk and listen to an explanation of a 
difficulty. Nor should the engineer refer im
mediately to drawings or specifications to 
see what the· authorities say. The engineer 
and the worker must go together to the site 
of the difficulty if they expect to see the prob
lem in the same light. There and only there 
can the complexities of the real world, the 
stuff that drawings and formulas ignore, be 

· appreciated." 

Visual thinking has to do not only with how 
we learn about the complexity of things, but 
also with the variety and subtlety of the ways in 
which complex ideas can be expressed to, and 
discussed with, others. No summary will do 
justice to the book's extended development of 
Ferguson's ideas in this area, but, for example, 
visualize the distinctions among three depic
tions of a simple welded motor support frame. 
First, there is a complete orthographic projec
tion. It is full of detail and capable of yielding 
copious and complex information - but only 
to the reader who knows how to extract that in
formation. Next, imagine a simple sketch. It 
yields basic information about the shapes of 
the welded elements. Finally, visualize a sim
plified hand-drawn perspective sketch. No 
shape is appearing on the page as it is, but the 
whole design is presented to the eye as it really 
looks. To choose the right· drawing for its in
tended purpose of communication - that, says 
Ferguson, is a gift really critical to the designer 
whose intention is to have a dialog with others 



about the aptness of a design development and 
a design solution.4 

. This point really hits home. New, and won
derful, visual tools that aid engineerings in their 
jobs - such as geographic information systems 
(GISs) and CAD/CAM systems - often get in 
the way of effectively conducting tl].e art of public 
communications. These visual tools are too often 
thought of as an end in themselves and not a 
means. In addition, CAD/CAM systems can 
show anything and sometimes, unfortunately, 
everything. Today'~ engineers can be prone to 
think that the slickest computerized plot is a far 
superior communications tool to a simple sketch, 
when all the audience wants is to be able to un
derstand just a fraction of what the computer plot 
presents on the page. 

Over-reliance on the computer has robbed 
the engineer of the gift for simple communica
tion - the expression of what should be in their 
mind's eye as the essence of the design solution. 
Too often these days engineers are puzzled and 
even put off when asked to draw out on a black
board how to explain a particular problem to a 
citizen review committee or an agency's board 
of directors. But when the simple sketch is com
pleted, everyone seems to understand the prob
lem. Only when that understanding has been 
reached is it desirable to go back. to a fancy com
puter plot or a GIS printout and decide how to 
edit, clarify, modify and delete information so 
that it would tell the story that had taken form in 
the mind's eye. That is how effective communi
cation begins. Ferguson most probably would 
give complete approval to Henry Petroski' s ac
count of Gustav Lindenthal, the great 19th cen
tury bridge designer:1 

"Lindenthal, like virtually all great engi
neers before and after him, was a master of 
the pen and pencil as well as of bridge de
sign, which should not be surprising. The 
dream of a bridge, which typically takes its 
first tangible shape in the form of a pencil 
sketch, would win no financial or political 
support were its engineer not able to flesh it 
out in words [and, Ferguson might add, 
drawings] that convey not only the technical 
excitement of the project but also its benefit 
to the community of investors, merchants, 
politicians and people generally." 

These ideas cannot help but resonate and in
spire today. Surely, Ferguson speaks wisdom 
when he offers the judgment that:4 

" ... an engineering education that ignores its 
rich heritage of nonverbal and visual learninK 
will produce graduates who are dangerously · 
ignorant of the myriad subtle ways in which 
the real world differs from the mathematical 
world their professors teach them." 

Even worse, those engineers will also have 
been short-changed when they seek to commu- ' 
nicate with others about the engineering solu
tio~s they design. 

Formulating a Plan of Action 
Ferguson offers insights that can be applied to 
the task of fostering the strongest possible pro-

. fessional climate for good engineering at a pub
lic agency. That climate should reinforce the 
quality of engineering, the professional satisfac
tion of engineers and the effectiveness of engi
neers in participating in the grand public pro
cess of making public projects a reality. There are 
some simple steps that can be taken to answer 
some small measure of Ferguson's call. 

First, the collegial values in the engineering 
process must be emphasized - especially the 
ways that good engineering depends on a life
long participation in engineers' education of 
each other. A mentoring process is needed that 
goes beyond the simple supervision of task as
signments. It must promise that engineers at 
varying levels of experience share their prob
lems, questions, insights and suggestions. For
mal mentoring structures will also help build 
and reinforce informal mentoring structures -
perhaps an even more important need. Engi
neers at every age, rank and level of profes
sional qualification owe themselves nothing 
less. Such an effort might have an effect not 
only within an agency, but could ripple out to 
find new ways to encourage an even higher 

. level of fundamental creative exchange with 
related consulting engineering firms. 

Second, the importance of effective visual 
presentation of engineering ideas must be em
phasized. One way to do so wot,J.ld be to create a 
"Map of the Month" display that greets em
ployees and visitors. This "Map of the Month" 
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would explain some of the agency's projects 
and present very interesting data - for exam
ple, one month could show the street-by-street 
distribution of yellow water complaints in two 
service area communities. In addition, the very 
best visual communication by engineers (with 
or without their computers) should be pre
sented, as best suits their cause and their audi
ence's need, of the designs and projects that are 
the day-to-day inventions of their skill and 
training. When employees, consultants and the 
public come in· and out of the building, all 
should understand that engineering design is 
at the heart of the agency's enterprise. 

Third, an Employee Recognition Committee 
should undertake a special assignment to an
nually recognize design solutions by agency 
engineers that exemplify the best professional 
standards of engineering judgment and crea
tivity. Good engineering design should be 
viewed in its very broadest context. Engineer
ing design does not happen only in the transla
tion of new projects into plans and specifica
tions. Engineering design happens everywhere 
in every organization every day: in the field, 
solving construction problems; in operations, 
making our plants work day after day. To show 
how far from the original drafting table or 
workstation the design challenge can arise, 
Ferguson himself pointed in 1992 to a specific 
example from 1970 that every good movie-goer 
can now immediately call up: no better exam
ple of the true art of the designer can be imag
ined than the rescue of the Apollo 13 mission. 
That case is a reminder that there are few 
bounds to the situations in which engineers can 
be asked to apply the arts and skills of good de-
sign. · 

Finally, an engineering leadership council 
should be established to foster on-going efforts 
at strengthening the engineering culture. To 
achieve this goal will not be easy. Translating 
this bare idea into a real plan will be a perfect 
design challenge. 

Conclusion 
The profession of engineering and the histori
cal and contemporary sources of its practices 
and traditions are rich beyond all measure. Yet, 
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engineering, like so much else in the world, is 
also in a state of experiencing enormous chal
lenge and change. However, the future of engi
neering will best reward engineers and non
engineers alike if continuities with the classic 
qualities of engineering - the values of good 
design and all the supporting attributes that 
Ferguson shows it to have embraced through 
the profession's proud history - can be woven 
as unbroken threads into the magic carpets on 
which engineers will help take our communi
ties to bright futures. 

NOTE - This article was adapted from the author's 
Lawler Lecture presentation to the BSCES on April 
24, 1996. 
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Information Management 

Geographic Information 
System Application for 
the Geotechnical 
Instrumentation Program 
on the Central 
Artery/funnel Project 

Integrating spatial analysis 
with geographic correlation 
and cartographic display is 
necessary in order to meet the 
information processing needs 
of a project of this size. 

FRITS VAN DER SCHAAF, . 
ROBIN BOUYER & STELLA STRUNZ 

The Central Artery /Tunnel (CA/T) Pro
ject entails underground construction 
through areas of fill, beneath bodies of 

water and around existing utilities infrastruc
ture in a historic urban environment, poten
tially creating numerous opportunities for ad
verse effects on nearly two hundred buildings. 

These buildings range from modern 40-story 
office towers on mat foundations to nineteenth 
century residential and commercial structures 
founded on wooden piles. Monitoring geo
technical conditions through instrumentation 
is critical to protect these buildings from dam
age during the construction phase. 

The CA/T Project's geotechnical instrumen
tation program consists of seven major compo
nents: 

1. Designing and specifying instruments 
for construction contracts; 

2. Installing and initializing instruments, 
and taking baseline readings; 

3. Collecting instrumentation data during 
construction; 

4. Making site observations of construction 
activities; 

5. Managing instrumentation data using a 
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FIGURE 1. Components of a GIS. 

comprehensive data storage/retrieval 
system; 

6. Reviewing data and construction obser
vations; and, 

7. Taking appropriate mitigating action 
based on data analysis. 

The use of information: technology for de
sign, construction and project management 
was recognized by the CA/T Project staff as be
ing key to its successful completion. Manage
ment of geotechnical data from instruments at 
hundreds of locations was an especially impor
tant and complex task due to sensitive issues 
such as tunneling through varied media and 
construction near building foundations. 

The tool created to manage and interpret the 
voluminous data from the project's geotechni
cal instrumentation program was a geographic 
information system (GIS) application. This ap
plication integrates field observations from in
struments with its graphic data and geographic 
references using computer-aided drafting and 
design (CADD). This user-friendly system 
helps geotechnical engineers obtain, analyze 
and report on their findings in a timely manner 
and also provides visual aides to help them and 
other engineers conceptualize, understand and 
effectively employ the information provided. 
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Attribute Data 

GIS Concepts 
GIS technology integrates spatial data (stored 
in CADD systems) with tabular data (stored in 
relational database systems). The integration of 
these two data streams makes possible the spa
tial analysis of events and enhances reporting . 
these events in tabular and graphic formats. 

A relational database management system 
consists of an organized collection of informa
tion that uses a set of computer programs to 
manage, retrieve, report and analyze data. 
These data are typically known as attribute data 
and are stored in tables. One characteristic of a 
relational database management system is that 
it tracks relationships between records in dif
ferent tables. The attribute data are indexed to 
gain fast access, to ensure that each record in 
the table does not duplicate other data and to 
correlate information from different tables. The 
major advantage of a relational database is that 
H can impose integrity checks to ensure the ac
curacy and consistency of the data. 

To communicate with the relational data
base, the Structured Query Language (SQL) is 
used. This international standard language 
was developed in the early 1970s to communi
cate with a variety of different types of data
bases from simple spreadsheets to relational 



databases. SQL is easy to learn because it is 
based upon English-like statements. 

SQL is used to query, insert, update, delete 
and modify data. It allows users to create the 
database tables, store and change information 
in these tables as well as to maintain the data
base itself. It also interfaces with additional 
programming languages, thereby allowing the 
processing of many sets of records at a time. 

While relational database management sys
tem technology is powerful and sufficient to 
store and analyze attribute data as well as gen
erate reports, it does not incorporate spatially 
defined graphics such as map data. However, 
the attribute data contained in the relational 
database can be linked to files containing 
graphics, such as CADD files that contain the 
location of the various geotechnical instru
ments. The major components to create the GIS 
for the project's instrumentation program are 
(see Figure 1): 

• A relational database management sys
tem; 

• · CADD software and files; and, 
• Software to link the relational database 

management system and the CADD sys
tem. 

The GIS application for the geotechnicalin
strumentation program consists of customized 
graphic user interface (GUI) software that per
mits the user to interact with the relational and 
graphics databases. This software provides 
geotechnical engineers with easy and efficient 
access to complex graphics databases so they 
can build customized maps without requiring 
extensive training in the use of CADD soft
ware. The GUI facilitates the link between the 
relational database and the CADD software 
and data. It provides a user-friendly GIS envi
ronment that allows users to map tabular data 
from the relational database, interactively 
query graphics for associated tabular data and 
restrict tabular data to a geographic area (de
fined in the CADD system). GIS technology 
also supports complex spatial operations such 
as network analysis, polygon processing and 
routing. 

With GIS technology, geotechnical engi
neers are able to generate maps that color-code 

instruments based on information in the rela
tional database such as the characteristics of in
struments or the results of field observations. 

GIS Development 
For the CA/f Project 
During the design phase, CA/T Project staff 
used its integrated CADD system to support 
design development and produce contract 
drawings. Many of the CADD files acquired 
and developed during this phase were struc
tured so that they could be used in a GIS with
out modification. These CADD files form the 
graphics foundation of the project's current 
GIS efforts. 

As construction progressed, CA/T Project 
staff recognized a need to manage and utilize 
geographic information. To meet that need, the 
CA/T Project initiated a program to develop 
and implement a project-wide GIS. This pro
gram was needed to permit engineers across all 
disciplines to exchange and share information, 
access comprehensive graphic databases and 

. express tabular data graphically. 
The first step in developing the project-wide 

GIS was to establish a GIS framework. This 
· framework provided a project-wide platform 

for maintaining and sharing geographic infor~ 
mation, developing GIS applications and sup
porting spatial analysis. The GIS framework 
consists of the following core databases: 

• 'An accurate survey control network al
lowing data to be added in terms of its lo
cation; 

• Base mapping that contains detailed 
graphics of roads, railroads, buildings, 
surface utilities, barriers, topography and 
hydrographic features; 

• Subsurface utilities inventories consisting 
of graphics and' attribute databases; and, 

• Parcel mapping linked to a master ad
dress database. 

The CA/T Project has adopted a standard
ized approach to GIS application development. 
The intent of this approach is to·provide the 
CA/T Project with the ability to re-use soft
ware, provide well-integrated and maintain
able applications, and ensure that develop~ 
ment occurs in a standardized and uniform 
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way. The approach toward the design of the 
GIS applications emphasized issues regarding: 

Software Modularity. The creation of soft
ware modules common to all GIS applica
tions is a major goal in the development pro
cess. It enables the programmers to re-use 
software code in the development of several 
products. It also significantly shortens the 
learning curve and the time required to de
velop additional applications. 

Standardized Software Development & Sup
port. Any applications developed must be 
easy to maintain, debug or modify. Software 
application tools are used to minimize pro
gramming efforts. All GIS applications are 
developed according to in-house standards 
and procedures. 

Data Maintenance. Each organizational 
unit is responsible for maintaining its own 
application's specific data sets, while the 
GIS team is responsible for maintaining tj:,.e 
data sets that form the core of the GIS. 

Data Access. Data access is critical to en
able the sharing of data among organiza
tional units. Each application is designed to 
hide the complexity of the data structures 
and provide easy access to the spatial and at
tribute databases. 

GUI. A consistent 'look-and-feel' of the 
software modules is emphasized. The GUI 
supports interactive ad-hoc queries and 
generates customized output from the re
sults. 

Database Design & Linkage Mechanism. 
Each· database must be well integrated with 
existing databases to preserve the data integ
rity and referential integrity necessary to en
able the data to be shared. Since most applica
tions use a physical address as a spatial 
reference, the master address database is the 
most critical component in linking tabular and 
graphic databases. The data structure of the 
CADD files must support overlay functional
ity and attribute linkage without conversion. 

Staff working on developing the geotechni
cal instrumentation program recognized at an 
early stage that GIS technology would add a 
critical dimension in analyzing data. The de
velopment approach to this GIS application 

66 CIVIL ENGINEERING PRACTICE FALL/WINTER 1996 

consisted of creating an initial prototype, de
fining user requirements, designing a database, 
creating customized· user interfaces, document
ing the process and training the staff. For the 
CA/T Project's geotechnical instrumentation 
program, the GIS application provides a tool to: 

• Enhance geotechnical information man
agement and analysis; 

• Track the spatial locations of instruments; 
• Geographically relate geotechnical in

strument observations and construction 
activities; 

• Store, cross reference and manage large 
volumes of data; and, 

• Expedite the reporting of geotechniccl-1 in
formation in both tabular and graphic 
formats. 

The CADD software resides on a mixed 
mini-computer cluster with over 65 worksta
tions and the relational database resides on a 
mini-computer server. The mini-computer 
cluster, database server and personal comput
ers are connected via a common Ethernet net
work. The GIS data resides on servers located 
at the project Management Consultant's head
quarters at South Station in Downtown Boston 
and is accessible via a wide area network 
(WAN) to computers at other facilities down
town, East Boston and South Boston. Almost a 
thousand personal computers are linked into 
this network. GIS applications can be accessed 
from either a server workstation or personal 
computer running X-Terminal emulation. The 
database can be accessed through screens that 
run on both a server workstation and on a MS
DOS-based personal computer. 

Database Design Process 
The geotechnical and instrumentation data to 
be managed by the GIS are generated by the 
CA/T Project staff, contractors, and the project 
survey sub-consultant. Originally, these data 
were recorded in various databases and 
spreadsheets and made use of an independent 
CADD package to produce instrument location 
plans. This approach has necessitated time
consuming data transfers from one system to 
another. The geotechnical staff recognized 
these inefficiencies at an early stage and looked 



at GIS technology as the means to create one 
comprehensive database with graphics capa
bilities. 

The database design phase was an interac
tive process. Project geotechnical staff and the 
GIS team worked together to address the exist
ing database limitations. The design process re
quired a user needs analysis to meet the rela
tional database and the graphics requirements. 
This needs analysis also served as a forum for 
the geotechnical staff to familiarize itself with 
GIS concepts at the same time as the GIS team 
developed an understanding of the character- . 
istics of the various instruments, the data col
lection process, different types of data col
lected, reporting requirements and the 
formulas to calculate and analyze the results. 

The needs analysis identified a number of · 
the user requirements including: 

• Controlled database access, limiting ac
cess to general users to verified/ released 
information only, while authorized users 
would be given the privilege to insert, up
date and delete data; 

• The ability to correlate data from differ
ent instruments geographically; 

• Multi-user environment, allowing 
authorized users to simultaneously enter 
data and generate reports from different 
locations; . 

• Ease of use and user-friendliness; 
• Maintenance of data integrity through 

database validation rules such as impos
ing range values, lookup tables and elimi
nation of duplicate records; 

• Data protection to minimize accidental 
deletions, and a mechanism to restore 
data; 

• Flexibility for making ad-hoc database 
queries based on varied criteria; . 

• Flexibility in making reports, both 1n 
graphic and tabular format, based on geo
graphic area and instrument type; and, 

• Fast downloading and validation of field 
data and subsequent report generation, 
since contracts have a 247hour turn
around requirement for these activities. 

Another important design factor was that 
the database must be flexible enough to accom-

modate new types of geotechnical instruments. 
Initially, about 15 different instrument types 
were in use; however, data from almost 30 dif
ferent instrument types have been incorpo
rated in the database to date. To meet the data 
recording requirements of different instru
ments and keep the flexibility to add new in
strument types, the GIS team developed a data
base design concept that classifies the 
instruments into one of four categories: 

Single-Observation Instruments. For in
struments that generate only one observa
tion at a given time. This category includes. 
instruments such as Borros points, observa
tion wells, open standpipe pieiometers and 
utility monitoring points. 

Two-Observation Instruments. For instru
ments that generate two different types of 
observations at a given time. This category 
includes instruments such as vibrating wire 
load cells, vibrating wire piezometers, vi
brating wire strain gages, tiltmeters, incli
nometers and several types of deformation 
monitoring points. 

Three- or Multi-Observation Instruments. 
For instruments that generate three or more 
observations of the same type at a given 
time. This category includes instruments 

· such as multi~point heave gages and probe 
extensometers. 

Complex Observation Instruments. For in
struments that generate various types of ob
servations over a period of time requiring 
complex database analysis. This category in
cludes several types of deformation moni
toring points. 

· Based on the user requirements, the applica
tion's design was approached from five per
spectives: 

• Human interface for data entry; 
• Data management; 
• . Spatial analysis; 
• Reporting; and, 
• Program management. 

The GIS application for the instrumentation 
program started with a prototype to demon
strate that the program's needs could be ad-
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TABLE 1. 
Entities Defined for the Entity-Relationship Diagram 

Entity Group Description 

Instruments Characteristics of instruments such as type, location, strata, contractor, base-
line reading, threshold and limiting values need to be recorded only once 
when an instrument is installed and brought on-line. These kinds of data be-
long to a group of entities known as the initialization entities. 

Observations Containing data generated by the various instruments, consisting of four en-
tities: 

Single-observation instruments 
Two-observation instruments 
Three- or multi-observation instruments 
Complex observation instruments 

Buildings Containing building characteristics such as foundation type, access require-
ments, ownership and address. 

Calculation Factors . Containing the formulas for each instrument type and units of measurement 
used for the report generation. 

Observation Types Containing a listing of observation types and their units of measurement 
generated on an instrument basis. 

Addresses Address-related data and links to parcel graphics. 

Contractors Contractor information such contact names, contract number and contract 
area. 

Graphics· Mapped location of each instrument. 

dressed using GIS technology. The prototype 
not only confirmed this, but also allowed the 
GIS team to identify potential problems prior 
to final design and implementation. 

Database Entities 
The user needs analysis formed the basis for de
fining the database entities and attributes, and 
their relationships with each other. Entities are 
self-contained groups of information critical to 
the user. Attributes keep information about an 
entity. For the GIS team, it was critical that all en
tity relationships were defined to meet the cur
rent and future instrumentation requirements. 
If relationships were not recognized, the correla
tion and analysis of data could not be accom
plished. The description and relationship be
tween entities were presented in a diagram 
called an entity-relationship diagram. 

The entity-relationship diagram includes the 
identification of links from the relational data
base to the graphics files as well as other data
bases available on the CA/T Project. Based on 
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the entity-relationship diagram, the database 
was designed to store data generic to all instru
ments in the same table, while data specific to 
individual instrument types is stored in specific 
tables. Entities defined for the geotechnicalin
strumentation program are listed in Table 1. 

Data Entry Screens 
Part of the design effort included developing 
screens the geotechnical staff could use for en
tering, viewing and editing data. Even though 
the database structure was complex, the 
screens were designed to hide the database 
structure from the users. During the data entry 
process, software associated with each screen 
was designed to evaluate and restrict the en
tered data. A thorough understanding of the 
data types and the data validation process was 
critical in building screens that ensure data in
tegrity. Furthermore, user interaction and 
workflow considerations were incorporated 
into the forms to minimize mistakes and opti- . 
mize data entry efficiency. 
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FIGURE 2. A sample data entry screen. 

The geotechnical staff and GIS team decided 
to store all raw field data in the database and 
use the database as a tool to calculate and ana
lyze data. The screens were designed to prompt 
the user for raw field data, as opposed to calcu
lated or "reduced" readings. This approach 
provided several advantages. It eliminated te
dious data manipulations and calculations -
such as applying calibration factors, unit con
versions and trigonometric functions - to re
duce data. It also made it possible to validate 
and report on the vast amount of data collected 
in a 24-hour delivery time period (as required 
by certain contracts). Furthermore, the risk of 
human error was minimized since the user 
would be familiar with raw data formats and 
magnitudes, making erroneous readings easy 
to spot and double check. Overall, the chance 
for human error in calculations was minimized 
and. the workload of the user was decreased, 
thereby making the data entry process much 
quicker. 

The many instruments and different obser
vation types required the creation of over 40 
screens, with each screen enforcing different 
data integrity rules based on the instrument 

LIMIT HIM OK I 

<Replace> 

type and associated observations. However, it 
would be onerous for the geotechnical staff to 
recall over 40 screen names. For that reason the 
GIS team developed two master screens: instru
ment initialization and· field observations. For 
each master screeh, the geotechnical engineer 
enters the instrument identifier. The master 
screen was designed to navigate the user to the 
appropriate data entry screen based on which 
instrument identifier was chosen. For instance, 
some instruments require one limiting value 
while others require two. The screens were de..: 
signed to take control and skip fields that are not 
required for a particular instrument type. 

The master screens fulfill several functions: 

Database Entry. This mode is used for in
strument initialization, entering observa
tions, executing reports and updating func
tions. The screen was designed to verify that 
the instrument exists in the initialization ta
bles before the user would be allowed to en
ter observations. Figure 2 shows a sample 
data entry screen. 

Database Queries. The user can specify re
strictions such as instrument type, contract 
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area or date. By entering restrictions into the 
query mode of the screen, the database re
trieves only those instruments that satisfy 
the query. This aspect of the screens made 
viewing a large data set manageable. 

Running Reports. The master screen was 
designed to include a subset that allows us
ers to run reports or create simple plots of 
the instrument's observations. The GIS in
terface in the CADD system permits creat
ing more detailed plots. 

Database Quality Control 
To ensure data integrity, the GIS system relies 
on triggers during data entry. A trigger is a 
piece of software that validates the data as it is 
entered into its field and alerts the user to possi
ble data entry mistakes. The triggers on nu
meric fields typically perform some calculation 
after looking up the calibration factors associ
ated with the record being entered. This calcu
lated value is then stored in an appropriate 
field in the database. Triggers are also used to 
ensure that a raw reading falls within a pre..:: 
scribed range. For example, the GIS system will 
not allow the user to enter spatial coordinate 
values that fall outside of the region of the . 
CA/T Project. 

Triggers on non-numeric fields are used for 
a great variety of tasks. One commonly in
voked trigger was designed to ensure that in- . 
struments and/ or contractors are never associ
ated with the wrong contract area as defined by 
the user elsewhere in the database. Triggers 
also check all dates to assure, for example, that 
an installation date precedes all reading dates, 
but fall between the contract start date and the 
present date. Spelling of acronyms as well as 
proper nouns is also checked. Other triggers 
navigate the user through the screen, giving the 
user access only to the fields and subsequent 
screens that are appropriate to the data initially 
entered. Triggers are also used to generate a list 
of allowable values for a field in case the user 
would rather work from a list. 

Triggers are not only used for data entry and 
automatic input-sensitive navigation through 
the forms, but also to assist in the querying of 
records, or in filling out screens to generate re
ports. For example, users can specify instru
ment types, date ranges and contracts. Based 

70 CIVIL ENGINEERING PRACTICE FALL/WINTER 1996 

on these criteria, the software will then gener
ate a screen with a listing of instruments, read
ing dates and contracts from which the user se
lect the appropriate date and contract to create 
the report. 

Standard Report Generation 
Reporting is one of the most frequently used 
functions of the GIS system. The geotechnical 
staff specified in detail the required calcula
tions and exact formats for the reports. Data 
are typically entered, checked and reported in 
response to a 24-hour turnaround time re
quired by contractual specifications between 
the CA/T Project and its contractors. The re
porting process was streamlined to reduce the 
time-consuming data calculation and report 
formatting processes. Using the master 
screens, users access interactive reporting ca
pabilities for over 60 types of reports serving 
almost 30 types of instruments. All reports 
automatically generate a legend, notes and 
highlight the instruments that exceed the 
threshold or limiting values. 

The master screen prompts the user for vari
ous input parameters that the system will use 
to generate a report with the desired selection 
criteria. Based on the user's selection, the sys
tem displays the appropriate report form. The 
database executes the report, performs the nec
essary calculations on the raw data retrieved 
from the database, and displays the report in a 
matter of seconds. The report preview appears 
on the screen and the user can scroll through it 
in the same manner as navigating through a 
text file. After reviewing the report content on 
the computer screen, the user exits with a sin
gle keystroke and is prompted for the option of 
printing, saving to a file or discarding the re
port. A sample report format for deformation 
monitoring points is shown in Figure 3. 

Instrumentation-Specific 
CADD Files 
A unique symbol was designed for each instru
ment type and added to the CADD symbol li
brary. This library can be accessed to add new 
instruments to the CADD mapping files. Each 
instrument symbol is encoded with the instru
ment type and a unique identifier that corre
sponds to the identifier stored in the relational 
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FIGURE 3. Sample report format for deformation monitoring points. 

database. The GIS software utilizes this instru
ment identifier to control the display of instru
ments based on user-supplied criteria. 

Before the GIS system was installed, the 
symbols were placed manually by keying in co
ordinates derived from field surveys. Since 
then, adding instrument symbols has been 
automated with a program that extracts coordi
nates from the relational database. This pro
gram is run on a weekly basis after new data 
have been entered. The locations of instru
ments are placed in the CADD files using the 
coordinate system derived from North Ameri
can Datum 1983. This appproach allows the in
strument locations to be overlayed with other 
project CADD files for the display and genera
tion of customized maps showing buildings, 
roads, roadway alignment and.contract areas. 

The GIS User Interface 
The GIS team created a GUI to simplify access 
to the CADD files in order to perform interac
tive analysis of tabular and graphic data. This 
interface is a critical component of the GIS since 
it provides the geotechnical staff with a user
friendly tool to interact with the databases. It 

consists of point-and-click menus and dialog 
windows that minimize keyboard entry. The 
GUI was customized to meet the functional 
specifications for the project's instrumentation 
program. It is key in performing analysis for 
the program and consists of six major menu 
modules: 

• Administration Module. Used to exit, quit 
or reset the application. 

• Mapping Module. Used to build custom
ized mapping displays. Selection can be 
made from base mapping features, sub
surface utilities, key maps with proposed, 
completed and ·active contract areas, 
roadway alignments, and parcel map
ping. 

• Theme Module. Used to select instruments 
to be displayed and to control their dis
play colors based on user-specified crite
ria. Annotation of database values can be 
added to instruments. 

• Spatial Operations Module. Used to navi
. gate to different geographic areas, find lo
cations of addresses, contracts or specific 
instruments .. It also provides interactive 
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FIGURE 4. GIS application opening screen. 

query capabilities by clicking on an in
strument and retrieving data· from the 

· eight most recent observations to the 
screen. 

• Attribute Query Module. Used to control 
the display of instruments based on user
specified criteria. 

• Output Module. Used to generate hard 
copy output from the screen display. 

The user can combine the selection criteria 
and display results of the different modules. 
When the user executes the application, the 
opening screen displays the main menu show
ing the six major modules. This opening screen 
is shown in Figure 4. 

The administration and mapping modules 
automate to a great extent the CADD functions 
and eliminate the need for the geotechnical 
staff to possess in-depth knowledge to operate 
the CADD system. The theme, spatial opera
tions, attribute query, and output modules rep-
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resent the core functionality of the GIS applica
tion developed for the instrumentation 
program. 

Theme Module 
The theme module is used to control the carto
graphic display of selected instrument types. 
The module firstsfisplays a selection menu of 
all instrument types installed at the CA/T Pro
ject. Once instruments have been selected.for 
display, the geotechnical engineer can employ 
the theme module as a tool to color-code instru
ments based on user-defined criteria or catego
ries. The benefit of this capability is that basing 
instruments on color patterns representing cer
tain events makes them easier to analyze tpan 
by studying tabular reports. The theme module 
also provides the capability to add text that is 
based on observations stored in the relational 
database directly to the CADD file .. 

Seven theme choices were identified during 
the needs analysis. Each theme assesses and . · 



FIGURE 5. A sample user interface menu. 

provides color coding for a specific group of at
tribute data. These theme choices consist of the 
following data: 

• Instrument status (active, inactive or de-
stroyed); 

• Associated geological strata; 
• Instrument type; 
• Contract package; 
• Contractor/ firm that was responsible for 

installation; . 
• Instruments that fall within or exceed the 

limiting values; and, 
• Instruments that fall within or exceed the 

threshold values. 

The threshold and limiting value color
coding themes have been extremely useful in 
determining which instruments exceed these 
values since the software calculates these val
ues from the most recent observations stored in 
the relational database. A sample user interface 

menu is shown in Figure 5. Displaying these . 
data in a graphic format versus a table allows 
the geotechnical staff to analyze specific areas 
and look for patterns by instrument type as 
well as by patterns of association between dif
ferent instrument types. Another benefit of us
ing color is that, although each instrument has 
its .own graphic symbol, it may be difficult 
without color to differentiate between instru
menUypes on a small-scale plot. 

Spatial Operations Module 
The spatial operations module defines the geo
graphic extent to which the analysis is applied. 
For instance, the definition could be within a 
contract area or a buffer distance of 1,000 feet 
from a building. This module consists of three 
key components: 

• Spatial selection set definition; 
• Locate function; and, 
• Query function. 
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FIGURE 6. A demonstration of the locate function. 

The spatial selection set definition follows 
the generally accepted categories of spatial 
analysis and prompts the user to either select 
an instrument or define a boundary by creating 
a rectangle, circle, polygon, line or buffer. 
Based on the selection, the software determines 
which instruments fall within a boundary and 
removes the instruments outside the boundary 
from the display. · 

The locate function allows the geotechnical 
staff to specify an exact geographic location 
such as a street address. The software will 
zoom in on this location and display the par
ticular location in a bright color. The locate 
function is also used to find and display instru
ments as shown in Figure 6 .. Once the user 
specifies the unique instrument identifier, the 

. locate function will find and display the instru
ment with the surrounding area and a small 
text window containing a synopsis of the in
strument's attribute data stored in the rela
tional database. Additional locate functions are 
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available for addresses, parcels, building 
names and utility structures. 

The query function lets the user retrieve de
tailed information from the last eight observa
tions for specific instruments. By indicating an 
area of interest, the software displays a menu 
that lists all of the instruments contained 
within the specified area. The user can then se~ 
lect instrument identifiers from this menu in 
order to view the detailed instrument data in a 
text window. 

Attribute Query Module 
The attribute query module directly interacts 
with the relational database and displays only 
those instruments whose data satisfy the user
specified criteria. The following attribute que
ries have been defined: 

• Strata Type. Results in display of instru
ments that have been set in a specific geo
logical stratum; 



FIGURE 7. Plot setup menu. 

• Instrument Status. Results in the display 
of instruments meeting only one specific 
status (active, inactive or destroyed); 

• Instruments in Multiple Contracts. Results 
in the display of instruments that are ob
served by multiple contractors; 

• Time Period No Readings. Based on user
defined. date ranges, the system calcu
lates and displays only those instruments 
that have not been read during a specified 
period. This query is extremely useful in 
monitoring the contractor's obligations 
and in checking that observation inter
vals are evenly spaced; 

• Near Threshold Value. Based on a user
defined percentage, the system calculates 
and displays only those instruments that 
fall within the specified percentage of the 
threshold values. For instance, the system 
can be made to display all instruments 
that are 95 percent or closer to attaining 
their threshold values; and, 

• Near Limiting Value. Based on a user
defined percentage, the system calculates 
and displays only those instruments that 
fall within the specified percentage of the 
limiting values. For instance, the system 
can be made to display all instruments 
that are 95 percent or closer to attaining 
their limiting values. 

Typically, user interaction with the module 
consists of selecting the attribute query from a 
menu, defining the operator (such as=,!=,>,~, 
< or::;;) and a valid value range. The GIS team 

. designed the software to reject invalid data 
and out-of-range values, thus preventing the 
system from searching for non-existent re
sults. 

Output Module 
Each of the previously noted modules is used 
to build a report in a cumulative fashion. The 
spatial operations and attribute query modules 
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FIGURE 8. A sample plot preview screen. 

allow the geotechnical staff to analyze the data 
on an area basis. The theme module adds color 
coding to enhance the interpretation of the 
data. The output module addresses the re
quirements of generating output, such as the 
plot required for inclusion in weekly reports. 

The output module was specially designed 
to allow the user to create a customized plot by 
selecting a few menu choices. Requiring no 
prior knowledge of software commands, the 
user can choose between a plot with a frame 
containing customized title block, north ar
row, and legend, or a plot without this infor
mation. 

The plot option from the output menu pro
vides the user with a plot setup menu as shown 
in Figure 7 (on page 75). This option requires 
the selection of plot size through a menu that 
lists five standardized plot sizes. Most plots are 
created usingthe8.5- x 11-inchorll- x 17-inch 
plot size. The plot setup menu also requires se
lecting either color or monochrome display, 
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and plot location. A list of available plotting de
vices on the CA/T Project (at the various office 
sites) is stored in a database table. The user 
chooses the appropriate device depending on 
the user's location (the devices to which the 
user is connected). The plot setup is completed 
by selecting one of the six standard scales rang
ing from 1:240 (1 inch= 20 feet scale) to 1:9,600 
(1 inch= 800 feet scale). The software then cal
culates and displays a frame with the dimen
sions that cover an area that fits the selected 
plot size (based on the selected scale).The geo
technical engineer can drag this frame to the 
area to be plotted. This frame can be rotated, 
moved, deleted or copied to create a sequence 
of plots. · 

Based on selections made from the theme, 
spatial operations and attribute query mod
ules, the title block option generates a dynamic 
legend and a menu with title, user name, scale 
and date. The user can preview the plot on the 
screen or send the plot directly to the chosen 



device. A sample preview screen is shown in 
Figure 8. · 

Conclusion 
The GIS application for the CA/T Project's geo
technical instrumentation program has pro
vided the flexibility and functionality critical to 
its success. It represents the integration of the 
critical dimension of spatial analysis with geo~ 
graphic correlation and cartographic display 
capabilities - such an integrated package has 
never been used before in geotechnical instru
mentation. The GIS application has become an 
effective management and decision-making 
tool with unique and powerful reporting capa
bilities to communicate results. 

The GIS application facilitated the storage 
and maintenance of data in one central location 
and can be accessed via computer links from 
different offices. This configuration has elimi
nated data duplication and transfer from and 
to the various project office locations. The rela
tional database used by the GIS has enhanced 
the overall quality and integrity of the data. 
Most importantly, the relational database is 
flexible and capable of storing large quantities 
of data. The system is designed ultimately to 
contain over a million records. 

Frequent interaction between the GIS team 
and the geotechnical engineers was essential in 
making this GIS application successful. The 
user-friendly, multi-user environment and 
controlled access allow many users to use the 
system simultaneously without having to learn 
a complex or difficult database program. 

One of the most striking benefits of the GIS 
application has been the speed of information 
management and retrieval. Complete reports 
- including data, observations and location 
plans - can now be produced by a single user, 
typically in less than fifteen minutes. This ease 
of use enables instrumentation data to be rap
idly disseminated throughout the CA/T Pro~ 
ject, facilitating timely decisions and actions 
based on current data. 

Finally, the new application has enabled the 
· project staff to generate specific reports in re
sponse to the varying needs of the project, us
ing the same development platform. For exam
ple, certain abutters had requested instru
mentation information specific to their build-

ings. The CA/T Project was able to develop a 
tabular report showing the most recent sets of 
data for a specific building at any given time. 
Now, the same report can be accessed and gen
erated using the CADD system by simply lo
cating the building of interest and creating a 
plot of the analysis. 
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Historical Perspective 

In the Footsteps of 
Giants: The History of 
the Founders of Earth 
Pressure Theory From 
the 17th Century to the 
Late 19th Century 

Studying the work of early 
engineers on earth pressure 
and soil behavior can provide 
a broader and deeper 
understanding of how to apply 
earth pressure theory. 

NABIL M. HOURANI . 

H .Q. Golder once wrote: "Misconcep
tions of engineering theories arise 
when we forget the assumptions and 

postulations on which a theory is based."1 This 
statement is particularly appropriate to the am
biguous and controversial "Earth Pressure 
Theory" that is often carelessly interpreted and 
used in present engineering work. 

Presenting the history of the founders of 
earth pressure theory (as applied to conven
tional retaining walls) will help shed some light 
on this obscure engineering subject. Reviewing 
these precursors liVlc!S, their educational and 
professional history, and their contributions to 
general science and civil engineering will help 
present-day engineers gain a better understand
ing of the assumptions behind earth pressure 
theory and, it is hoped, a better appreciation of 
how to apply the theory. 

Ancient Practices 
Earth retaining structures are found in the ar
cheological excavations of several ancient civi
lizations. In Mesopotamia, the hanging gar
dens of Babylon were built within retaining 
walls. Major ancient cities were surrounded by 
walls that had fills placed against the inside 
faces of the walls. The Romans built fortifica-
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FIGURE 1. Bullet's representation of soil structure and his design parameters for a retaining 
wall. 

tion and bridge walls. Some of these earth re
taining structures have withstood the ravages 
of human and natural actions over time. It is be
lieved that these structures were, most likely, 
built from knowledge obtained from previ
ously failed structures, rules of thumb or even 
small-scale prototypes. 

· Evolutionary Background 
, ltis presumed that the design of retaining walls 
started with the construction of military fortifi
cations, where the soil mass behind these walls 
probably caused less distress than did the can
nonballs impacting them and the surcharges 
from military maneuvers. In the 17th century, 
the French military officer Marechal Sebastien 
le Pestre de Vauban (1633-1707) gave empirical 
rules for building fortification walls from 2 to 
25 meters in height.2 In the late 18th century, 
the earth pressure issue was brought to the fore 
due to the construction of canals in Europe. 
These projects involved large cuttings and em
bankments and, consequently, earth retaining 
structures. The development of railways in the 
19th century stressed the importance of the 
earth pressure problem. And, in modern times, 
the design and construction of various earth re
taining structures has skyrocketed. 

Early Theories 
Pierre Bullet (1639-1716), a member of the 
French Academie Royale d'Architecture, is 
thought to be the first person to search for an 
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earth pressure theory based on the general 
principles of mechanics.3,4 Born in. a family of 
architects, Bullet became Architect of the city of 
Paris and produced a surveyed map of Paris at 
the age of 37.5 He was responsible for the pro
duction of construction plans for several build
ings, churches and public fountains. 

Bullet represented the structure of sand and 
gravel by 1a "heap of shot" composed of small 
frictionless spheres (see Figure 1). Based on ar
bitrary geometrical assumptions, Bullef s de
sign principles are incorrect. However, his con
ception that soil consists of spherical particles 
served as the foundation for the development 
of subsequent theories and even modern re
search pertaining to soil mechanics (such as 
granular soil modeling with glass beads and 
stochastic packing of granulated materials). 

In a 1726 paper to the French Academie, Pi
erre Torteaux de Couplet (?-1744) presented 

· his own earth pressure theory. Couplet be
lieved that Bullet's shot pattern did not repre
sent the most dense packing condition of soil. 
He believed that equal spheres packed in a tet
rahedral shape represented a soil mass in equi
librium. 6 Using that assumption, he deter
mined that the height of such self-supported 
soil mass is in a 2.8:1 ratio to its base (horizon~ 
tal:vertical slope). Then, by geometrically de
composing the gravity forces exerted by these 

· spheres on the back of a wall, he calculated the 
soil thrust against the wall and determined the 
thickness of a rectangular retaining wall. 
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Q=-

8 
Where: 

EQUATION 1 

h = Wall height 
g = Earth density 

He formulated that the soil lateral pressure, 
Q, acted at the upper third point of a wall (see 
Figure 2) and could be expressed. as shown in 
Equation 1. Couplet calculated the base, b, of the 
wall to be almost equal to half of its height (b = 
0.47h). Incidentally, this dimensioning is similar 
to the modern design guidelines for walls. 

Another "practical" theory was presented 
by Bernard Forest de Belidor (1698-1761), a . 
French military and civil engineer. Belidor be
came an orphan when he was five months old 
and was adopted by an artillery officer who 
provided him with early education. When his 
adoptive father died in 1711, his uncle - then 
Chief Engineer of the Montreuil region - took 
Belidor under his private care. When he was 15 
years old, Belidor assisted in several sieges 
while continuing his private studies. The scien
tific schooling fashioned him into a mathemati
cian and the military operations into an engi-

p 

neer. He applied mathematics to the analysis of 
cannon-ball trajectories, soil thrust against 
walls and masonry arches.7 Named Professor 
at L'Ecole d' Artillerie de La Fere, he soon acquired 
a European reputation for his geodetic work as 
well as for his civil and military engineering 
teachings. He was also member of the acade
mies of science of France, England and Prussia. 

From a personal aspect, Belidor' s dedication 
to learning knew few bounds. He was reported 
to have even paid for soldiers' leave from his 
own money in order to allow them to study en
gineering. 

In his book La science des ingenieurs (1729), 
Belidor established, from practical observa
tions, that the angle of repose of soil (loose 
earth) was 45 degrees (see Figure 3) and that the 
horizontal soil pressure, Q, which acted at the 
lower third of the wall, could be expressed as 
stated in Equation 2.3,6 

He then proceeded, like Couplet, to deter
mine the thickness of a rectangular retaining 

. wall with a base, b, equal to three-quarters of its 
height. This dimensioning is, inexplicably, 
more conservative than his predecessor's. 6 

Military and civil engineering practices in the 
mid-17th century France were more advanced 
than those in other countries. Vauban' s tables for 
fortification wall dimensions and Belidor' s engi-

From Refs. 3 & 4 

FIGURE 2. Couplet's earth pressure theory and his formulation of soil thrust on a wall. 
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p From Ref. 3 

FIGURE 3. Belidor's soil pressure resultant acting at the lower third of a wall. 

neering manual were in common use. These 
design methods, however, were based on rules 
of thumb and did ·not take into account actual 
soil properties. Although these theories were 
based on questionable experiments and geo
metrical assumptions, they remained mostly 
unchallenged until the late 18th century. 

Coulomb's Theory 
Charles Augustin Coulomb was born at An
gouleme in France on June 14, 1736. He entered 
the military profession as an engineer, serving 
for 12 years in the Caribbean islands of Martin
ique, Guadeloupe and Santa Lucia. He was also 
a theoretician, devoting his attention to very di-

. verse subjects, such as electricity, magnetism, 
torsion and strength of materials. Coulomb's 
military engineering field experience, blended 
with his mathematical education, caused him 
to solve engineering problems through a "me
lange du calcul et de la physique" (combination of 

. gh2 . 
Q=-

4 
Where: 

EQUATION 2 

h = Wall height· 
g = Earth density 
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mathematics and physics).3A This process led 
to one of his not well known works, which was 
his "Wedge Theory of Earth Pressure," devel
oped more than 220 years ago. 

on: March 10, 1773, Coulomb presented the 
paper titled "Essay on the Application of the 
Rules of Maxima and Minima to Some Prob
lems in Statics" to the French Academy of Sci
ences (to which he was elected in 1786).8 This 
essay contained fundamental propositions in 
the fields of strength of materials, soil me
chanics and arch design. Coulomb's theory 
pertaining to the rupture of masonry piers 
dealt with construction materials, which he 
observed to fail in sliding along a plane sur
face. The conceptual similarity between this 
theory and the theory of earth failure behind 
retaining walls is apparent in Coulomb's es
say (see Figure 4). 

Instead of utilizing the concept of an angle of 
internal friction, <P, of the soil, Coulomb used 
two soil parameters: a coefficient of friction, n, 
(where n = cotg¢) and a cohesion, o, which he 
assumed to be constant. Coulomb theorized 
that, given an indefinitely long supported mass 
of soil and its unit weight, friction coefficient 
and cohesion, the horizontal thrust acting nor
mally to the back of the retaining wall could be 
determined. 

Coulomb's basic findings are summarized 
as follows: 



From Ref. 3 
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Coulomb's Figure Illustrating His Earth Pressure Theory 
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Coulomb's Figure for Rupture of Masonry Piers (Rotated) 

FIGURE 4. · Similarity between soil wedge 
and masonry pier failures in Coulomb's 
memoir. 

• Considering the statics of a wedge of 
earth such as CBa (see Figure 5 on the next 
page), he obtained an expression for the 
horizontal force, A, which would keep 
the wedge in equilibrium when the full 
shear resistance was mobilized along Ba. 
He differentiated his expression for the 
force, A, equated the result to zero and fi- . 
nally obtained the particular expression 

· for the" active earth pressure" on the back 
of a vertical wall (with no wall friction • 
and no surcharge load) as shown in Equa~ 
tion 3, which can be reduced to the mod
ern trigonometrical form as shown in 
Equation 4. Coulomb gave examples 
showing that the expression gave design 
parameters for walls in accordance with 
then-accepted practice. 

• He showed that force, A ,could increase to 
a value, A', and that equilibrium would 
be maintained until this value was ex
ceeded when the wedge would move up . 
the plane Ba. Coulomb's force, A', is what 
is now called the passive earth pressure. 

EQUATION 3 

A= ah2 -b6h 

Where: 
h = The height of the soil wedge 
a,b = Functions of n 

From Ref. 6 

EQUATION 4 

A= O.Sy 1-sin$ h2 _ 2c 1-sin$ h 
1+ sin$ cos$ 

Where: 
y = Soil weight unit 
c = Soil cohesion 

W=15J:_ 
100 

Where: 

EQUATION 5 

w = Wall thickness 

• He realized that the surface of rupture is 
curved but assumed a straight slip line. 
He stated that cohesion has no influence 
on the position of the plane of failure and 
that for a purely cohesive material the 
plane is inclined at 45 degrees. 

• The case of wall surcharge (see Figure 5) 
was solved along with the case of wall 
friction. He realized that wall friction re
d uces the total pressure and increases the 
wall stability. He did not, however, con
sider walls with inclined backs or sloping 
backfills. Coulomb deduced the design 
rule as shown in Equation 5. Therefore, 
according to Coulomb's theory, a wall 1 
meter thick would support a horizontal 
fill 7 meters high. This design rule is not a 
conservative dimensioning for a wall, in 
comparison with modern rules, even 
with a front batter wall. 

• He also discussed the precautions in di
mensioning a battered wall without ad
dressing practical soil-structure issues 
(friction of soil on masonry, hydrostatic 
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From Ref. 4 

FIGURE 5. An excerpt from Coulomb's memoir "On Earth Pressure 
and Retaining Walls." 

front batter of 1:6 
and a thickness 
at the top equal 
to 1/7th of the 
height. 

Coulomb died on 
August 23, 1806. He at
tained such positions 
and honors as 
Lieutenant-Colonel des 
Ingenieurs, Chevalier de 
l'Ordre de Saint Louis, 
Member of the Legion 
d'Honneur and of L'A
cademie des Sciences; 

Coulomb's geomet
rical approach to the 
earth pressure prob
lem prompted other 
engineers in France 
and Germany to de
velop geometrical con
structions to deter
mine the earth 
pressure thrust. 

Later Works on 
Earth Pressure 
In 1794, the Prussian 
engineer Reinhard 
Woltmann published 
an essay on earth pres-

. sure theory using the 
same nomenclature as 
Coulomb's. 9 Wolt
mann's work, which 
included experiments 
conducted on a large
scale. wall apparatus, 
was sponsored by the 
Royal Scientific Acad
emy of Petersburg. It is 
likely that no reference 
was given to Cou
lomb's work because 
of the contemporary 

pressure of percolating water, wet soil ef
fect on friction, frost action). He stated 
that it was safe to construct a wall with a 

war with revolution
ary France. Woltmann was the first to express 
the earth pressure thrust in its modern trigono
metrical form, omitting the soil cohesion term. 
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Coulomb's findings were not applied until 
they were used by another French engineer, 
Baron Riche de Prony (1755-1839). Having 
completed a brilliant science education, Prony 
participated, at the age of 28, in the design and 
construction of two major bridges, and in the 
rehabilitation works of the port of Dunkerque. 
In 1791, he was in charge of the cadastral works 
necessitated by the establishment of the metric 
system by the French Revolution. He became 
Professor of mathematical sciences at the fa
mous L'Ecole Polytechnique (in 1794) and direc
tor of L'Ecole des Pants .et Chaussees (in 1798). 

In his book Recherches sur la poussee des terres 
(1802), Prony introduced the use of angles 
rather than lengths (as used in Coulomb's 
equation), simplified the analysis of earth pres
sure and presented a graphical method of de
signing retaining walls. He proved that the 
plane of rupture bisects the angle between the 
vertical and the line of natural slope. 

Prony applied the inclined plane theory and 
the rule of maximum to calculate the earth 
thrust against a wall and the corresponding an
gle of rupture.10 He taught his findings on the 

. dimensioning of earth retaining structures in a 
class entitled "Public Work Constructions." 

In 1808, M. Mayniel, a French military engi
neer, wrote the most comprehensive book 
about earth pressure theory, wall experiments 
and practical design rules. 6 He critically re
viewed earlier theories and experiments, from 
Bullet to Coulomb. He was the first to include 
the effect of wall friction in the trigonometrical 
form of the earth pressure equation. He also 
provided design rules and examples for wall 
design and construction, including buttressed 
retaining walls. He observed failed walls and 
concluded that they mainly slide or overturn at 
their interface with the bearing soil and that the · 
main cause for latedailures was that soil exca
vation had exposed the wall toe. 

In 1840, Jean-Victor. Poncelet (1788°1867), a 
French mathematician and military engineer, 
published his memoir on the stability of walls 
and their foundations. Admitted at an early 
age to school, he completed two grades per 
year and entered, at the age of 19, L'Ecole Poly
technique, and then graduated as Lieutenant 
Engineer from L'Ecole de Metz. He joined Napo
leon's army expedition to Moscow. A prisoner 

of war at Saratov, he recapitulated his mathe
matical studies for 18 months from memory. 
During this intellectual solitude, he established 
the bases of modern "projective geometry." In 
1825, as Professor of Applied Mechanics at 
L'Ecole de Metz, he worked on researches and 
wrote his memoirs on geometry, earth struc
tures and hydraulics. Promoted to General of 
brigade in 1848, he was also active in politics 
and was elected member of parliament. 

Poncelet gave a graphical and analytical so
lution for the maximum earth pressure on a 
wall based on Coulomb's wedge theory. Inter
estingly, this graphical method for determin
ing retaining wall thickness was adopted in the 
U.S. Army Corps of Engineers "Paper No. 3 on 
Practical Engineering" published in 1845 (see 
Figure 6 on the next page).11 

In his 1866 book Die Graphische Statik, Carl 
Culmann (1821-1881); a Bavarian bridge engi
neer and later professor of engineering sci
ences at the Swiss Federal Institute of Technol
ogy in Zurich, presented a· graphical solution 
for the general case of the wedge theory. This 
graphical solution is still currently used and 
published in geotechnical handbooks.12 Cul
mann' s graphical approach was influenced by 
his study of geometry, strength of materials 
and stability of arches. 

. Finally, in 1871, a general graphical solution 
of the general wedge case (inclined backwall, 
wall friction and irregularly surfaced backfill) 
was given by the German engineer G. Reb
hann.13 This simple graphical solution, based 
on an interesting mathematical theorem, pro
vides the location of the line of sliding and the 
magnitude of the wall reaction force (see Fig
ure 7). The line of sliding, BC, divides the area 
BACD in half and the wall reaction, R, is equal 
to the area KCD times the soil unit weight. 

Rankine's Theory 
In the late 19th century, engineers were at
tempting to determine the distribution of 
stresses in cohesionless materials through an 
analytical approach. Earth material supported 
by a retaining wall structure was of particular 
interest for a well known Scottish civil engineer 
and university professor. 

William John Macquorn Rankine was born 
in Edinburgh, Scotland, on July 5, 1820. His fa-
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3. On dA prolonged, lay off An=Am+ B'L. De
. scribe a semi-circle on 11d1 crossing the line of the 

base at B. AB is the thickness required. 
REMARKS, 

Cl) .4..,._ C~\, 1lmo.t •lwa7,a ur7 ,mall q111nlhy, 111d it trill Le ~I• 
tu ta c:ale11late tltln eon11r11c1 h, 

ell.) It lhe ezltrlor r.c, I, ,ertictl, wa bne A111=0, 
(Ill.) iB'J, la lht rnu111hlelu11N re1,11l11d lo pron11t 1liJln1, 

Problem I, 

The same resnlt may be obtained analytically, bv 
substitulin~ the corresponding values for the different 
q11anli1ies 1n the following equations: 

•=hxJ~.xtang' f aH ta_ng'i 

=h -,~ tang' I aH tang' •' 
..,Sp 

,. l'><l p><tang' fax/a 4p 
• = -·-7 ,,,---:iji· tang' I ah 

1'-1 p tnnll(' l ah' .. 

ll=helght of wall=Ad. 
p=specific gravity of earth. 
p'-pecilic gravity of wall. 
•=thickness at base. 
•"-the mean thickness. 
1=co-efllclent of stability, (rotation.) 
,-o-eftlcient ~r stability, (sliding.) 
a-the angle between natural ■lope 

and ,ertical, · 
•'-ang:le between fice of wall and 

vertical . 
f=tarig v=tangent of the angll). of 

friction of the wall sliding along 
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From Ref. 11 

FIGURE 6. Poncelet's geometrical solution for the soil wedge theory. 

ther was Lieutenant in the Rifle Brigade and 
Superintendent of the Edinburgh and Leith 
Railway. Rankine's early instruction in arith
metic and mechanics · was mainly obtained 
from his father. His uncle gave him, at the age 
of 14, a copy of Newton's Principia in the origi
nal Latin, which established the foundation of 
his knowledge in dynamics and physics. He at
tended Edinburgh University, after which, 
while engaged on railway projects with his fa
ther, he invented at the age of 21 the method of 
setting out rail curves. He joined the Institution 
of Civil Engineers, where his first independent 
paper was read., as an Associate in 1843. 

He became, in 1855, Professor of Engineer
ing at Glasgow University (the Engineering 
Chair at the university was founded in 1840 by 
Queen Victoria), where he taught applied me
chanics and thermodynamics. He became one 
of the three greatest authorities on those sub
jects, along with Lord Kelvin and Clausius. In 
his 30 years of research and writing, Rankine 
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published 158 original papers, several manuals 
and books, and contributed to the weekly 
magazine The Engineer. After 17 years of dedi
cated teaching career, he died in Glasgow on 
December 24, 1872. 

Rankine investigated the stress conditions 
corresponding to a state of plastic limit equilib
rium in which every part of a semi-infinite 
mass of soil is on the verge of failure. His mem
oir titled "The Stability of Cohesionless Soil," 
which was presented on June 10, 1856, at the 
Royal Society of London, had the objective of 
establishing the mathematical theory of equi
librium of a granular soiI.16 

In his Manual of Civil Engineering (first pub
lished in 1861), Rankine applied his theory of 
conjugate pressures to a mass of earth having 
an indefinitely extended upper plane sur
face.17 He considered a section of a prismatic 
( deformed rectangle) mass of earth defined by 
the plane of greatest c1:nd least soil pressures. 
He extended this conjugate theory to the deter-



mination of pressure of earth 
against a vertical wall plane as
suming a triangular prism of soil 
(see Figure 8). He also used a 
graphical method, with analogy 
to electrical equipotential lines, 
to determine lines of equal pres
sures and equal thrust against a 
wall. He concluded his findings 
with the following statement: 

0 

From Ref. 14 

"There is a mathematical the
ory of the combined action of. 
friction and adhesion in earth; 
but for want of precise experi
mental data, its practical utility 
is doubtful." 

FIGURE 7. Rebhann's construction method determining 
the soil wedge plane and the wall's reaction force. 

Rankine upheld his thesis's validity based on: 

"the concordance of true theory and per
fected practice, against the misconceptions 
of those who believed in separating between 
the investigators in pure science and the 
men who directed the arts of construction." 

Being a mathematical physicist, he brought 
the theoretical science into contact with engi
neering practice (lateral earth pressure, chim
ney and arch stability, and soil bearing capac
ity). Rankine believed that previous theories 
were limited in their hypothesis and applica
tions and wanted to lay the ground of a rational 
soil theory. His study of masonry arches and 
their equal thrust lines influenced greatly his 
earth pressure work. 

Rankine's theory of designing retaining 
walls on the basis of the analysis of stresses in 
cohesionless materials was further ·discussed 
and refined by several European engineers: 
Saint-Venant (1870), Considere (1870), Levy 
(1873), Winkler (1871) and Mohr (1872). 

In particula:r, in 1882, M. J. Boussinesq estab
lished · his theory based on the differential 
equations of stress distribution in an elastic co
hesionless semi-space.18 Boussinesq, then Pro
fessor at the Faculty of Sciences in Lille, France, 
introduced the friction angle between the fill 
and the back of wall into the earth pressure the
ory to account for a more precise wall design 
(see Figure 9 on page 89). 

Experimental Work 
Several engineers pursued their work on earth 
pressure acting against retaining walls by con
ducting related experiments for the purpose of 
examining the validity and consequences of 
the earth pressure theories. 

The earliest recorded experimental work on 
retaining walls was presented by Belidor in his 
book La science des ingenieurs (1729).19 Belidor 

· mentioned that, as a result of his wall experi
ments using gun shot as backfill, the prism of 
rupture of the backfill was on a slope of 1:1 (45 
degrees) and the wall reaction would be one
half of the prism's weight, which is consistent 
with his theory mentioned above. · 

In 1746, Gadroy published a memoir in 
France that described experimental tests con
ducted with a sand backfill in a box 7.5 centi
meters square and 28 centimeters long, of 
which the square end was hinged. 6 He was the 
first to describe a plane of rupture behind the 
wall to be steeper than the angle of repose of the 
backfill. 

Emiland-Marie Gauthey (1732-1806), a 
French engineer known for his construction of 
the Charolais Canal (which involved several 
locks and bridges), introduced bridge and wall 
desifi'; as professor at L'Ecole des Pants et Chaus
sees. ,19 He published a comprehensive bridge 
design manual, Traite de la construction des 
pants, prefaced by his nephew, the famous Na
vier .. In this manual Gau they gave design 
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From Ref. 17 

FIGURE 8. Rankine's conjugate pressures theory in a mass of earth. 

periments with 
· sand. In order to de
termine what part 
of the backfill was 
responsible for the 
pressure against the 
box wall, he built a 
hinged sloping bot
tom and recorded 
that the pressure 
against the vertical 
face was the same 
for a number of in
c re as in g bottom 
slopes until it 
reached 67.5 de
grees with respect 
to the horizontal. 
This experimental 
result is close to the 
theoretical failure 
angle of a dense 
sandy fill behind a 
retaining wall. 

The earliest 
large-scale appara
tus - a box 1.72 me
ters long, 1.15 me-

. ters high and 1.15 
meters wide ...,. was 
built by the Prus
sian engineer Rein
hard Woltmann in 
1791.19 The front 
wall was hinged on . 
the top and was pre
vented from rotat
ing by an adjustable 
stop at one third of 
the height. Materi
als tested included 
sand, gravel, soil 
and rye. The meas
ured forces were 
half of the thrust 

guidelines for bridge abutments, piers and re
. taining walls. 

· In 1785, using a box 75 centimeters high and 
30 centimeters wide, Gauthey was the first to 
perform a complete set of earth pressure ex-

given by Co4lomb' s 
thrust formula, disregarding the vertical com
ponent. This reduction in thrust was probably 
due to friction loss along the sides of the box. 
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In 1807, Mayniel completed several sets of 
experiments ( a total of 33 tests) on a hinged box 



3 meters long, 1.5 me
ters wide and 1.5 me
ters high. 6 An iron 
strut, located at one
third of the height, 
was hinged to the gate 
and pushed against 
weights on a friction 
block (see Figure 10). 
From his experiments 
Mayniel found that 
Coulomb's theory was 
the only true and sim
ple earth pressure the-
ory: the experimental 
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y From Ref. 18 

resultant thrust acted 
at one-third of the 
height and equaled 
one-quarter to one- FIGURE 9. Boussinesq's elastic theory and his representation of the 
third of the weight of _so_i_I_s_tr_e_s_s_f1_·e_Id_z_o_n_e_s. __________________ _ 
the wedge of rupture 
for loose fill and one-seventh to one-twentieth 
of the wedge weight for packed fill. 

Mayniel' s work represents one of the earliest 
identification and analyses of the effect of compac
tion of fill on its thrust magnitude. His results are 
somehow scattered but they do show that com
pacted fill exerts a thrust half of that exerted by 
loose fill. These results are in general agreement 
with modem experiments and design rules. 

In 1834, full-scale wall tests were conducted in 
England by Sir John-Fox Burgoyne (1782~1871), 
an English field marshal.5,19 Lieutenant of the 
military engineers at the age of 16, he was distin-: 
guished in sieges of fortifications in Egypt and 
Portugal. He became Chief Engineer in the Brit
ish expedition that attempted to reacquire New 
Orleans. He was later in charge of the Public 
Works Commissionin Ireland where he worked 
on several railroad retaining structure projects. 

The full-scale field tests were performed on 
four rubble masonry walls backfilled with 
loose earth. The walls were built in different 
shapes but each was 6 meters high and 6 meters 
long (see Figure 11), The tests were conducted 
during and after heavy rains. Wall A in Figure 
11 was backfilled level and remained stable af
ter 40 days of rain. Wall B showed some fissures 
but it was stable. Wall C failed when the fill 
reached 5.2 meters high by overturning at 1.7 
meters from the base. Wall D overturned as a 

unit when the fill was 5.2 meters high. The test 
results were consistent with the overturning 
moments computed by the earth wedge theory. 

These tests are an early example of "load 
tests to failure" that are conducted nowadays 
on earth structures and foundations. They con
stitute a parametric study of various wall de
signs that affect the stability of retaining walls. 
Basically, these tests imply a practical design 
rule - that the base of a front batter wall is 
equal to the third of its height (b = 0.3h). 

In 1899, A. Steel built a 4.4-meter high test 
wall at the University of Nebraska.19 He meas
ured horizontal and vertical forces on test 
boards inserted in two openings located 15 and 
75 centimeters above the base of a backfilled 
bin. Materials used were dry and damp earth 
and mud, with backfills levelled and sloped. 

He compared the experimental pressure 
curves to the wedge theory and found that the 
total soil thrust is correctly predicted by the 
theory. However, higher soil pressures were 
measured at the top part of the wall and lower 
pressures were detected at its bottom part (see 
Figure 12). 

These early simple experiments led to 20th 
century research work that is characterized by 
critical findings on earth pressure magnitude 
and distribution, passive pressure against 
bridge abutments and soil dynamic thrust. 
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From Ref. 6 

FIGURE 10. Mayniel's large-scale wall apparatus. 

Lessons & Thoughts 
The significant lessons that can be learned from 
these engineers and their achievements are: 

1. Interestingly, some of these precursors 
worked on the earth pressure theory driven 
by their affinities and abilities in mechanics 
and mathematics. Others were mainly inter
ested in the applied side of the theory on 
public work projects. However, most of 
these engineers succeeded by pursuing ba- · 
sic science education. · 

1.33 ft 

2. We can observe the influence, since the 
17th century, of the military, academia, and 
public work and transportation entities in 

· the design and construction of civil engi
neering projects (for example, bridges, ca
nals and retaining structures). More fasci
nating is the thrust of these entities toward 
science advancement and research work. 

3. The main precursors of this theory 
(Coulomb and Rankine) had scientific edu
cations · and field experience upon which 
they built their theories and design meth
ods, which are contrasted by their geometri-
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From Ref. 19 

FIGURE 11. Burgoyne's full-scale tests on four walls. 
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FIGURE 12. Large-scale experiments by A. Steel .. 

cal and analytical approaches. Followers 
were theorists and/ or experimentalists 
(such a~ Mayniel and Burgoyne) who still 
did critically review previous practices and 
propose new improvements. 

4. These engineers were engaged in many 
social and professional activities, such as en~ 
gineering societies and public services, as 
well as service for their country. Their life, as 
a whole, seems an encompassing active exis
tence. 

Some of the thoughts that can be discussed 
about this earth pressure theory and related re
search Work are: · 

1. Earth pressure theory is probably the 
oldest with regard to earth structures and is 
related to the other old and important theory 

of earth slope stability. Earth pressure is still 
a current issue for conventional walls as well 
as for innovative earth retaining structures, 
for which further research work is needed. 

2. Early design methods were based on 
· basic soil data. These methods were devel
oped before the advent of in-situ and lab 
testing results, and, therefore, did not ad
dress the modern issue of factor of safety. 
While some early designed walls have 
failed, the fact that many have withstood the 
ravages of time provides incentive to further 
research such special wall stability factors as 
stepped backwall, soil arching, construction 
sequencing, etc. 

3. These precursors conducted their re
search work by focusing on a particular sub
ject, but they used a multi-disciplinary ap
proach that helped them resolve the related 
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problems they encountered. Making civil 
engineering research and development proj
ects a multi-disciplinary effort and environ
ment is, most probably, the basis for a plan of 
action in current engineering practice. 

Door to the 20th Century 
The evolution of experimental work on earth 
pressure, the understanding of soil behavior 
and the adoption of methods for soil properties 
measurements have slowly but surely opened 
the way for the revival of the earth pressure 
theory initiated by the modern geotechnical 
Swedish School in the beginning of the 20th 
century, by Terzaghi' s classic and historic work 
and by Mononobe/ Oka be' s introduction of the 
additional dynamic thrust acting on retaining 
walls. 

The legacy of these predecessors should be 
inspiring since "it is by studying the work of 
these great persons that we can develop our 
knowledge and intelligence."8 

NABIL M. HOURANI received the 
degree of Ingenieur Civil en Geotech
nique from the University of Brussels, 
Belgium, in 1981. He has been with 
the Massachusetts Highway Depart

ment for 10 years, where he is head of the Geotechni
cal Section in charge of the in-house design and con
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engineer in Massachusetts. 
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