
Technology Overview 

Geotechnical Design & 
Construction From 
1848 to 1998 
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engineering and construction 
have been driven by the 
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science, new materials and 
sources of power, and societal 
demands. 
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S ince the founding of the Boston Society of 
Civil Engineers (BSCE) 150 years ago, the 
United States has progressed from a col

lection of rural farm-based communities to an ur
ban industrialized society. Rapid population 
growth and the concentration of people in urban 
areas created demands for expanded transporta
tion systems, taller buildings and construction 
over poorer subsurface conditions. These de
mands helped to transform underground design 

. and construction from an art practiced by con
tractors, architects and a few early civil engineers 
to a profession practiced by geotechnical engi
neers and geotechnical specialty contractors. En
gineers working in Massachusetts (many of 

whom were members of BSC:E) played a major 
role in these developments. 

Evolution of Materials & 
Sources of Power 
The industrial revolution began in England in 
the second half of the eighteenth century and 
was stimulated by the introduction of efficient 
methods for the mass production of iron and by 
James Watt's development of an efficient steam 
engine. While the first steam-powered rolling 
mills had begun to produce wrought iron by 
the end of the eighteenth century, iron had seen 
very limited use in building and bridge con
struction by that time. It was not until the 1850s 
that iron-framed construction - in the form of 
glass-roofed train sheds - began to appear. By 
this time, concrete - a material first used by 
the Romans - had been rediscovered. 

The second half of the ninete.enth century 
.saw the use of reinforcement in concrete and, 
following the development of the Bessemer 
process in 1856 and the development of cold 
rolling mills in the 1870s, mass-produced steel 
became readily available as a building mate
rial. As the twentieth century began, elastic the
ory was applied to reinforced concrete design 
and the use of concrete rapidly expanded. 
Eventually, steam, human and animal power 
were replaced by the electric motor (invented 
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in 1889), the diesel engine (invented in 1893) 
and reliable gasoline engines (in use in 1908). 
As described by George Morrison, a prominent 
American civil engineer at the beginning of the 
twentieth century, industrialized nations were 
no longer limited to the use of wind and water 
for power; they could produce energy "where 
it is needed and when it is needed."1 These new 
sources of energy became the power plants for 
new, more powerful and efficient construction 
equipment. 

The introduction of these new materials and 
power sources greatly changed both the building 
and foundation design process, as well as the se
lection of foundation types. With the added com
plexity of the new materials and equipment, it 
was more difficult for the architect and the field
educated master craftsman to continue to pro
vide for the technical aspects of building design 
and construction. Thus, civil engineering, which 
first had appeared as a profession in the eight
eenth century, expanded from the construction of 
canals and railroads to the design and construc
tion of buildings. In building construction, the 
"architect/ master craftsman" model of building 
design and construction was converted into an 
"architect/ engineer" model. 

Changes in building materials also resulted 
in changes in loads and, thus, in new demands 
and opportunities for advances in foundation 
systems. Eventually, the new materials were 
used to create new types of piles and footings. 

Technologies Delayed & 
Rediscovered 
The history of underground engineering and 
construction has been marked by many dra
matic advances in materials, sources of power 
and design methods. While some of these ad
vances resulted in rapid and enduring changes, 
other advances were lost for years, only to be 
rediscovered at a later time. Examples of de
layed underground technology include: 

• Concrete was developed and used by the 
Romans in applications ranging from the 
underwater placement of bridge piers to 
the construction of a 560-foot diameter 
mat for the Colosseum (A.D. 75 to 80). 
However, concrete almost completely dis
appeared from use until the early 1800s, 
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when Joseph Aspdin invented Portland 
Cement in 1824. Despite this rediscovery, 
it was not until the late 1870s that concrete 
would reappear as a foundation material. 

• The steam shovel was invented in 1835 by 
William Otis. However, for at least the 
next 20 years only two shovels were used 
in the United States, and it was not until 
1876 that the first steam shovels were 
made outside the United States.2 Even 
such major projects as the Transcontinen
tal Railway (completed in 1869)-which 
required the leveling of 1,800 iniles of rail 
bed -were built primarily with the use of 
hand labor. Despite the steam shovel's 
ability to replace between 60 and 100 la
borers, the low cost of labor delayed sig
nificant use of the steam shovel. Human 
muscle and animal power were gradually 
replaced by steam-pow~red equipment 
during the beginning of the twentieth cen
tury, 80 to 90 years after the invention of 
the steam shovel. 

• Preloading was used on a 55-foot thick 
clay layer in 1809 by British engineer Tho
mas Telford "for the purpose of squeezing 
out the water and consolidating the 
rri.ud."3 This practice was also used in Bel
gium, the Netherlands and Luxembourg 
in the early 1800s to reduce post-construc
tion settlements. However, preloading 
was obviously not well understood since 
it did not appear to continue or to expand 
to other countries. Understanding of pre
loading and the rediscovery of its benefits 
would have to wait for more than 100 
years, until Karl Terzaghi's explanation of 
consolidation theory in 1925. 

The delays experienced in the use of new 
materials, equipment and design methods 
were often the consequence of fluctuations in 
labor and material costs, the lack of circulation 
of information, or the inability of practitioners 
to discern correct interpretations of soil behav
ior from the many incorrect theories. 

The Stage Is Set: · 
Influences Prior to 1848 
Although there were significant engineering 
projects in the United States at the end of the 



Exploration Milestones 

1862 Diamond core drilling begins by Leschot 
(Paris, France). 

After 1880 Diamond drill is used worldwide. 

1903 J.R. Worcester presents summary of Boston 
test borings to BSCE, beginning a BSCE tradition. 

1905 Wash borings are used in the United States. 
The technique is believed to have originated between 
1820 and 1860. 

1920s First vane shear apparatus by J. Olsson, of the 
Swedish Geotechnical Commission; perfected by 
about 1948. 

1925-1936 A. Casagrande demonstrates the impor
tance of sample disturbance, spurring interest in the 
United States in undisturbed sampling techniques (in 
Cambridge, Mass.). 

1926 Gow pipe sampler, the predecessor of the split 
. spoon sampler, was developed by Gow Company of 

Boston at the request of K. Terzaghi to get intact sam
ples in wash borings. This begins the practice of tak
ing intact samples in test borings. 

1927 Dutch cone apparatus is developed by the 
Danish Railways. 

1927 H.A. Mohr, of the Gow Company in Boston, 
suggests counting the blows required to drive a sam
pler into the ground. This method develops into the 
Standard Penetration Test. 

c. 1930 First pressuremeter introduced by Kogler 
and Scheidig. 

1936 Thin-walled Shelby tube sampler is intro
duced by H.A. Mohr at request of A. Casagrande to 
obtain large undisturbed samples (in Boston, Mass.). 

1937 Sprague and Henwood develop a split spoon 
sampler. 

1937 The pneumatic piezometer is used in U.S. Bu
reau of Reclamation dams. 

1940 The Denison sampler is developed at Denison 
Dam, Texas, for the undisturbed sampling of cohe
sionless soils. 

1941 First piston sampler with thin-walled tube by 
Hvorslev. 

During World War II Double-tube core barrel is 
developed, allowing for the sampling of weathered 
rock zones. 

Prior to 1950 Mosttest borings are advanced by wash 
boring methods from a simple tripod or four-legged der
rick. Casing is driven with a drop hammer. The hole is 
advanced by pumping (hand or power pumps) water 
through the rods and chopping bit, which are raised and 
dropped, thus cutting and washing away the soil. Sam
ples are collected at a wash tub from the return water. 

1950s Air photo interpretation develops. 

c. 1952 The friction-sleeve is added to the cone 
penetrometer. 

1956-1957 The pressuremeter is developed into a 
practical device by L. Menard while he is a student in 
France and the United States. 

After 1960 Most test borings are advanced by rotary 
drill rigs. 

Wash boring is conducted from a tripod in 
Boston in 1902. 

Test boring is conductedwith a modern rotary 
drill rig (1997) . 
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A steam-powered A-frame derrick using a clamshell bucket excavates a new channel for Ale- . 
wife Brook, Arlington, Mass., in.1910. · 

eighteenth century, American underground 
engineering had its real beginnings around 
1815. With the end of the War of 1812, the 
United States turned its attention to westward 
expansion. The demands caused by this expan
sion created a need for canals, establishing the 
United States's first major period of public 
works projects. These projects educated and 
trained North America's first significant group 
of underground engineers, providing a foun
dation for the mid-century development Of 
civil engineering as a profession. 

The American Military Academy at West 
Point graduated its first "civilian engineer" in 
1818 and, by 1835, a few small schools with en
gineering courses were graduating about 60 
civil engineers each year.4 However, despite 
the expansion of engineering schools and at
tempts to import engineers from Europe, most 
of the underground engineers· of the early 
1800s were educated in the field. When New 
York State began construction of the Erie Canal 
in 1817, the demand for engineers far out
paced the supply. The lack of engineers was 
solved by recruiting engineers from members 
of survey crews. The typical chief engineer of 
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the day began first as an axeman or rodman, 
progressing to transitman, assistant engineer, 
resident engineer and finally chief engineer. As 
other states began canal and other transporta
tion projects, they recruited heavily from the 
New York canal engineers.4 

In addition to creating a supply of engineers, 
the public works projects of the early 1800s 
stimulated the development of construction 
equipment and exposed many engineers to the 
underground engineering practices of the time, 
including pile driving, cofferdams, the use of 
steam engines and stabilization of slopes. 

Machines & the New Profession: 
1848 to 1879 
In 1848, both the United States and the civil en
gineering profession were experiencing major 
changes. With the end of the Mexican War, the 
United States gained vast lands in the West, es
sentially completing the acquisition of territory 
for the continental United States. Almost si
multaneously, gold was discovered in Califor
nia, creating a wave of westward migration 
and demands for improved transportation 
routes to the West. These demands would 



eventually drive major transportation projects 
including the Pan~ma Canal and the Transcon
tinental Railroad. Expansion in the East and 
Midwest helped to stimulate the construction 
of more than 4,500 miles of canals between 1850 
and 1879. Technological advances such as the 

· invention of the elevator (in 1847) and the Bes
semer process (in 1856), and a mid-century 
surge in immigration sowed the seeds of what 
would be a late-nineteenth-century boom in 
urban construction and the birth of the sky
scraper. Against this backdrop, on July 3, 1848, 
BSCE held its first meeting, creating the first 
engineering society in the United States. 

Professional Status. The 1850 census lists 512 
civil engineers, with the largest number residing 
in Massachusetts. While their numbers were 
small, they had reached the critical mass neces
sary to initiate the professionalization of civil en
gineering in the nation. The engineering societies 
began with BSCE and expanded to include the 
American Society of Civil Engineers and Archi
tects in New York (founded in 1852) and the Civil 
Engineers Club of the Northwest in Chicago 
(founded in 1869). These societies provided a fo
rum for engineers to exchange ideas and experi
ence, and helped to establish a common vision 
for the development of the new profession. 

As noted above, discoveries in underground 
engineering were often lost, primarily due to 
the lack of distribution of the new ideas and ob-· 
servations. Textbooks, such as Rankine's Ap
plied Mechanics (published in 1858) and the 
many handbooks and encyclopedias of engi
neering published during the period helped to 
reduce this problem by spreading information 
about advances in design, construction meth
ods and equipment. However, given the rapid 
pace of progress, the newly created engineer
ing journals and magazines soon became the 
primary forum for information exchange. In 
publications such as Van Nostrand's Eclectic En
gineering Magazine and · the American Engineer 
technical writing from local sources in both 
Europe and America was summarized and 
made available to a much wider audience. With 
these books, journals and magazines, engi
neers now had the means to quickly learn 
about new equipment and methods. 

· By the end of this period, America's popula
tion had doubled, while the number of civil en-

gineers had increased at a rate eight times the 
rate of population growth.1 Growing techno
logical complexity was changing construction 
practices and creating a continually increasing 
demand for civil engineers. With this expan
sion, civil engineering experienced its first 
phase of specialization, subdividing into the 
disciplines of civil, mechanical and mining en
gineering. 

Advances in Technology. Some of the most sig
nificant technological advances of this period 
included the development of reinforced con
crete, Bessemer steel, the elevator, dynamite, 
the pneumatic caisson and compressed air 
drills. Advances in structural design, such as 
the iron truss, allowed for the creation of the 
first roof span to exceed that of the Pantheon 

· (A.O. 118-128) and the first building with a 
structural iron frame. While the truss allowed 
for much longer spans, the elevator allowed 
structures to be built taller; with the introduc
tion of Otis's "safety lift," the height of a build
ing was no longer limited by the number of 
stairs a person was willing to climb. 

Annual construction of railroads grew by 
more than 2,800 percent between 1847 and 
their peak in 1872. By 1872, railroad beds were 
being leveled at a rate of more than 7,400 miles 
per year.5 As with the construction of canals 
during the early nineteenth century, railroad 
construction created growth and new demands 
for underground engineering. This growth 
trained a new group of underground engi
neers, focused on large-scale excavation, stabil
ity of cuts, the construction of large embank
ments, tunneling and the construction of deep 
foundations for bridge crossings. 

Typical Building Foundation Practices. In 1848, 
building foundation design and construction 
had advanced little past that of the fifteenth 
century. While there had been experimentation 
and several significant discoveries in founda
tion design in the late eighteenth and early 
nineteenth centuries, most of the discoveries 
were unknown to the foundation design practi
tioners of the day. Those who made building 
foundation design decisions during this period 
could choose to support structures either on 
footings or wood piles. This decision was based 
on local experience, with an occasional test pit 
for the more important buildings. 
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First steam shovel, the "Yankee Geologi!,t." 

Hand excavation with shovels into horse
drawn "tip-carts" (1906). 

A loaded, horse-drawn wheeled scraper (1903). 

Custom, steam-powered backhoe loads soil 
into horse-drawn wagons (1913). 
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Excavation Milestones 

1836 The first steam shovel, the "Yankee Geolo
gist," is built by William Otis of Canton, Mass. This 
rail-mounted shovel claims an excavation volume of 
1,000 cubic yards per day at $0.03 per yard. Seven 
are built and the first unit is used for 70 years. Otis 
was 21 years old in 1836. 

- - - - - - - - - - - - - - - - - 1848 - - - - - - - - - - - - - - - - - - - - -

1852 The Osgood Land Excavator is produced. 
Similar to the Otis steam shovel, it uses two horses on 
a treadmill to provide the power. 

1870s The horse-drawn elevating-grader is devel
oped. It excavates soil and deposits it by conveyor 
into wagons or onto roadside embankments. 

19th & early 20th century Two-wheeled tip carts 
are used to haul soil short distances. With its open 
back, it was quick to load, but more costly in longer 
hauls than the horse-drawn wagon. Pick and shovel 
loading of carts was typically done at 10 to 15 cubic 
yards per 12-hour man-day. 

1875 First steam shovel is placed on the market. 

1877 The first practical wheeled scraper is devel
oped by an earthwork contractor (later· named the 
Western Wheeled Scraper Co.). On 600- tci 1 ,400-
foot hauls, the 16 cubic foot horse-drawn scraper 
moved earth at half the cost of a wagon. 

1877 First production four-wheeled road grader is 
introduced. "The American Champion" by Samuel 
Pennock, leveled soil often loosened by plows. 

1880s Fifty years after its introduction, the rail
mounted steam shovel is put into use on large proj
ects. 

1882 The Fresno scraper is patented. This 4.6 cubic 
yard horse-drawn scraper quadruples productivity for 
a man and team, as compared with shoveling into a 
cart. Very popular in the western U.S., they were used 
as late as the 1930s for road building. 

1882-1914 Steam shovels used on the Panama Ca
nal have buckets as large as 5 cubic yards and exca
vate up to 4,465 cubic yards per day. Units are so rug
ged they survive burial in rock slides. 342 million 
cubic yards are excavated. 

1890s Farmers eager to get produce to rapidly 
growing cities and bicycle enthusiasts begin a road re
form movement that leads to state aid for imp(oved 
roads. 

1893 Diesel engine is patented by Rudolf Diesel. 
First successful engine is constructed in 1897. 

1894 Up to 97 steam shovels, at one time, are used 
forthe Manchester Ship Canal, England. Peak excava
tion rate for one unit was 2,500 cubic yards of soil per 
day. 

1895 Thew introduces a steam shovel with a revolv
ing base. 

1905 First gas-powered dump trucks are introduced 
by Mack. 

1906 First steam-powered crawler tractor is manu
factured for construction by Holt. 



Excavation Milestones (cont.) 

1908 First gasoline-powered crawler tractors are 
built by Holt. 

1910 Gasoline and steam tractors begin to replace 
horses for pulling construction equipment. However, 
horse-drawn wagons are common into the early 
1930s. 

1911 First pneumatic truck tires are made by U.S. 
Rubber Co., helping to stimulate the expansion of 
truck construction. 

1914 First gasoline-powered shovel. 

1915 First factory-built horse-drawn bulldozer is 
built by the Western Wheeled Scraper Co. A tiltable 
blade is mounted on the front of a long beam, with 
wheels and a seat on the back end; the team was se

. cured behind the blade. 

c. 1919 Caterpillar type tracks are added to the 
power shovel. 

1920s Steam-powered construction equipment 
gives.way to gasoline-powered engines and tractor
pu I led graders have largely replaced horse-drawn 
graders. 

1923 First self-propelled scraper by LeTourneau. 

1923 Bulldozer blade is added to crawler tractors 
by LaPlant-Chote Mfg. Co. 

1925 Caterpillar Tractor Company formed from the 
merger of Holt and Best. 

1926 First cable and winch controlled bulldozer by 
LeTourneau. Bulldozer blade can now be efficiently 
raised and lowered. 

1928 First diesel power shovels. 

1931 First diesel-powered caterpillar tractor. 

1930 Firestone Company develops low-pre~sure 
pneumatic tires, leading to the development of self
propelled, wheeled construction equipment. 

1930s Rubber tires and diesel engines are added to 
construction equipment. 

1938 LeTourneau's Tournapull is developed. The 
self-propel led scraper travels at 15 mph on giant rub
ber tires. By 1939, the Tournapull hauls more than 30 
cubic yards per haul. 

1946 · The Gradall excavator, inspired by a labor 
shortage, is introduced by Ray Ferwerda, a Cleveland 
road contractor. 

1950s Wheeled loaders are introduced. 

By 1953 Elevating scrapers pulled by tractors are 
capable of moving 1,000 to 1,500 cubic yards per 
day. 

1951 Contracts are awarded for 54,650 miles of 
highway in United States. 

1969 91.4 million cubic yards of soil is excavated, 
moved and placed by hand in 80 days for the Kiangsu 
Canal, China. 

1973 Largest single earth fill structure in modern 
times, Tarbela Dam, Pakistan, is constructed by plac
ing 186 million cubic yards at rates up to 8,000 cubic 
yards per hour. 

11;,buihfotl\llli\l"'d~chci ..... rshro"'f"'i.l>ovor11""1o•rr 
du"';> .,,""1: .,.,_ ,- ll••d. TN r<'"'" n t,,llorJ tht 
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P."""'U'"l!lullO,:,:in.'' \l'c,JhitoOlh,.. F .. ffld 

Horse-drawn Russell "Bull Dozer" (1917). 

Tractor-mounted steam shovel loads soil into 
a horse-drawn wagon (1925). 

LeTourneau's popular "Tournapull" (1941). 

Diesel-powered, hydraulic-controlled exca
vator loads soil into a dump truck (1997). 
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Mortared granite block footings and pile caps were used to spread out column loads prior to 
the introduction of grillages and reinforced concrete. The footing shown here was constructed 
in B'oston in 1897. 

Footings. Footings were typically con
structed of mortared stone or brick, with the 
wall footings usually proportioned to about 
two to three times the width of the wall. Col
umns were supported on either single stone 
blocks, or layers of mortared blocks in a py
ramidal shape. The first significant progress in 
footing design to receive attention occurred 
d.uring the rebuilding of Chicago, after the 
"Great Chicago Fire" of 1871. During this boom 
in "tall" building construction, Chicago archi
tect Frederick Baumann suggested that foot
ings should be sized in proportion to their load 
and the soil conditions. Baumann's work and 
the observations of others, led to the develop
ment of the "allowable bearing pressure" con
cept during the 1870s. In this approach, allow
able bearing pressures for a given soil type 
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were set locally, based on observations of dis
tress in buildings supported at various bearing · 
values. 

Use of allowable bearing pressures and the 
introduction of plate load tests reduced the oc
currences of excessive building settlement. 
Nevertheless, many buildings still experienced 
unacceptable settlement, since design practices 
did not consider the impact of footings on the 
soils below their bearing level. Engineers such 
as John Roy and Randall Hunt had observed in 
1852 and 1888, respectively, that larger settle
ments appeared to occur at constant bearing 
pressure when the size of the footing in
creased. 6 However, with the lack of informa
tion about subsurface conditions and soil prop
erties, foundation designers did not even have 
the means to develop empirical rules relating 



to conditions below the bearing level. It was of
ten assumed that buildings that experienced 
excessive settlement had done so due to incor
rect identification of the soil type. The concept 
of settlement being dependent on net bearing 
pressure had been suggested by the English en
gineer John Rennie and the German engineer 
G. Hagen by that time. However, this concept 
had not become a part of foundation design 
practice. 

By 1878, with ever taller buildings, the stone 
pyramid footings had become so large that 
they were beginning to take up most of the 
basement space, leaving little room for the 
larger heating plants that were also required 
for these buildings. To address this problem, 
the Chicago architectural firm of Burnham and 
Root designed the first spread footings con
structed of concrete and steel. These footings, 
referred to as grillages, consisted of alternating 
layers of steel rails embedded in concrete. With 
these grillages, it was possible to spread the col- · 
umn load out as much as 10 feet beyond the col
umn with a footing depth of only 3 to 4 feet. Use 
of grillage footings spreadrapidly to other cit
ies. 

Piles. When experience suggested that the 
settlement of footings would be excessive, 
buildings were founded on wood piles. While 
cast-iron and wrought-iron screw piles existed 
as an alternative to wood piles, they were typi
cally used in limited waterfront construction, 
and primarily in Europe. Since the time of the 
Roinans, wood piles had been driven, using 
human, water or animal power to raise and 
drop a weight. By 1841 steam power was being 
used with some drop hammers and, in 1845, 
the first steam hammer was designed and used 
by James Nasmyth. Despite the development 
of the steam pile hammer, most of the piles 
driven between 1848 and 1879 appear to have 
been driven with a steam-raised drop ).lammer. 

The typical pile driving rig in Boston in 1879 
lifted a relatively light hammer with "nippers" 
to the top of the "gin," where a man squeezed 
the nippers to release the hammer. At this time, 
some pile rigs were still raising the hammer 
with animal or human power. As with footings, 
the design of pile foundations was heavily de
pendent on local practice. In Boston, wood 
piles were typically considered to have a 10-ton 

capacity. However, with the introduction of the 
first "pile formula" in about 1820, some engi
neers were beginning to consider a more quan
titative approach to design. 

The Beginnings of Underground 
Science: 1880 to 1924 
The period from 1880 to 1924 was a time of tre
mendous economic expansion in the United 
States, referred to by some as• the country's 
second Industrial Revolution. Steel production 
grew by 3,500 percent,5 replacing cast and 
wrought iron, and electric and gasoline power 
began to replace the steam engine. Population 
more than doubled during this 45-year period, 
with half of the growth coming from immigra
tion. With this ready supply of labor and the ex
pansion of new machines and power sources, 
the value of goods produced by the average 
person increased by more than 500 percent.5 

In Massachusetts, population growth and 
industrialization exceeded the national aver
ages, making Massachusetts the second most 
densely populated state. Boston and the adja
cent communities continued the filling of mud 
flats, increasing available land area by about 
2,000 acres? approximately half of Boston's 
filled land was created during this period. The 
new land, combined with the expansion of the 
street cars and commuter railroad lines and the 
creation of a subway system, spread the grow
ing population away from the core of the city. 
This movement of population created a boom 
of new construction in the newly filled lands. 
Buildings in Boston, which had originally been 
built on the dense glacial soils of the original 
Boston peninsula, were now being built over 
loose fill, organic soils and thick deposits of 
compressible clay. This change - repeated to a 
lesser degree in other cities such as Chicago, 
Cleveland and New York - would, in time, 
help to make Boston one of the centers for the 
twentieth century development of under
ground engineering. 

Advances in Technology. The technological 
advances of the time that heavily influenced 
the development of underground engineering 
include the development of reinforced con
crete, the subway, the automobile, the electric 
motor and the skyscraper. In the 1880s, rapid 
urban population growth resulted in an in-
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Wakefield or triple-lap timber sheet piling (1887). 

b) 

c) 

d) 

Early forms of sheet piling: channel and I
beam to Lackawanna (1899-1908). 

Lifting and dropping a heavy wood device to 
drive wood sheeting (1912). 

Computer-controlled slurry wall rig main
tains alignment of <1 inch at 100 feet (1997). 
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Lateral Support Milestones 

1857 Rankine publishes On the Stability of Loose 
Earth. 
1862 First use of ground freezing, South Wales. 

1887 Wakefield sheeting is patented and used in the 
western United States. It consists of three planks 
bolted together with the center plank offset, forming a 
heavy tongue-and-groove wood sheet piling .. 
1899 L. Friestedt experiments with steel sheet pil
ing, becoming the primary pioneer of sheet piling in 
United States. 
1902 Concrete sheet piling (precast sheet piles 6 
inches wide, 2 inches thick and 8 feet long) is driven 
for the Blue Line subway in Boston. 

Prior to 1908 Early forms of steel sheet piling are 
made with channel sections bolted to I-beams. See a) in 
the figure to the left. 

1908 Lackawanna steel sheet piling is developed -
the first steel sheet piling where both flanges of the pile 
are alike. Lackawanna piling becomes one of the most 
common types of early steel sheet piling. Seed) in the 
figure to the left. 

1910 First circular-celled cofferdam is constructed 
with Lackawanna piling for the raising of the battle
ship Maine. 

1912 Lackawanna steel sheet piles are used for the 
Boston subway. 

Just before World War I Soldier pile and lagging 
wal Is are developed with steel I-beams, 8 to 1 0 feet 
apart, and horizontal wood sheeting or lagging for the 
Berlin subway, Germany. 

1920s Soldier pile and lagging walls are used for the 
New York City subway. This method becomes com
mon in the country with the introduction of wide
flange steel beams for bearing piles. 
late 1930s The Soi I Conservation Service experi
ments with the use of plants for stabilization of slopes. 
1943 Ralph Peck publishes "Earth Pressure Meas
urements in Open Cuts, Chicago Subway." 
1950 First use of slurry walls, Santa Maria Dam, It
aly. 
After 1950 Large hollow-stem auger and other drill 
rigs are adapted for installation of tiebacks. Tiebacks 
begin to be used for temporary lateral earth support. 
1958 Roof-first construction is used on the Milan 
subway, Italy. 

Early 1960's Secant walls are developed for lateral sup
port; soon after caisson drill rigs are commonly available. 

1962 First use of slurry walls in United States, World 
Trade Center, New York City. 

late 1960s "Reinforced Earth" by Vidal, France. 

1972 Reinforced earth is introduced to the United 
States for the construction of Road 39, California. 

1976 Approximately five geotextiles are available 
in the United States. By 1987, more than 250 are 
available, over 400 worldwide. 
1990s Bioengineering emerges as practitioners find 
ways to include live materials in geotextile strength
ened slopes. 



crease in urban land costs. Combined with the 
invention of the elevator, increased land costs 
created interest in taller buildings, where the 
land and foundation costs could be spread out 
over the larger structure. Chicago's interest in 
taller buildings was prompted by a 690 percent 
increase in land costs between 1880 and 18908 

and a building boom spurred by the 1871 Chi
cago fire. In 1885, these forces led William Le
Baron Jenney to design the ten-story Chicago 
Home Insurance Building - an iron-framed 
building that would later be recognized as the 
world's first skyscraper. The introduction of 
high-speed electric elevators and the expanded 
availability of steel resulted in continuing in
creases in building heights up to the 50-story 
Woolworth Building, built in 1912 in New York 
City. 

This period began with the rapid growth of 
the railroads and ended with a surge of road 
and highway growth. The introduction of the 
first gasoline taxes in 1919, and the federal aid 
authorized between 1912 and 1921 for road 
construction, resulted in more than 10,000 
miles of new roads in 1922 alone. By 1924, new 
highway standards for grade and site distance 
meant that roads could not always pass around 
obstacles; as in earlier canal and railroad con
struction, these requirements would mean 
larger cuts, embankments and tunnels, stimu
lating demand for improved excavation and 
earth-moving equipment, methods of compac
tion and a better understanding of slope stabil
ity. 

America's response to World War I resulted 
in both the manufacture of many trucks and the 
development of reliable gasoline-powered 
tractor units. Following the war, the availabil
ity of surplus military trucks helped to begin 
the transition in construction from horse
drawn wagons to trucks. Still, many contrac
tors were not eager to experiment with the new 
powered equipment and continued to use 
horse-drawn units; it took the development of 
the bulldozer and the LeTourneau scrapers to 
show the construction business the competi
tive advantages of the new equipment. 

Science & Experimentation. Throughout this 
period, experimentation continued and the re
sults were published. Yet little progress in un
derground design was made. Boussinesq's the-

ory of the distribution of stress (published in 
1885) and field observations led a few engi
neers by 1891 to be concerned about the con
struction of footings on competent strata over
lying softer soils.6 In 1896, E.C. Shankland was 
plotting time-settlement curves and had sug
gested that building loads could squeeze water 
out of clay and, thus, cause settlement.3 How
ever, without methods for obtaining undis
turbed samples below the foundation level and 
testing their properties, a reliable quantitative 
approach to such problems could not be estab~ 
lished. In 1916, Karl Terzaghi began a nine-year 
period of experimentation and research in 
Constantinople, and the campus of the Massa
chusetts Institute of Technology (MIT) began 
its move across the river from Boston to Cam
bridge. By the fall of 1925, these events would 
bring Terzaghi to the United States and lead to 
Boston's role as one of the centers of the new 
field of soil mechanics. 

The Influence of Geology. Due primarily to 
slope failures in the construction of the Panama 
Canal and several dramatic failures at dam 
projects, civil engineers in the 1920s began to 
appreciate the importance of understanding 
the geologic conditions at a site. In Boston, the 
value of geology to underground projects be
gan to be recognized during the late 1800s. In 
1893, William Otis Crosby, a professor at MIT, 
began the first continuing courses in engineer~ 
ing geology.9 While teaching at MIT, Crosby 
also became a consulting geologist for most of 
the major Massachusetts public works projects 
of the time and was the first consulting geolo
gist for the Bureau of Reclamation and the U.S. 
War Department. Crosby's career, which ended 
with his death in 1925, created an appreciation 
in the local engineering community for the im
portance of geology to underground projects, 
an appreciation that helped to prepare Boston's 
engineering community for Karl Terzaghi' s ar
rival in 1925. 

The early emphasis on the application of ge
ology to engineering projects meant that Bos
ton area geology had been heavily mapped 
prior to 1924. This understanding of the local 
geology, along with the trem.endous variety in 
subsurface conditions, made Boston an excel
lent laboratory for the development of under
ground engineering.10 
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The filling of Boston from 1630 to 1879. 

Typical Building Foundation Practices. Despite 
advances in science, the significant changes in 
building foundation practice came primarily 
from the application of new materials and 
equipment. Foundation design practices con
tinued to be based on experience, with practi
tioners attempting to draw rational conclu
sions and design approaches from their 
experience. However, since design was not 
grounded in science, the designers were often 
confronted with events that did not match the 
empirical rules and understanding. 

Boston Foundation Options. In 1880, there 
were two primary choices for foundations in 
Boston:· footings or piles, with most of the 
buildings supported on footings. With the rise 
in building heights and the expansion into ar
eas with poorer soil conditions, footings were 
gradually replaced as the predominant foun
dation type by piles and caissons. In the por
tions of Boston that lay above the original high
tide shoreline, natural inorganic soils existed at 
the surface so that most buildings could typi-
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cally be supported with footings bearing di
rectly on the ground. Beyond the high-tide 
shoreline lay the tidal mud flats that contained 
compressible organic soils, which were often· 
underlain by the more compressible clay de
posits. For buildings constructed near the 
shoreline, excavations could be made through 
the organic soils, during low tide, to construct 
footings on the first natural inorganic soils en
countered. Since dewatering was typically not 
cost effective, footings bearing directly on the 
soil were not practical when buildings were 
constructed in the filled land well beyond the 
shoreline. In these areas, the "footings" were 
supported on wood piles. As buildings became 
taller and heavier, some of the buildings con
structed within the original shoreline were also 
founded on piles. By 1924, Gow caissons and 
many types of concrete and steel piles had been 
added as foundation options in Boston. 

Boston Practice With Footings. In 1880, most of 
the footings in Boston were still being con
structed with mortared stone. However, dur-



ing the 1880s and 1890s, concrete and steel gril
lages were also being used. By 1903, a few 
Boston engineers were experimenting with re
inforced concrete footings, constructing them 
with square twisted steel bars. Between 1903 
and 1914, concrete almost completely replaced 
granite blocks, except where footings were ex
posed to sea water. This· change was slowed 
somewhat by Boston building laws that al
lowed concrete to be used in" footings" but not 
in "foundations"~ i.e., not placed directly on 
the soil. As a result, and because concrete and 

· granite block costs were about the same in 
1903, granite blocks were often used for all but 
the top two feet. 

Interest in the "allowable bearing pressure" 
concept had reached Boston by 1903. However, 
despite the formation of the Boston Building De
partment in 1871, allowable bearing pressures 
had not been codified. Considerable variation 
existed in the bearing pressures used by engi
neers of the day. Some used rather aggressive 
pressures such as 36 tons per square foot (tsf) on 
rock, 10 tsf on glacial till and 6 tsf on stiff clay. 
Others were more conservative, using 1 to 2.5 tsf 
on the clay and 6 tsf on the glacial till. The most 
common bearing pressure in the sandy soils 
above the original shoreline was 5 tsf. 

Boston Practice With Piles. Wood piles were 
the only available pile type in 1880, and the 
most common pile well into the twentieth cen
tury. Typical practice in 1903 consisted of driv
ing wood piles either as end bearing piles in the 
stiff clay crust or overlying sand stratum, or as 
friction piles into the softer portions of the Bos
ton Blue Clay. End-bearing piles were also oc
casionally driven into the denser glacial soils. 
The most common piles were 20- to SO-foot 
long spruce piles driven 24 inches on center or 
75- to 80-foot long pine piles driven 30 inches 
on center. While some designers still used the 
traditional 10-ton capacity, use of the Engineer
ing News Formula became common by 1914. By 
1903, it was known that settlementof piles and 
footings could be caused by pumping water 
from deep excavations, and that wood piles 
could rot when lowered groundwater levels 
exposed the tops of the piles. 

While no pile deterioration had been ob
served up to 3 feet above mean sea level, typical 
pile cut-off level in Boston was at mean sea 

Floating pile driving rig and wood piles on 
the Charles River, Boston, in 1914. 

level. With the introduction of concrete and 
mass-produced steel more than a dozen new 
pile types were developed between 1896 and 
1924. By 1917, concrete piles used in Boston 
consisted of precast concrete piles, Raymond 
piles, Simplex piles and the MacArthur, or ped
estal, piles. 

While the steam hammer was invented in 
1845, most pile driving rigs in 1924 still used 
drop hammers. The steam hammer had a 
greater driving speed. However, since about 90 
percent of the typical pile driving day con
sisted of non-driving activities, such as moving 
the rig, the greater weight of the steam hammer 
rig often resulted in a slower production rate.11 

By 1924, the typical pile rig used a steam engine 
with a rope on a friction drum to raise the ham
mer. The addition of the friction drum resulted 
in a decrease in hammer drop height, a heavier 
hammer and a decrease in pile breakage. 

Caisson Practice in Boston. In 1904, Charles 
Gow, originally an engineer with the Boston 
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First steam hammer for driving piles - in
vented by N asmyth in 1845. 

Sixty tons of pig iron are used to load test 
three wood piles (circa 1897). 
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Pile Driving Milestones 

c. 1820 First pile driving formula is proposed. 

1839 Possibly the first full-scale pile load test in 
United States by J.B. Jarvis at the Croton Aqueduct, 
Harlem River, New York. 
By 1841 Pile driving rigs begin to use steam power 
to raise the drop-weight. 

1845 First steam hammer for driving piles invented 
by Nasmyth and used to drive piles for the Devonport 
Dock, England . 

. - - - - - - - - - - - - - - - - - - - 1848 - - - - - - - - - - - - - - - - - - - - -

1865 First creosoted piles in United States are made 
in Somerset, Mass. 
1888 Engineering News pile driving formula is pro
posed. 
1893 The first double-acting steam pile hammer is 
built by McKiernan-Terry. 

1896 First precast piles by Hennebique, France. 
1896 First cast-in-place pile in United States - the 
Raymond pile-is invented by A.A. Raymond. A col
lapsible mandrel drives a tapered sheet metal shell 
that is later filled with concrete. A corrugated shell 
was used about 1915. The first rig used a drop ham
mer raised by a horse. 
1896 Jacked-in pipe piles are used in New York City 
for underpinning; 12-inch pipe is jacked into the 
ground in sections and soil is washed from center, 
which is filled with concrete. 
1899 First use of steel I-beam sections for piling. 
Used to support bridges in the West, to penetrate 
dense gravels and sands, and to provide lateral 
strength against scour and ice jams. 

1899 12-inch steel pipe piles, driven with pneu
matic hammers, are cleaned out with an air-lift and 
filled with concrete. 

1900 Drop-hammer on the Raymond pile rig is now 
raised with a steam engine. 
1903 First Simplex pile. A pre-cast tip is driven with 
a drive tube. The drive tube is then filled with con
crete and withdrawn. 
1904 First Chenoweth pile-a tapered precastpile. 
1908 The Corrugated pile- a tapered precast pile, 
jetted into place, with longitudinal corrugations to in
crease surface area and to provide channels for return 
of jetted water. 

1908 Introduction of the rolled H-beam by Bethle
hem Steel Co. H-beams replace I-beams in pile appli
cations. 
1909 First pedestal pile - a conical-tipped solid 
plunger is driven with a steel shell around its circumfer
ence, concrete is placed as the plunger is withdrawn. 
1910 Steel leads replace wood leads on Raymond 
pile rigs; first steam-raised steel rig with a turntable. 

c. 1910 First Giant pile, a square precast concrete 
pile with an oversized steel point. A temporary iron 
frame surrounds the pile during driving, transferring 
all force to the tip. 

c. 1910 First Bignall pile - a precast concrete pile 
with two jet tubes. 



Pile Driving Milestones (cont.) 

c. 1915 First Peerless pile. Precast concrete shell 
sections are inserted into the ground by driving a steel 
tube and shoe, driving stresses are carried by the steel 
tube, the shoe is left in the ground and the shell is 
filled with concrete. 

1913 First Compressol pile. A weight is dropped, 
creating an open shaft, then concrete is placed and a 
weight is dropped to create a bulb; lastly, the shaft is 
then filled with concrete. 

1914 Shipworms are noticed in San Francisco Harbor. 

1915 Typical Boston steam-driven drop hammer 
has 3,300-pound hammer with a 10-foot fall, operat
ing at 30 blows per minute. 

1916 The Raymond standard pile driver is introduced. 
It is the first steam-raised steel rig with a turn-table. 

1917 Typical precast piles are 12 to 24 inches 
square. Typically, 28 to 30 days of curing is required, 
seven days with steam curing. 

1917 First Frankignoul pile. Telescoping tubes are 
driven into the ground with a weight that strikes the 
tip, dragging tlie tubes down and "stretching out the 
telescope." 

1918 One pile crew drives 220, 65-foot-long wood 
piles in a 9-hour shift near Philadelphia, a record at 
that time. 

1922 Marine borers become active in Boston Harbor. 

c. 1928 First Monotube piles - tapered, fluted col
umns driven without a mandrel and the necessarily 
larger pile rig. 

1933 Use of H- and I-section piles becomes wide
spread. After 30 years of H-piles supporting bridges, lack 
of significant corrosion spurs broad interest in H-piles. 

1935 First Franki piles by Franki Compressed Pile 
Co., Ltd. 

By 1937 It has been observed that pollution in some 
harbors has stopped marine borer activity in wood 
piles. 

1939 First prestressed precast concrete piles are 
used in Sweden. 

1939 Raymond introduces first crawler-mounted 
rig designed only for pile driving - an oil-fired, 
steam-powered rig. 

1948 Wave Equation Analysis is presented by the 
Raymond Company at an internal IBM seminar. 

1952 First diesel hammer in United States is dis
played by U.S. Navy. 

c. 1960 Texas Dept. of Transportation funds first 
public domain pile wave equation program (at Texas 
A&M). Also, force and acceleration are measured dur
ing pile driving by the Michigan Highway Dept. 

1961 First vibratory pile hammer built in United States. 

1963 French vibratory hammer is introduced into 
United States. 

1968 The first pile driving analyzer (PDA) is devel
oped by the Case Project; pile capacity predictions 
are made by 1970. 

1990s With the clean-up of many harbors, wood 
borer activity increases. 

Steam-raised drop hammer on a skid pile is 
moved about a site on rollers (1906). 

Steam hammer on a standard skid rig drives a 
steel pile (1913). · 
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Transit Authority, developed a hand-excavated 
caisson method that would become a staple of 
Boston foundation construction for more than 
60 years. Boston's Gow caisson was started by 
pushing or driving 8- to 16-foot long steel cylin
ders or shells into the ground. Soil was then 
hand excavated from within. If needed, subse
quent cylinders, each 2 inches less in diameter, 
were installed to extend the depth. The cylin
ders were usually removed while the concrete 
was poured. Typical Gow caisson depths 
ranged from 20 to 40 feet. 

Soil Mechanics & 
New Construction Methods: 
1925 to 1945 
The booming turn-of-the-century economy be
gan to unravel for Massachusetts in the 1920s, 
with more than 150,000 jobs lost during this pe
riod? Industries moved to the South and to 
other regions to be closer to raw materials, and 
to avoid the unions and social-service laws that 
had developed in Massachusetts. 

With the stock market crash of 1929, and the 
Great Depression that followed it, construction 
throughout most of the United States rapidly 
came to a halt. In 1933, the federal government 
attempted to stimulate the economy by creat~ 
ing several agencies charged with initiating 
and managing new infrastructure construction 
projects. Agencies such as the Public Works 
Administration (PWA), the Civilian Conserva
tion Corps (CCC) and the Tennessee Valley 
Authority (TVA) began the construction of 
thousands of buildings, bridges and dams. 
With the economy still stagnant in 1935, the 
federal government formed the Works Pro
gress Administration (WPA). During the fol
lowing nine years, $11 billion was spent on 
WPA projects, creating more than 650,000 miles 
of roads, 125,000 public buildings, 57,000 
bridges and 800 airports.12 While private 
building construction was drastically reduced 
during the depression, the WP A's focus on con
struction projects created federal support for 
the continued development of soil mechanics 
and underground construction. Funding from 
agencies such as the Bureau of Public Roads 
supported Karl Terzaghi, Arthur·Casagrande 
and many others, and thus accelerated the de
velopment of this new field. 
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Demand for improved underground de
sign, methods and equipment was given an ad
ditional boost in 1942, with the entry of the 
United States into World War II; the unusual 
demands and short schedules associated with 
wartime construction created great interest in 
new approaches to underground problems. 

Technological Refinements. While this period 
did not see the fundamental advances in mate
rials and power sources that had been experi
enced in previous periods, there were many 
smaller advances in technology that had a dra
matic impact on underground construction. 
These advances included the development of a 
reliable submersible pump in 1925, which 
helped to expand underground construction 
options, and the introduction in 1930 of low
pressure pneumatic tires for off-road equip
ment. The latter development, along with im
provements in caterpillar tractors, made it pos
sible for equipment to quickly move around 
construction sites. This new flexibility boosted 
the productivity of equipment to a level that fi
nally brought an end to the use of animal 
power and large-scale hand labor in construc
tion. 

Science & Experimentation. In 1916, Terzaghi 
began his work in Constantinople and MIT 
moved into its new campus in Cambridge. 
Within its first year of occupancy, buildings in · 
the new campus had settled as much as 2 
inches and by 1925, the maximum settlements 
had reached 7.5 inches.13 The rate of settlement 
and the magnitude of the differential settle
ments had become a topic of concern. 

The research conducted by Terzaghi in Con
stantinople between 1916 and 1925 led to the 
publishing of Erdbaumechanik (Soil Mechanics) 
in 1925, the event marked by many as the birth 
of soil mechanics. Ongoing concern about MIT 
building settlements and interest in Terzaghi' s 
book resulted in an invitation for Terzaghi to 
come to MIT as a lecturer in the fall of 1925. By 
the end of the year, Terzaghi's concepts had 
been widely distributed in English, with the 
publishing of several articles in Engineering 
News-Record and a paper in the Journal of the 
BSCE. 

With funding from the Bureau of Public 
Roads, Arthur Casagrande, Terzaghi and oth
ers began to refine laboratory equipment and 



conduct careful tests on both disturbed and un
disturbed soil samples. By 1932, Casagrande 
had published the results of these tests, demon
strating the changes in clay properties caused 
by disturbance and clearly showing, by theory 
and field measurements, how the behavior of 
clay could be predicted. His conclusions rein
forced Terzaghi' s work, both challenging es-

. tablished foundation engineering practices 
and providing explanations for previously 
mysterious behavior. Casagrande showed that 
piles should be stopped in the sands or stiff clay 
at the top of the Boston Blue Clay, not driven 
into the lower soft clay. He also explained why 
plate load tests, pile load tests and "allowable 
bearing pressures" could never be sufficient for 
design, and demonstrated how settlement 
could be prevented by removing soil equal to 
the weight of the building. 

To conduct his research, Terzaghi needed in
tact soil samples. However, in the 1920s, test 
borings were usually conducted by wash bor
ing methods, with samples collected from the 
wash water. At Terzaghi's request, a Boston 
area foundation contractor, the Gow Company, 
experimented with driving an open sampling 
tube in wash borings to obtain intact samples. 
Realizing the potential benefit, the Gow Com
pany continued this practice and introduced 
the Gow pipe sampler, a predecessor of the 
split spoon sampler, in 1926. By the following 
year, Henry Mohr of the Gow Company had 
begun the practice of counting the blows re
quired to drive the sampler into the soil and re
cording the blows on the test boring log. By 
1936, observations of the effects of disturbance 
on clay properties led Casagrande to request 
that the Gow Company develop a method of 
obtaining undisturbed soil samples. Henry 
Mohr responded by introducing the thin
walled Shelby tube sampler. 

In 1929, Terzaghi established a soil classifi
cation system for the Bureau of Public Roads. 
The common soil descriptions that resulted 
from this development allowed designers to 
apply both research and field experience to 
new projects around the country. With Ter
zaghi' s unifying concepts and terminology, a 
soil classification system and the ability to ob
tain undisturbed samples for testing, soil me
chanics and foundation design research would 

Wellpoints lower the groundwater level for 
an excavation and the subsequent construc
tion of Gow caissons in Cambridge, Mass., in 
1931. 

flourish during this period. Rational design 
could now begin to replace the pre-1925 em
pirical rules and observations and previously 
inexplicable soil behavior could now be ex
plained. As described by Lazarus White, the 
eminent underpinning contractor of the day: 14 

"I was brought up in the old classical 
school of 'Rankine.' Rankine was the engi
neer's bible. After graduating I was put un
derground, and I have remained under
ground ever since. It wasn't long before I 
found that the classical theories didn't apply 
at all. Contractors with no knowledge of 
Rankine were doing things that were utterly 
impossible if one really believed in Rankine. 
After being an engineer for fifteen years or 
so I became a contractor and started doing 
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Hand excavation of a Gow caisson (1931). 
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DEMPSTER MOUNTED WELL AUGER 
Fig. 1122. No. J 

Horse-powered bucket-auger well drilling 
rig (1906). 
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Caisson Milestones 

1851 First pneumatic caissons, Rochester, England. 

1867-1873 First major use of pneumatic caissons in 
the United States (Eads Bridge, St. Louis, Missouri). 

1892-1894 Chicago caisson. First application of 
caissons to building foundations (Stock Exchange 
Building, Chicago). A hand-dug shaft, 5 feet in diame
ter, lined with 4- to 6-foot vertical wood staves, 
braced with steel rings that are wedged into place. 
Each next lower section is smaller. Depths are up to 
150 feet. Final hole is filled with concrete. 

1893 First use of pneumatic caissons in building 
construction in the United States (Manhattan Life 
Building, New York). 

c. 1899 Caissons are first used under entire build
ings as opposed to use as underpinning or to prevent . 
pile driving vibrations for column lines adjacent to ex
isting buildings. 

1904 Boston's Gow caisson - 8- to 16-foot long 
steel shells are pushed or driven in. Soil is hand
excavated from within. If needed, subsequent cylin
ders, each 2 inches less in diameter, are installed to 
extend the depth. The cylinders are typically removed 
while the concrete is poured. Developed by Charles 
Gow, of the Gow Foundation Co. (later part of the 
Raymond Concrete Pile Co). 

1912 First caisson load test in Chicago. By 1914, a 
load test was conducted on a Gow caisson in 
Charlestown, Mass. 

1920s Willard Simpson, Sr., an engineer, and Ed 
Duderstadt, a contractor, adapt a bucket-auger well 
drilling rig to create machine-excavated caissons (San 
Antonio,Texas). A rotating platform on a Dempster 
Mill Mfg. Co. drill rig was first turned by hand and 
then later by horse (see the figure to the bottom left). 

1920s Electric-powered bucket-type auger is 
m_ounted on a crane's crawler tractor (Gow Company, 
New York). The hole created by the 4-foot diameter 
drill bucket was enlarged with "reaming knives" up to 
7 feet. Bells were hand excavated with ai t spades. A 
120-foot caisson took about 10 hours. 

c. 1938 Steam-powered caisson drill rig- a power 
unit from a steam shovel is added to the Dempster 
bucket-auger rig. 

World War II Demand for many light buildings for 
the armed services drives a rapid increase in caisson 
use. Utility company "post-hole machines" drill 18-
inch diameter, shallow uncased holes. The demand 
creates many caisson contractors. Some grow and de
velop new tools and machines. 

After World War II Several different types of caisson 
· drill rigs appear, especially in Texas and California. 

and caissons replace piles in certain areas of the 
United States - for example, Houston and Denver. 

1954 Chicago's first machine-drilled rock caissons. 

1960s Increased torque in caisson drilling machines 
ends the use of hand-dug caissons in Chicago, except 
where a machine cannot access the site. 

1960s A nationwide drilled shaft industry develops. 

Early 1960s Bentonite slurry is used to allow un
cased caisson construction in water-bearing and 
sandy soils. 



those impossible things myself. They were 
impossible to Rankine, but they are not to 
Dr. Terzaghi." 

New Foundation Practices. Prior to 1925, 
when soil conditions were poor, buildings 
were typically supported on wood piles. Ad
vances in equipment during this period com
bined with the new understanding of soil be
havior to produce another approach to poor 
soil conditions: soil improvement. In the 1930s 
alone, vibroflotation, vertical sand drains, wick 
drains and rubber-tired rollers were devel
oped, and research into vibratory plate com
pactors began. While some forms of soil im
provement had been used thousands of years 
earlier, their use was limited by a lack of under
standing of how these methods worked. 

Boston Practice With Footings. Advances in 
both material and equipment changed footing 
design practice in Boston. For example, ad
vances in pump design leµ to the introduction 
of deep wells and wellpoints to the United 
States, allowing shallow foundations to be con
structed where the bearing strata were below 
the water table. These new pumps also led to an 
increase in construction of basement levels be
low the water table and, thus, more interest in 
waterproofing and drainage. 

Boston Practice With Deep Foundations. Be
tween 1925 and 1945, the new science was ap
plied to pile design. Settlement was considered 
in friction pile design, and with each passing 
year, fewer designers felt compelled to drive 
piles through competent strata into softer un-
derlying clays. · 

By 1922, marine borers had become active in 
Boston Harbor. In 1925, 55 percent of the oak 
piles at Commonwealth Pier No. 5 had been at
tacked and, by 1934, this number had increased 
to 92 percent.15 Serious wood pile damage 
from the lowering of groundwater levels had 
also been observed in several areas of the city, 
including the Copley Square area. Given these 
dramatic experiences and continuing advances 
in materials and field methods, interest in other 
pile types grew. In the late 1920s, the Union 
Metal Manufacturing Company converted 
their fluted street light pole into the Monotube 
pile, Raymond expanded their line with the in
troduction of the Raymond step-tapered pile 

and the Franki Compressed Pile Company in
troduced the Franki pile. 

Despite these new pile types, the major ad
vance during this period was in the introduc
tion of the first sturdy and mobile pile rigs. 
Prior to 1925, pile rigs were moved on construc
tion sites using railroad tracks or by rolling 
them on logs (see the top photo on page 21). In 
the early 1930s Raymond converted several 
steam shovels into crawler-mounted pile driv
ers, and by 1939 they had produced the first 
crawler-mounted rigs designed exclusively for 
pile driving.16 With these improvements, the 
steam hammer was finally able to come into 
common use; since machinery now moved the 
rig, hammer weight was not a significant con
straint. 

Gow caissons continued to be commonly 
used, and between 1929 and 1932, compressed
air caissons were introduced in Boston for the 
Custom House Tower. Difficulties experienced 
in this work resulted in the use of precast piles 
for the second phase of the foundations, and 
helped to discourage the future use of 
compressed-air caissons in Boston. 

A Post-War Boom in Underground 
Design & Construction: 1946 to 1960 
As World War II ended, the conversion of the 
United States's massive wartime industrial 
base helped to create a period of rapid eco
nomic ~xpansion. In this 15-year period alone, 
the country's gross national product, adjusted 
for inflation, more than doubled.5 With this 
growth in prosperity and the pent-up demand 
from the depression and war, Americans 
rushed to buy cars; automobile registrations 
between 1946 and 1960 increased by approxi
mately 240 percent. 5 The road construction that 
ensued prompted research into soil improve
ment and helped to stimulate the development 
of many consulting firms specializing in soil 
mechanics and foundation engineering. 

With the resulting increased mobility, and a 
GI Bill to fund new home construction, apart
ment dwellers began to leave the city, in a 
movement that created the modern American 
suburb. This migration, which began in 1947 in 
Levittown, New York, created demands for 
newer roads and would, by 1960, begin to draw 
manufacturing plants out of many cities. As 
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manufacturing firms left urban areas, service
based industries began to take their place, 
changing typical urban construction from 
short manufacturing plants to taller office 
buildings. Stimulated by population growth 
and a shift in the cities from manufacturing to 
service-based jobs, the United States began a 
second great age of high-rise building con
struction. Advances such as glass skins, syn
thetic rubber sealants, aluminum window 
frames, air conditioning, fluorescent lighting 
and low energy costs combined to create a new 
generation of tall buildings. As taller buildings 
were erected and the number of cars increased, 
the ensuing demand for parking space resulted 
in an increase in the typical number of base
ment levels in these buildings. By 1960, these 
changes had helped to stimulate developments 
in deep temporary lateral support systems and 
higher capacity piles and caissons. 

Science & Experimentation. By 1948, soil me
chanics had acquired considerable momentum 
with both research and practice solidly estab
lished around the world. The Second Interna
tional Conference on Soil Mechanics and Foun
dation Engineering at Rotterdam was held that 
year and two important textbooks were pub
lished: Soil Mechanics in Engineering Practice by 
Terzaghi and Fundamentals of Soil Mechanics by 
Donald Taylor. 

By 1945, Terzaghi's Bureau of Public Roads 
classification system (which he had devised in 
1929) had evolved to essentially match today's 
AASHTO system and, in 1948, the Unified Soil 
Classification system was proposed by Arthur 
Casagrande. The standardization of soil classi
fication gave engineers a common language 
and, thus, was a critical element in the develop
ment of underground engineering. 

Boston Practice With Piles. While wood piles, 
driven by drop hammers, continued to be used 
in Boston, concrete and steel piles became more 
common during this period as the average 
building height continued to rise. In 1946, 
based on the recommendation of Arthur 
Casagrande, the new John Hancock Building 
on Berkeley Street became what is believed to 
be the first major urban structure in the United 
States to be supported on steel H-piles. By 1960, 
when deep foundations were required, cais
sons or wood piles were often used for struc-
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Cutter teeth for a low-overhead, computer
guided slurry wall trench cutter used on the 
Central Artery/Tunnel Project in Boston. 

tures up to 12 stories, with heavier structures 
often supported on end-bearing pipe piles. · 

Caisson Practice in Boston. After World War II, 
machine-drilled caissons were developed in 
Texas and California and, by 1960, they were 
rapidly replacing hand-dug caissons in Boston. 
However, in areas with headroom and work 
area restrictions, hand-excavated Gow cais
sons continued to be used throughout the peri
od. The quicker excavation of the machine
drilled caissons reduced the required stand-up 
time, thus allowing for larger bell sizes in 
poorer soils and somewhat less difficulty with 
water. In 1959, "drilled-in caissons," were used 
in Boston to support portions of the Prudential 
Center; 30-inch pipes were driven to rock and 
then advanced into the rock with a large star 
drill.17 

Comimters, Underground 
Liability & Environmental Factors: 
1961 to 1998 
Technological Advances. The dominant techno
logical advance of this period was the develop
ment of the computer. The iterative calcula
tions made possible by computers resulted in 
many advances in underground design, in
cluding the development of the pile wave 
equation, more rigorous methods of slope sta
bility analysis and the finite element method of 
analysis. By 1972, despite the lack of on-site 
computers, computer analyses - primarily 
slope stability analyses - were being con
ducted by about 65 perc~nt of geotechnical con-



suiting firms. 18 With the advent of the low-cost 
personal computer (PC), computer analyses 
rapidly expanded in the 1980s. By the end of 
the 1980s, the more complex computer analysis 
methods had migrated to powerful PCs, help
ing to introduce these forms of analysis into 
mainstream geotechnical practice. For exam
ple, the finite element method of analysis be
gan to be used as a design tool, allowing con
sideration of soil-structure interaction in 
design. By the 1990s, computers were begin
ning to appear in construction equipment, in
creasing precision in such operations as tunnel
ing and slurry wall construction. 

Liability. Prior to the development of soil me
chanics, foundation failures were often consid
ered "Acts of God" rather than design failures. 
As the science developed and the use of sub
surface explorations became more common, 
expectations of successful underground design 
and construction rose. Nevertheless, despite 
the increase in subsurface investigations, un
certainties regarding . subsurface conditions 
and properties continued, and unexpected 
conditions were still encountered during con
struction. The contrast between the persistent 
uncertainties in underground design and the 
rising expectations of those outside the practice 
created a serious gap in understanding. 

As the gap between expectation and reality 
grew, construction claims associated with sub
surface conditions spiraled out of control. By 
1968, liability problems for geotechnical engi
neers exceeded all other professions and con
ventional professional liability insurance was 
not available.19 To address this problem, the 
Association of Soil and Foundation Engineers 
(ASFE) was formed in 1969. ASFE created edu
cation and peer review programs aimed at im
proving communication with clients regarding 
underground design and construction. 
Through these improvements, ASFE member 
firms went from being uninsurable in 1969 to 
being the least liability-prone members of the 
design professions by 1980.19 

The Advent of Environmental Investigation & 
Remediation. The expansion of federal and state 
environmental laws and regulations in the 
early 1980s created a demand for environ
mental investigation and clean-up activities. 
As geotechnical consulting firms already had 

expertise in conducting subsurface investiga
tions and evaluating groundwater flow, they 
soon began providing environmental services. 
By the end of the 1980s, environmental services 
had become a major service area in many firms 
and environmental considerations began to af
fect the choice of underground construction 
methods. Foundation systems that did not re
quire removal of soil from the site became more 
common in many urban areas. 

Boston Practice With Piles. Approximately 70 
percent of the pile-supported buildings con
structed during this period were supported on 
end-bearing piles. Prior to the energy crisis of 
the mid-1970s, the most common end-bearing 
pile was a concrete-filled steel pipe pile. In 
1974, the energy crisis drove up the cost of 
structural steel shapes at a rate almost five 
times that of concrete,5 a trend that helped the 
precast-prestressed concrete pile replace the 
steel pipe pile in the area. 

Caisson Practice in Boston. During the 1960s, 
machine-excavated caissons began to replace 
hand-dug caissons. However, despite the use 
of rock-socketed caissons at the Prudential 
Center Project, during the 1960s and 1970s few 
caissons were supported on rock. The caissons 
that were founded in rock were designed pri
marily for end-bearing support. Driven by in
creased demand for high-rise buildings in 
downtown Boston during the 1980s, rock
socketed caissons became more common. With 
this increase in experience and an improved 
understanding of load transfer within rock
socketed caissons, side friction within the rock 
socket became a more significant factor in cais
son design. As designers began to count less on 
the end-bearing component of a caisson's ca
pacity, slurry construction techniques began to 
be used. This change transformed the typical 
Boston caisson from a deep foundation unit 
where the bottom was hand excavated to a unit 
where the condition of the bottom is often not 
observed. 

Slum; Wall Practice in Boston. Advances in 
underground construction practice during this 
period included developments in slurry wall 
construction and the introduction of these 
practices into the United States. Slurry wall 
construction was introduced to Boston with 
projects such as Sixty State Street in 1976, four-
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teen years after its use on New York City's 
World Trade Center. Sixty State Street was the 
first building in the area to use a tied-back 
slurry wall, a practice that became common 
during the 1980s. In 1985, "up-down" construc
tion was used on the Rowes Wharf project to al
low the building's superstructure _to be con
structed simultaneously with the excavation 
and construction of the basement levels. Col
umns were supported on slurry walls and 
belled caisson foundations were installed prior 
to excavation of the basement. While up-down 
construction had been used 27 years earlier on 
the Milan subway, Rowes Wharf marked its 
first use in the Eastern United States, paving 
the way for its use on Boston's Central Ar
tery /Tunnel Project. 

In 1986, isolated slurry wall panels or "load
bearing elements" (LBEs) were introduced to 
Boston on the 125 Summer Street Project. Using 
LBEs, the interior columns could be con
structed without mobilizing an additional rig 
for deep foundation construction. Today, LBE 
construction is being used on the Central Ar
tery /Tunnel Project to support columns lo
cated in areas where low-headroom con-· 
straints prevent the use of conventional caisson 
or pile support. 

Summary· 
The evolution of geotechnical engineering and 
construction has been shaped by the interac
tion between changes in demand, advances in 
science, and the development of new materials 
and sources of power. The demands and op
portunities created by these changes have led 
to the creation of rational methods of design 
and a separate branch of civil engineering. 
Throughout the 150-year history of BSCE, 
many of these developments occurred on proj
ects in the Boston area in which the society's 
members played major roles. 
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