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THE PROPOSED CHARLES RIVER PROJECT 

by 
K. Peter Devenis*, Member 

Numht•r -~ 

(Presented at a meeting of the Hydraulics Section, B.S.C.E., and 
M.S.A.S.C.E., on January 30, 1974). 

Introduction 

The Charles River Project is the largest single construction project ever 
advertised by the New England Division of the Corps of Engineers. Final 
plans and specifications for this project were prepared by CE Maguire, 
Inc., Engineers-Architects. Bids were opened on February 7, 197 4 for the 
project which consists of a dam, navigation locks and flood control pump
ing station at Warren Avenue in Boston. 

The main purpose of the project is to maintain the Charles River Basin 
at an essentially constant level, in order to prevent flooding. However, 
many corollary benefits will also result from its construction. Improvements 
will be made to navigation and pollution control. A fish passage and park 
will be provided, and the areas adjacent to the extended water Basin will be 
enhanced. 

The costs are shared federally by the Corps of Engineers (87 percent), 
and locally by the Metropolitan District Commission (13 percent). Upon 
completion, the project will be turned over by the Corps of Engineers to the 
Metropolitan District Commission for operation and maintenance. 

Before this project reached its present status, many alternative solutions 
to pumping were proposed such as diking of banks, upstream flood storage, 
additional sluicing facilities, and prelowering in anticipation of floods. The 
feasibility and economic justification for the entire project were questioned. 

The project was first investigated by the Metropolitan District Commis
sion, then turned over to the Corps of Engineers. After a very thorough 
investigation the Corps of Engineers reached the same conclusion as the 
MDC; that the only positive means for control of flooding on the Charles is 
with a pumping station. It was also determined that the project is economi
cally justified with a benefit to cost ratio of 1.4 to 1.0. 

*Vice President and Environmental Division Director 
CE Maguire, Inc., Consulting Engineers 
Waltham, Mass. 
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History 

In order to understand the flooding problems which exist today, we must 
look back in the history of the existing Charles River Dam to the time when 
Charles River Basin was a tidal estuary. 

Tidal Estuary 

The City of Boston in 1775 was a small peninsula about a mile wide and 
a mile and a half long, connected to the mainland by the narrow Roxbury 
Neck. The Back Bay, the Charles River Basin, and the Cambridge shore 
where M.I.T. is located today, were subject to daily tidal fluctuations. 

In 1814 Mill Dam was authorized along the present alignment of Beacon 
Street, and was completed in 1821. A short cross dam was built between 
the Mill Dam and the present intersection of Massachusetts and Common
wealth A venues to provide a two pool system of tidal power for the mills on 
the cross dam. Between 1834 and 1884 some 750 acres of Back Bay were 
filled with land brought in by railroad cars until the whole of the formerly 
tidal Back Bay became filled. Some 140 acres were also filled along the 
Cambridge shore below the Boston University Bridge, and an additional 
500 _ acres upstream of the Boston University Bridge along 1:>oth sides of the 
river. By 1902 the Boston and Cambridge shores, in back of retaining walls 
were completely filled in. Figure 1 shows the tidal conditions in the Charles 
River Basin along the Cambridge shore in 1902.1 

Old Charles River Dam 

The contract for the existing Charles River Dam, Locks, Sluices and 
Drawbridge was let in January 14, 1905 following detailed studies by the 
Committee _on Charles River Dam under the supervision of John R. Free
man, Chief Engineer for the Committee. 2 John R. Freeman is a familiar 
figure in Boston because of his close association with the Boston Society of 
Civil Engineers, which included his establishment of scholarship and lec
ture funds. He was one of the greatest American civil engineers and his very 
thorough engineering report in 1903 was instrumental in establishing the 
Charles River Basin. 

The site for the present dam was established at the Craigie Bridge 
between Boston and Cambridge. The dam and lock were placed in opera
tion October 20, 1908 and the highway was completed January 27, 1910. 
One large lock was provided, 350 feet long, 45 feet wide and 18 feet deep 
at low water. 

Hydrology and Hydraulics for Old Dam 

The design of sluicing facilities was based on flood flow records for a 
freshet of February 1886 which was the largest flood up to that time for 
which records were available. Records were kept for discharge over the 
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dam at Moody Street in Waltham which was calculated at 3,968 cfs for 181 
square miles of contributing area. The same unit runoff was applied for the 
remaining 57 square miles of drainage area downstream for a total of 5,212 
cfs. This figure was felt to be conservative because, as Freeman noted: 
"The maximum rate of flow does not occur at Waltham until two or three 
days after the maximum rate of rainfall. The maximum rate of flow from 
the 57 square miles below Waltham, on the other hand, follows but a few 
hours after the maximum rate of rainfall and would have passed before the 
crest of the main flood arrived.2" 

The sluices and other openings at the dam were designed for 5,700 cfs 
(10 percent in excess of the flood of February 1886) with continuous tides 
rising to elevation 113, and the Basin level rising to elevation 111 as indi
cated in Figure 2.2 
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Figure 2 - Basin Levels for Design of Old Dam. 
A study was made of more extreme condition with upland flow of 7,000 

cfs, and with a high tide rising to elevation 114.5, and low tide rising to ele
vation 105.5. This actually occurred on November 27, 1898 during the 
Portland Tide, so named because the steamer "Portland" was lost in that 
storm. Under these conditions the Basin would reach a maximum elevation 
of 113.4. The conclusion reached was that: "The flood assumed is 1/3 greater 
than the greatest flood of record; and a coincidence of such a flood with 
such a series of tides is so remote a possibility as to be hardly worth consid
eration, although, even should it occur, it appears evident that no serious 
damage would be done. "2 

It must be emphasized that with tidal conditions upstream of the Charles 
River Dam there were no measurements of flow below the Moody Street 
dam, and tides of 113.4 had occurred several times per year. 

The sluicing waterway area of some 909 to 951 square feet, depending 
on tide elevation, served adequately for many years to control the Basin 
levels. Between 1909 and 1954 the maximum Basin levels were controlled 
between elevation 109.0 and 110.2 in accordance with the intent of the 
design. 
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It wasn't until Hurricane Carol, on September 11, 1954, when the inflow 
reached a peak of 9,200 cfs, and the Basin rose to elevation 110.5 that any 
cause for concern was expressed. Flooding starts at about elevation 110.2; 
therefore damages were not excessive. However, Storrow Drive was flooded 
since its low elevation is 109.5 and the bank adjacent to it overflows at ele
vation 110.2. Since CE Maguire was working on the hydraulics of the pro
posed Chlorination Detention Station in the vicinity of Boston University 
Bridge, it was asked to take a second look at the then proposed elevation of 
110.0 in the Basin for backwater through this proposed pollution control 
facility. 

A brief evaluation led to the excellent records of Basin and tide levels 
which are kept in the Tower at the present Charles River Dam every half 
hour to the nearest .01 of a foot. The records of levels and the records for 
sluicing enabled the determination of a flood hydrograph for Hurricane 
Carol. Shifting the time of high tide with respect to rainfall led to the con
clusion that with more adverse timing the Basin could have risen to eleva
tion 112.5, and that we were faced with a very dangerous situation with 
respect to potential flood hazard. Some attempts were made to interest the 
Metropolitan District Commission in a more detailed study because of the 
potential hazard, but the matter was pretty much forgotten until Hurricane 
Diane in the following year. 

Hurricane Diane 1955 

Hurricane Diane, which occurred on August 18 and 19, 1955, had the 
highest rainfall in the Westfield, Massachusetts area with a total rainfall of 
about 20 inches. It was still a substantial storm in the Boston area with a 
total rainfall of about 12 inches. The tidal conditions were not unusually 
adverse with peak tide elevation of only 112.6. The rainfall exceeded I 
inch per hour for 4 hours and the Basin level rose to elevation 112.55 as 
shown in Figure 3, with a substantial amount of damage. 3 

As a result of this damage CE Maguire, Inc., together with Elson T. Kil
lam Associates, was engaged to make a study of the Charles River Basin.4 

The joint venture recommended a flood control pumping station at the 
existing Charles River Dam to prevent recurrence of such flooding. They 
conducted a flood damage survey shortly after the flood. 5 Most of the dam
age was due to the back up through drainage systems discharging to the 
Basin and it followed the pattern of areas which were formerly tidal and 
had been filled in to create new land. Although Memorial Drive and Bea
con Street are generally above elevation 115, 2½ feet above the flood level, 
some parts of Cambridge are as low as elevation 113 to 114. Many base
ments and basement apartments are at elevation 110. 

M.D.C. Studies 

Several detailed studies were performed for the Metropolitan District 
Commission in 1958 and 1959, following the completion of the first feasi-
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bility study. An analog computer study was conducted by Dr. Henry M. 
Paynter in order to establish the criteria for pumping capacity.6 Also a 
report was completed in 1959 on alternative types of pumping equipment 
in which CE Maguire recommended six vertical propeller pumps, with a 
total capacity of 8,400 cfs, driven by diesel engines. 7 

Another report in 1959 was concerned with commercial and recreational 
boating, stressing the importance of the increasing use of Basin and lock for 
recreational boating, and the declining use by commercial vessel traffic. 8 

This report also recommended the construction of two small boat locks to 
reduce the waiting time for small boat users, sometimes up to two hours, 
and to reduce the intrusion of salt water into the Basin. 
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Site Selection 

Alternative sites were first evaluated at the existing dam resulting in a 
preliminary selection of a site immediately downstream of the existing 
lock.9 However, Hydraulic Model Tests, performed at the M.I.T. Hydro
dynamics Laboratory, indicated considerable difficulty at this site due to 
cross flow from the lock resulting in vortices and in some instances 
surges.10 Many runs were made with different pumping station orientations 
and various intake wall arrangements in order to minimize surging and vor
tex action. None of the arrangements was completely satisfactory. 

At the same time borings were being taken at the site downstream of the 
existing lock. Suitable foundation material at this site is 90 feet below sea 
level, considerably beneath the bottom of the proposed structures, requiring 
the use of piles. 

. The unsatisfactory foundation and hydraulic conditions led the engineers 
to a new site, shown in Figure 4, at Warren Avenue where an old bridge 
had been abandoned and was in the state of collapse.11 At this site suitable 
foundation material was 50 feet higher, near the level of the foundation of 
most of the structures. 

Hydraulic Model Tests at the Warren Avenue site, also performed at the 
M.I.T. Hydrodynamics Laboratory, indicated that for the various arrange
ments of pumping station walls and station orientation investigated, even 
the worst arrangements at the new site were satisfactory and considerably 
better than the best at the existing dam.12 

A recommendation was made to locate the project at the Warren Bridge 
site. A flood control pumping station, two small locks, a large lock and a 
highway bridge were included in the project. The highway bridge was for 
one-way traffic from Rutherford Avenue in Charlestown to Causeway 
Street in Boston. 

Present Design Hydrologic Conditions 

The Charles River has a drainage area of 307 square miles at Warren 
Avenue. The Lower Charles River Watershed, below Moody Street Dam in 
Waltham, has a drainage area of 58 square miles. 

The Charles River Basin has a surface area of 705 acres between Warren 
Avenue and Watertown dam. The extension of the Basin to Warren Bridge 
has added 30 acres to the Basin area. However, since creation of the Basin 
by construction of the present dam, its surface area has been decreased by 
101 acres due to filling. 

The design flood hydrograph has a peak inflow of 15,500 cfs and 
exceeds 10,000 cfs for· 6 hours. The flow at Moody Street Dam at Waltham 
is limited to a peak of 3,000 cfs due to river and dam restrictions. The 
design flood hydrograph is based on the inflow from Hurricane Diane, 
when a peak inflow of 13,400 cfs was reached, plus an allowance of addi
tional 2,100 cfs for future increase in impervious areas due to further 
development of land area. The Corps of Engineers hydrologic studies were 



ALTERNATIVE 
PUMPING SITES 

AT EXISTING DAM 

i·JI/.K{t'S KJl'O! H.lsSJ,1..' 1/1/ 

1 1/ 
f~>dl ~ 

¢" ?!.•·~·: 

·r: 

fl.All 

,,~on 
•00' ,w '!'"" 

Figure 4 -Alternative Project Sites at Existing Dam and at Warren Avenue. 

7 '.:j 
.j:s. 

0:, 
0 
~ 
0 z 
C/J 
0 
(") 

rn 
-l 
-< 
0 
'Tl 
(") 

< 
r 
rn z 
0 
z 
rn 
rn 
;,;, 
C/J 
C/J 
rn 
(") 
-l 
0 z 
► C/J 
(") 
rn 



THE PROPOSED CHARLES RIVER PROJECT 175 

performed initially under the direction of Mr. E. Childs. 
The Standard Project Flood has a peak inflow of 20,000 cfs. It was 

derived from a synthetic rainfall amounting to 10.43 inches in 18 hours as 
compared to 8 .11 inches in 18 hours during Hurricane Diane. The rainfall 
loss was determined to be 2.63 inches for this period during Hurricane 
Diane, and was assumed to be the same for the Standard Project Flood. The 
rninfall excess, after deducting the loss, amounts to 5.48 inches of runoff 
for Hurricane Diane, and 7 .80 inches for the Standard Project Flood during 
the 18 hour period. The design hydrograph and the Standard Project Flood 
are shown in Figure 5.3 

The design tide has a high elevation of 113.0 and low elevation of 102.5. 
The high portion is below the 115.7 peak elevation reached during the 
Minot's Ledge Tide in April 16, 1851, and the low portion is below the 
105.5 low elevation for the Portland Tide of November 27, 1898. The tides 
in the Boston area can sometimes rise 3 to 4 feet above predicted heights 
due to the northeasterly winds, and due to a drop in atmospheric pressure. 

The design tide level of 113 .0 is reached several times per year. An ele
vation of 114.0 is anticipated about once every 2½ years, and elevation 
116.0 is anticipated about once every 100 years. The frequency of high tide 
levels is changing since the ocean level is currently rising at about a 0.6 foot 
rate per century. 

Under Project Design Flood conditions, and with a pumping rate of 
8,400 cfs, the Basin would rise to elevation 109.6 as shown in Figure 6 and 
would cause no damage.3 If one pump was inoperative, the pumping rate 
would be 7,000 cfs and the Basin would rise to elevation 110.5 causing a 
minor amount of damage. Damages start at about elevation 110.2 and at 
110. 7 are estimated to be only about $400,000. 

Under Standard Project Flood conditions, and with a pumping rate of 
8,400 cfs, the Basin would rise to elevation 111.3, as shown in Figure 7, 
causing some damage. 3 

If there were no pumping facilities provided, then the Basin level would 
be governed essentially by the elevation of high tide level. For the design 
tide of 113 .0, the Basin level would rise to elevation 113 .0 with design 
flood inflow and to elevation 114.0 with the standard Project Flood. 

The frequency of occurrence of high Basin levels with pumping and 
without pumping at present and in the future is shown in Figure 8. 11 With 
the proposed pumping capacity of 8,400 cfs, an elevation of 110.2, at 
which damages would start, will be reached about once every 150 years. 
Without pumping, Basin elevation of 110.2 would be reached once every 6 
years now, and once every 3 years in the future. 

Without pumping, a flood level of 112.5, during which damages are esti
mated at about 12 million dollars, would be reached every 40 years, and a 
flood level of 114.5, during which flood damages are estimated at 48 mil
lion dollars, would be reached every 150 years in the future. 
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14 15 

The benefit of the pumping station is evident when we see that for once 
in a 100 year event, the pumping station will control the Basin level to ele
vation 109.0, without causing damages. On the other hand, without a 
pumping station, future Basin levels would be completely out of control 
with catastrophic flood damages. 

Alternative Plans 

Several plans were considered as alternatives to pumping by various 
interests. These were: 

Diking of banks. 
Upstream flood storage. 
Additional sluicing facilities. 
Prelowering in anticipation of floods. 

These alternatives were considered by the engineers and discarded as being 
ineffective. 

Diking of river banks is not practical because flooding occurs not by 
overbank flooding but through back up of drainage systems. 

Upstream flood storage reservoirs are not practical because 84% of 
flood flow is from the areas adjacent to the Lower Charles River below 
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Moody Street Dam, as shown in Figure 9. Furthermore, during Hurricane 
Diane, the dam above Moody Street and other areas upstream were already 
very effectively storing flood flows to minimize damages downstream. It 
will, however, be necessary in the future to preserve areas for flood storage 
and conservation in order to avoid excessive flood damages upstream, and 
to avoid an increase in flood flows downstream. Today's flood flows are no 
longer as described by John R. Freeman in 1903 where the inflow from the 
upper watershed causes most of the flood flow. The engineers found that 
runoff from the lower watershed, below Moody Street Dam, is the major 
source of flooding. 

Additional sluicing facilities are helpful only under certain tidal condi
tions. For the most critical conditions, when flood inflows occur with tide 
level above the Basin level, sluicing is not possible. Sluicing facilities could 
be built all the way from the Boston to the Cambridge shores, but as long as 
tide conditions are adverse the sluices would not do any good. During the 
design hydrograph inflow, the Basin level would rise at a peak rate of about 
2 feet per hour no matter what sluicing facilities were provided if no pumps 
were provided. Since the tide is higher than the Basin for about 4 hours, 
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sluicing facilities are of no consequence for the most critical tidal con
ditions. 

Prelowering the Basin to elevation 106.5, 1 ½ feet below the normal 
Basin level, is considered to be practical. Dropping the Basin to elevation 
106.5, rather than 107.5, would reduce the peak Basin rise without pump
ing under the Standard Project Flood with design tide only a small amount 
from about 114.0 to 113.8. 

Extreme prelowering of the Basin to lower elevations, such as elevation 
104.5, as an alternate solution to pumping to control the Basin level rise is 
not very effective for the following reasons: 

1. Reduced area of the Basin at lower elevations. The Basin has a sur
face area of about 600 acres of elevation 104.5 as compared to about 
1,200 acres at elevation 114.5. 

2. Increased gravity inflow to the Basin from adjacent drainage systems 
with lower Basin level. 

3. Decreased gravity outflow from the Basin to tide as the Basin level 
drops. With the low design tide at elevation 102.5, it would be diffi-
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cult to drop the Basin to elevation 104.5. 
4. Increased time during_ which flood inflow must be stored because the 

time during which tide will be higher than the Basin is extended. 

Dropping the Basin level from 106.5 to 104.5 would reduce the peak 
Basin level rise without pumping under Standard Project Flood with design 
tide only a smaUamount from about 113.8 to 113.5. Basin levels could go 
higher under more adverse high tide conditions. Also under adverse tide 
conditions, the low tide can be at elevation 105.5 rather than 102.5 and it 
would not be possible to prelower much. 

Dropping the Basin level below 106.5 to 104.5 would interrupt indus
trial water use, stop production of electricity at power plants which depend 
on cooling water, and would ground many boats which would be seeking 
safe refuge before a storm. 

It was the engineers' conclusion, therefore, substantiated later by the 
Corps of Engineers, that adequate positive control of Basin levels required 
a flood control pumping station. 

The conditions upon which the gravity sluicing facilities were designed 
by John R. Freeman are very different today and the change could not have 
been anticipated. Increase in population and construction of paved areas 
and drainage systems increased and speeded up the runoff from the 
watershed below Moody Street Dam. The fast high runoff from urban areas 
adjacent to the Basin, rather than the slow upland flow must now be the 
prime concern. The total flow has jumped from 7,000 cfs to 20,000 cfs. 

Furthermore, the Basin area was 15 percent larger in 1910 than at pres
ent. Today's highly developed area is now very sensitive to small changes 
in Basin level as compared to the small population that was accustomed to 
the previous tidal conditions. It can no longer be said that with elevation 
113.4 no serious damage would occur. 

Proposed Facilities 

Final plans and specifications were completed for the Metropolitan Dis
trict Commission in April 1964. Because of the controversy relative to the 
need of the project and because of funding problems, the project was turned 
over by the Metropolitan District Commission to the Corps of Engineers. 

The Corps of Engineers substantiated the need of the project and pro
vided the major portion of the funds. The project was redesigned in accord
ance with the Corps of Engineers criteria, including new criteria for seismic 
considerations. 

The architectural features were changed at the request of the Metropoli
tan District Commission and the Architectural Review Board. The build
ings were changed from precast concrete to brick, as shown in Figure 10. A 
facility was added for MDC patrol boats as well as a walkway, and an area 
for public viewing. Parking and park areas were expanded and now include 
the site of Paul Revere's landing. The Engineering Division of the Metro-
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politan District Commission under the direction of Mr. F. Bergin is pres
ently designing Charles River marginal conduits and a treatment facility to 
eliminate pollution in the area between the existing dam and the proposed 
dam, and to reduce pollution in the Charles River and Boston Harbor. 

Postscript 
Subsequent to the presentation of this paper on January 30, 1974, the 

New England Division of the Corps of Engineers received and opened bids 
for the construction of the Charles River Project on February 7, 1974. 
The low bidder was J. F. White Contracting Company with a bid of 
$34,957,250. The construction period will be limited to 45 months with 
scheduled completion in 1977. 

The writer has had charge of the detailed enginering work on this proj
ect during the initial stages and its supervision during later design stages. 
The project managers for the Corps of Engineers were Mr. C. Ciriello dur
ing the report stages, and Mr. G. T. Sarandis during the preparation of final 
plans and specifications under the supervision of Mr. J. Leslie. The project 
manager for CE Maguire, Inc. was Mr. J. Lukacz, Jr., and Mr. E. Dunn 
provided engineering supervision. The project manager for the Metropoli
tan District Commission during early stages was Mr. A. Sulesky. During 
later stages Commissioner John Sears and Mr. F. Bergin provided MDC 
cooperation and assistance. 

Acknowledgment is hereby made by the writer for the assistance and 
cooperation of the Metropolitan District Commission, the New England 
Division of the Corps of Engineers, special consultants and fellow members 
of the staff of CE Maguire, Inc. 
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The phenomenon of rock weathering is described in simplified but com
plete terms. The contribution of mechanical, biological and chemical pro
cesses are delineated; with a thorough description and discussion of the role 
played by chemical processes. The relative contributions of climate, topo
graphic relief, and rock composition and structure to the process of weath
ering are discussed and the overriding importance of climate and 
topographic relief is demonstrated. The paper concludes with a description 
of typical soil profiles that develop in North American climates. 

I. Introduction 

The primary purpose of this paper is to describe how the forces and 
agents of nature can change .relatively dense, solid rock materials into rela
tively loose, fragmented soil materials and how the composition and struc~ 
ture · of the rock compares with the composition and structure of the 
resulting soil. An understanding of the processes and products of weather
ing is very important for anyone concerned with the uses of soil and rock. 
Keller3 goes as far as to say that "Weathering is the geologic process which 
is the most important and closest to the life of man!" He goes on to describe 
how food is grown in the soil, which is a direct product of weathering, and 
how many of our fossil fuels and important ore deposits result from weath
ering. Some people would consider soil to be the most important natural 
resource of a country. Others state how weathering fits into the study of 
geologic processes since it is the principal producer of unconsolidated 
materials which become available for erosion, transportation and deposi
tion. In addition, a knowledge of the products and processes of weathering 
can assist geologists in many ways such as providing clues about the type of 
underlying rock or about climatic changes for long periods of time. Weath
ering is important to soil engineers because it occurs virtually everywhere 
within the scope of engineering projects and because it can cause substan
tial and erratic changes in the permeability, strength and compressibility 
characteristics of the parent material. · 

Weathering is the response of materials in the lithosphere to conditions 
at or near its contact with the hydrosphere and/or the atmosphere and the 
biosphere. The activity in these areas of contact causes many interactions 
and changes to take place in each "sphere", but it is the changes in the lith
osphere which is the primary topic of this paper. The kinds and rates of 

* Assistant Project Engineer, Haley & Aldrich, Inc., Cambridge; Mass. 
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changes in the lithosphere depend on the intensity of the process, which is 
largely a function of climate, and on the susceptibility of the material to 
alteration, which is largely a function of its composition and structure. 
Another factor that interacts with the climate, composition and structure is 
the topographic relief. 

Climate is a significant but elusive factor in the process of weathering. In 
general, the macroclimate, or the climate of the atmosphere, controls the 
average temperature, the amounts of precipitation and evaporation and the 
distribution of plants and animals. Significant small scale variations, how
ever, referred to as the microclimate, occur in the climate at or near the 
ground surface and the specific effects of climate on weathering are largely 
a function of these small scale changes. Large differences can occur 
between the two climates with respect to temperature, moisture content, air 
composition and wind velocity, as for instance, on the north and south sides 
of a boulder, which can be important to a depth of 2.0 ft. or more. A differ
ence in temperature of only 10°F, for example, can cause a change in the 
rate of a chemical reaction of 2 or 3 times. 

The composition of the materials subjected to weathering is somewhat 
easier to quantify than climate; at least on a continental scale. It is known 
that approximately 95 percent of the upper 10 miles of the crust is com
posed of igneous rocks, but that 75 percent of the material at the surface is 
composed of sedimentary rocks. In addition to this distribution, many of 
the surface rocks are covered by the transported soils such as glacial, fluvial 
or eolian deposits, and it is the soil that is most readily available for weath
ering. 

Chemical analyses of all these classes of material have shown that the 
actual number of abundant elements and minerals present near the surface 
of the earth is very limited. The eight most common elements in their order 
of abundance are oxygen, silicon, aluminum, iron, calcium, magnesium, 
sodium and potassium, and these combine to form the eight most common 
minerals that comprise approximately 90 percent of the outermost 10 miles 
of the crust. Given below is a listing of the most common minerals and their 
relative abundance: 

Feldspar 30% Carbonate 9% 
Quartz 28% Iron Oxide 4% 
Clay Minerals Pyroxene 

and and 
Mica 18% Am phi bole 1% 

It is these materials, therefore, that will usually be involved in the weather
ing process. 

Rock structure is another highly variable factor in the rate of weathering. 
Large features such as joints, foliation, bedding planes, and faults, and 
small features such as texture and grain contacts are all important for 
determining the accessibility of rock to weathering agents. The internal 
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stress regime and stress history, although less obvious, can also cause 
changes in the rate of weathering. 

Topographic relief can affect weathering indirectly by changing the 
microclimate or directly in many important ways. The three most important 
direct effects of topography are the rate of runoff vs. infiltration, the rate of 
subsurface drainage and the rate of removal of the weathered products. The 
rates of infiltration and subsurface drainage control to a very large degree 
the rate of chemical weathering. Erosion determines how quickly fresh 
material is exposed to weathering. 

With these four factors in mind - climate, composition, structure and 
topographic relief - a more thorough discussion of weathering will be pre
sented in the following sections. Weathering is commonly divided into 
mechanical, biological and chemical processes, but this is mostly for con
venience since all of the processes of weathering are intimately interrelated. 
Biological processes, especially, can be easily divided into mechanical and 
chemical effects. These three divisions, however, will form the basis for the 
following sections with pertinent cross references as the need arises. 

II, Mechanical Weathering 

Mechanical weathering is defined as those forces in nature that cause a 
reduction in particle size without chemical alteration. The two most impor
tant effects of a reduction in particle size are that the material becomes 
more susceptible to erosion and to chemical weathering. Most geology texts 
have a complete discussion of mechanical weathering, and the important 
aspects of the process are listed here in outline form only. 

Impact and Abrasion - Many particles are reduced in size simply by 
falling and being shattered upon impact. Particle impact during transporta
tion by wind, water and ice will also cause a reduction in particle size by 
abrasion. These processes are so important, in fact, that they are usually 
treated as a separate branch of geology. 

Frost Wedging - Freezing water can generate large forces due to an 
increase in volume. If the water is enclosed in cracks in the rock, the forces 
are sufficient to cause the rock to break. The amount of breakage has been 
found to be more closely related to the number of freeze-thaw cycles than to 
the intensity of a single freezing episode. 

Thermal Expansion and Contraction - Ordinary diurnal temperature 
variations are not thought to be a significant cause of rock breakage except 
in the presence of water, and then the water probably causes more chemical 
than physical alteration. Temperatures generated in forest fires, however, 
may cause rock fracturing. 

Pressure Relief - Substantial pressure relief by erosion can cause cracks 
in the rock to form on a large scale. Exfoliation and joints are two common 
examples of this mechanical breakage. 

Tectonic Forces - Mountain building forces result in folding and fault
ing of rock materials that can cause considerable rock deformation and 
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breakage. These forces also very often make the rock available for other 
types of weathering processes. 

Volume Changes - Chemical weathering will cause an increase in vol
ume of the parent material which is sufficient to c.reate large forces in a 
material that is not weathering uniformly throughout. These differential 
stresses. can cause the rock to disintegrate and release the most resistant 
particles unaltered. 

Ill, Biological Weathering 

Biological activity and accumulation of organic matter is common in the 
zone of weathering. The effect of living organisms is somewhat · different 
than other agents and forces in the environment because living organisms 
are able to utilize the energy of the sun directly through metabolism to 
dr.ive their life-giving reactions. In addition, living and dead organisms add 
many complex organic molecules to the environment. Some of the more 
important aspects of biological weathering are given below in outline form. 
Much of what is given below will be expanded in the next section on chem
ical weathering. 

Root Wedging- The turgid pressure of plant roots reaching out to find 
water and nutrients is sufficient to loosen soil and even to break rock. The 
actual contribution of this process to mechanical breakage of rock is proba
bly quite small, but it can be locally important. 

Mixing - Although not directly related to particle disintegration, many 
rodents and insects move vast quantities of soil ¥P and down the soil profile 
every day. This activity continually makes fresh material available for 
weathering and provides additional access for other weathering agents to 
materials that were not disturbed. 

Redox Potential - Organic materials are powerful reducing agents, 
combining readily with oxygen to form carbon dioxide. This can have an 
important effect on the "mobility" of some ions in the environment. 

Colloidal Activity - Small particles of organic matter are chemically 
active with several exterior exchange positions available for cations that 
may be present in the environment. If the cation happens to be hydrogen, 
the organic matter will become a colloidal acid. Changes in the pH can 
have many effects on other reactions. 

Acid Production - Besides retaining hydrogen ions in the environment, 
the carbon dioxide produced by decomposing organic matter combines 
readily with water to produce carbonic acid. Although not a powerful acid, 
carbonic acid seems to have widespread effects due to its great abundance. 

Chelation - Certain organic compounds are capable of siirrounding a 
cation and isolating it from the environment. These compounds are com
monly produced in nature and are capable of removing important cations 
from participation in secondary mineral recrystaHization. Chelatioq is also 
another method whereby plants may obtain their food. 
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IV. Chemical Weathering 

Chemical weathering results from a change in the chemical environment. 
The change usually occurs when rock formed deep in the lithosphere under 
conditions of high temperature and pressure is exposed near the surface and 
brought in contact with water, oxygen, carbon dioxide and other elements 
and compounds. With this change, the process of weathering begins and 
,new minerals are produced that are relatively more stable in the new envi
ronment. 

The process of chemical weathering can be divided into three phases. 
The first phase is the breakdown of the existing minerals. Several common 
exothermic (heat releasing) chemical reactions are involved with the break
down of the minerals which proceed spontaneously to equilibrium while 
changing the properties of the parent material. This equilibrium would be 
the end of the process if it were not for the second phase, the removal of 
soluble constituents. 

Many of the products produced by the breakdown of the parent material 
are continuously removed from the chemical environment so that the chem
ical reactions hardly ever. reach an equilibrium. The two most important 
mechanisms for removal are leaching and the use of constituents by plants. 
This removal is the real driving force of chemical weathering. A large part 
of the understanding of chemical weathering, therefore, is to understand 
what the "mobility" of the various products of breakdown are in different 
chemical ·environments. 

The third phase consists of the recrystallization or reorganization of, the 
remaining products into new, more stable minerals. The composition and 
type of new minerals depends to some degree on the composition and type 
of parent material and to a very large degree on the constituents selectively 
removed by leaching and by plants. 

To understand the breakdown of parent. materials, it is necessary to 
know something about the composition and structure of these materials. As 
stated in the Introduction only a relatively few minerals exist in the outer 
crust. Of these, clay minerals and iron oxide are largely the result of weath
ering processes. Those remaining are composed mostly of silicates, and to a 
much lesser degree, carbonates. 

The basic building block of a silicate is the silicon tetrahedron, which is 
a silicon atom surrounded by four oxygen atoms in a tetrahedral configura
tion. The manner in which the tetrahedra are connected together is a good 
method for classifying the various silicate minerals. An abbreviated exam
ple of this classification system is presented below with brief descriptions. 

Nesosilicates (Si04 Group) - No polymerization, individual silica tetra
hedra bonded together by cations, Aluminum substitution for the silica in 
the tetrahedron is rare. Olivine, zircon, garnet and topaz are examples of 
this class. Susceptibility to weathering is variable. 
Sorosilicates (Sh07 Group) - Polymerization of two silica tetrahedra by 
a single oxygen bond. 
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Cyclosilicates (Si5018 Group) - Tetrahedra arranged in hexagonal rings 
with each tetrahedron sharing two oxygen with adjacent units. Rings 
bonded together by cations. Examples are beryl and tourmaline. Rela
tively resistant to weathering. 
lnosilicates (Si205 and Si4011 Groups) - In the Siz06 group, tetrahedra 
are in single chains with all the tetrahedra pointing in the same direction. 
Each tetrahedron shares two oxygen with adjacent tetrahedra and the 
chains are linked together by cations. Limited substitution of aluminum 
for silicon in the tetrahedra in some of the more complex members. 
Cleavage at 93 °. Pyroxene is the common name. Highly susceptible to 
weathering. 
In the Si4011 Group, the tetrahedra are formed into double chains by 
polymerization. Hydroxyl ions present in the cavities between the chains. 
Chains bonded together by cations. Cleavage at 56 ° and 124 °. Amphi
bole is the common name. Highly susceptible to weathering. 
Phyllosilicates (Si401o Group) - Tetrahedra further polymerized into 
continuous sheets with the tetrahedra all pointing in the same direction. 
Sheets form an hexagonal pattern with hydroxyl ions in the pockets of 
the hexagons. Sheets bonded together by cations. Variable substitution of 
aluminum atoms in the tetrahedra up to 25 percent of the silicon. Well 
developed parallel cleavage. Biotite, muscovite and talc are common 
examples. Highly susceptible to weathering with specific exceptions such 
as muscovite. 
Tectosilicates (Si02 Group) - Complete polymerization with all the oxy
gen atoms shared by silica to form a three-dimensional network. Quartz 
and feldspar are included in this group. Quartz is a complete network of 
silicon tetrahedra which is highly resistant to chemical weathering. Feld
spar has up to 50 percent substitution of aluminum in the tetrahedra for 
silicon and associated cations to balance the charges. Feldspar has dis
tinct cleavage and is moderately susceptible to chemical weathering. 

The most direct effect of mineral structure on weathering is the relative 
stability of the atomic bonds in the mineral. The silicon-oxygen bond is the 
most stable followed in order by the aluminum, potassium, sodium, ferrous 
iron, magnesium and calcium bonds with oxygen to name a few of the more 
common cations.* An analysis of the bonding energy for the above groups 
of silicates shows that the energy increases regularly from the nesosilicates 
to the tectosilicates. This means that each group in order from the nososili
cates releases more energy during crystallization and requires more energy 
for breakdown. 

Closely related to this phenomenon is the coordination number, which is 
a measure of how tightly packed various atoms can be due to their actual 

*Only oxygen bonds are considered here because oxygen is by far the most 
common anion. Other anions in the ocean and on land are chloride, bro
mide, sulfate, borate, carbonate, and bicarbonate. 
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physical size. Atoms that can fit more closely together will usually have 
higher bonding energies and be more resistant to weathering. 

The coordination number also has an important bearing on the suscepti
bility of molecules to isomorphous substitution during crystallization and to 
ionic exchange during weathering. Cations of similar coordination number 
may replace one another in the silicate structure. Substitution depends not 
only on the actual size of the atom, but on the difference in charge, which 
may be as great as one valence unit, and on the overall mineral structure. 
An example of substitution is in the mineral olivine where ferrous and mag
nesium atoms can replace each other in a continuous series. 

Another type of mineral structure is associated with sedimentary and 
metamorphic carbonate rocks such as limestone, dolostone and marble. 
These materials are composed primarily of calcium carbonate, with magne
sium substitution common in dolomite, and variable through small amounts 
of other substances such as quartz. Although these minerals are crystalline, 
crystal structure is not well developed because the carbonates can exist in 
several different configurations and because "impurities" interrupt crystal 
growth. 

The four chemical reactions described below: Hydrolysis, Oxidation, 
Carbonation and Ion Exchange, are the most important for disrupting sili
cate and carbonate structures. 

Hydrolysis is the separation of the water molecule into hydrogen and 
hydroxyl ions and the interaction of these ions with other reactants to 
form new compounds. The separation is accomplished when the water 
molecule is subjected to an electric force sufficient to break its internal 
bond. This is a very important reaction in chemical weathering. 
Oxidation of a substance occurs when one of its constituent atoms loses 
electrons and becomes positively charged. Oxidation in nature usually 
occurs when a weathering material loses electrons to elemental oxygen 
which has become ionized. Other elements such as sulphur and chlorine 
can also cause oxidation. This is usually the first noticeable reaction 
because it generally is accompanied by a change in color. 
Carbonation is the combination of carbonate or bicarbonate ions with a 
weathering material. Calcium, magnesium and, to a lesser degree, iron 
bearing rocks can be weathered by carbonation. Carbonate and bicar
bonate ions are produced in nature principally by the combination of 
water and carbon dioxide to form carbonic acid. 
Jon Exchange occurs whenever positive or negative ions replace other 
ions of similar charge in a substance without series rearrangement or 
change of structure. This is possible because not all ions have the same 
affinity for inclusion in a given substance. Whether or not the substitu
tion actually occurs depends on the relative affinities, the composition 
and concentrations of other chemical compounds that may be present 
and the atomic structure of the substance. Hydrogen ions are particularly 
effective in ion exchange reactions because of their small size and high 
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charge-to-size ratio. In silicate minerals the exchanged ions can be 
rejected from the mineral and/or various silica polyhedra and lost to the 
environment. 

Although the response of various minerals to the four chemical reactions 
listed above is complex and almost infinitely variable, a simple model for 
the mechanism of breakdown of the minerals will be given here. In general, 
the silicate minerals weather by hydrolysis and cation exchange, iron-bear
ing minerals by oxidation and carbonate minerals by carbonation and solu
tion. 

When a silicate comes in contact with water, the water is polarized to 
such an extent that the hydrogen and hydroxyl ions are dissociated and 
become bonded to exposed anions and cations at the minerals surface. 
Simultaneously, the hydrogen may displace cations at the mineral surface 
causing the pH of the liquid to become alkaline. This reaction would 
quickly reach an equilibrium, with just as many cations entering and leav
ing the mineral structure, unless some of the released cations are removed 
from the system. With removal the hydrogen ion becomes very effective in 
disrupting the crystal structure and causing the release of monomeric or 
polymeric silica to the environment. 

Iron-bearing minerals are susceptible to weathering by oxidation. In 
greatly simplified terms, iron in the crystal structure is oxidized to form a 
stable mineral with oxygen and is removed from its crystal bonding func
tion. The removal of iron in this way causes the crystal to become electri
cally unstable and to break up in order to become balanced again. Since 
oxidation is exothermic, the reaction proceeds spontaneously. 

The mechanism of breakdown of carbonate rocks is quite straightfor
ward. Although calcium carbonate is nearly insoluble, it reacts readily with 
acid to form calcium bicarbo.nate which is highly soluble. As the carbonate 

. is removed by solution, the impurities in the rock become relatively concen
trated in the environment and, depending on their composition, may be fur
ther broken down by hydrolysis, ion exchange and oxidation. 

As the mechanism of breakdown proceeds a residue is produced that 
contains silica, displaced ions, oxygen, carbon dioxide, water and many 
other substances. The silica may have been reduced to- monomeric form 
(molecularly dispersed) or it may retain much of the structure of the parent 
material in polymeric form. All of these materials are now available for use 
or removal by the environment. The relative ease or difficulty with which 
these materials are removed will determine to a large degree the final com
position of the residue and the types of new minerals which form from the 
residue. 

One of the most important factors affecting the rate of removal is the 
pH, which is the logarithm of the reciprocal of the concentration of hydro
gen ions. A low pH is a high concentration of hydrogen ions and usually a 
low concentration of other exchangeable ions while a high pH is a low con
centration of hydrogen and an abundance of other exchangeable ions. A pH 
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of 7.0 corresponds to distilled water and is called neutral. Substances with a 
pH less than 7 are acid, and those with a pH greater than 7, alkaline. Most 
natural soil materials have a pH between 4 and 9. 

It should be noted that the pH is a measure of the degree of.acidity but 
not the total amount. Different substances with the same pH may have 
more or fewer hydrogen ions. In addition, the pH can be highly variable in 
a multiple phase system: being one value in the solids, another in the liquid 
and so on. It is the average pH that is of importance with respect to chemi
cal weathering. 

The relationship between average pH and the solubility of common soil 
constituents is shown in Figure 1. The diagram shows that for the common 
natural range of pH between 4 and 9 Ca(OH)2, Mg(OH)2, and the alkalies* 
(not shown) are completely soluble, and Fe(OH)3 and AbOa are completely 
insoluble. The solubility of molecularly dispersed silica** though low in 
this range is constant and relatively unaffected by pH. Hence, the com
pounds whose mobilities are most affected by natural changes in pH are 
CaCOa and Fe(OH)2. 

Changes outside the normal range can · cause dissolution of AhOa and 
precipitation of Mg(OH)z if alkaline, and dissolution of AhOa and Fe(OH)a, 
if acidic. An example of this latter case is illustrated in Figure 2 for two soil 
profiles that are well leached and contain similar clay minerals. In this case, 
the low pH (acidic condition) of the organic matter at the top of the pod
solic soil causes the AbOa to be dissolved and reprecipitated lower in the 
profile where the pH is higher. 

Changes in the pH are caused by changes in the concentration of hydro
gen ions which are made available by dissociation of water molecules. 
Common sources for hydrogen ions are hydrolysis, the oxidation of sulfide 
minerals to form carbonic acid, the action of plant roots, and extraneous 
sources. Hydrolysis was explained earlier and the production of sulfuric 
and carbonic acids are straight-forward chemical phenomena. The action of 
plant roots is somewhat less obvious, but it seems that plants are able to 
utilize the energy of the sun to maintain a highly acidic condition. The 
hydrogen ions are exchanged for other cations that the plant needs for food; 
Hydrogen ions from extraneous sources such as mining and industrial activ
ities and not important on a large scale, but can have significant local 
effect. 

The production of the ions is only the first part of the process, however. 
In order for the pH to become low the ions have to be retained and concen-

* Alkali and alkaline earth ions are referred to frequently in this report. 
Alkali ions are those in Group IA of the periodic table that easily form 
singly charged cations. Alkaline earth ions are those in Group IIA that 
easily form doubly charged cations. Common examples of alkali ions 
are sodium and potassium and common examples of alkaline earth ions 
are magnesium and calcium. 

**Quartz is approximately ten times less soluble than monomeric silica. 
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trated in the environment. A major factor in the retention and concentra
tion of hydrogen is the colloidal activity of clay minerals and organic 
matter. These classes of material are capable of retaining many cations, 
including hydrogen, at exchange positions on their exterior surfaces. 

Alkaline environments are created by the accumulatim of alkali and 
alkaline earth ions which have been released from the parent material or 
have been introduced by extraneous sources. Ions from the parent material 
are released mostly during exchange reactions with hydrogen. Other 
sources of salts, alkali, or alkaline earths are materials dissolved or 
washed from the atmosphere, deposited by the groundwater or intentionally 
added to the ground. Materials washed from the atmosphere include salts 
near the ocean and pollutants near large cities. Many cations can be con
centrated by the groundwater in any natural basin from a swamp to an 
ocean. Intentionally created alkaline environments occur frequently in 
farming areas. 

The second factor that can affect the rate of removal of some of the solu
ble constituents is the redox potential or Eh. As shown in Figure 1 iron is 
capable of existing in more than one valence state and the solubility charac
teristics of the two states are quite different. Iron is particularly important 
in this respect because it is common and because its oxidation potential for 
the transition of ferrous ( + 2) to ferric ( + 3) falls within the range of natu
ral environments. 

The actual redox potential in natural environments is difficult to deter
mine. It depends primarily on the availability of atmospheric oxygen, the. 
presence or absence of organic matter, and the pH. Oxidation (removal of 
electrons) tends to proceed spontaneously above the zone of permanent 
groundwater saturation with reducing conditions below this level. Organic 
matter, however, is a powerful reducing agent and may create a reducing 
environment even above the water table. Reducing environments are also 
induced with respect to iron by a low pH or acidic conditions. 

The third factor, which is particularly important with respect to the 
mobility of potassium, is called fixation. Fixation refers to the containment 
of an atom in a very stable crystal structure. The phenomenon is related to 
the concept of the coordination number where the geometric fit is so good 
that it is difficult to force the atom out of its position. Such a good fit 
occurs readily for potassium in muscovite and in many clay minerals. Con
tainment of the potassium atom in this way is apparently the reason why 

· muscovite is so resistant to weathering. It is also the reason for the immo
bility of potassium and for its scarcity in the ocean basins. 

The last important factor with respect to the mobility of various cations 
is chelation. Chelation refers to the ability of an organic compound to form 
a ring structure around a cation and to isolate it from the environment. 
Organic compounds with this property are referred to as complexing agents 
and are supplied to the environment by root secretions and by the accumu
lation of dead organic matter. The total contribution of this mechanism to 
mobility is not fully understood, however. 
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The destruction of the parent material and the selective removal of solu
ble constituents leaves a residue that is available for reformation into new, 
relatively more stable minerals. The composition of the residue is almost 
infinitely variable, but for "normal" ground conditions it consists of resis
tant parts of the parent material, monomeric and polymeric silica, atmo
spheric substances and relatively insoluble or fixed cations. Recrystallization 
of the residue usually results in the formation of clay minerals or stable 
oxides of silicone, iron and aluminum which are referred to as the second
ary minerals. 

Secondary minerals are sometimes called the end products of chemical 
weathering, but it is important to realize that these substances are also sub
jected to weathering at a somewhat reduced rate. It is not uncommon, for 
example, for clay minerals to change from one type to another. A discus
sion of the weathering of the secondary minerals is beyond the scope of this 
paper, however. 

Some of the more resistant minerals that appear in the residue and that 
are commonly found in sedimentary rocks are quartz, zircon, tourmaline, 
garnet and muscovite. Sodium plagioclase is also resistant compared to cal
cium plagioclase and can be found in silt sized particles in some heavily 
weathered soil profiles. 

The clay minerals are nearly all phyllosilicates with the three most com
mon types being kaolinite, illite and montmorillonite. Kaolinite is some
what in a class by itself because it has a crystal structure different than the 
other two types and because it is nonexpanding. Illite and montmorillonite 
are both expanding clay minerals with similar crystal structure. The essen
tial differences between these two minerals are in the amount of charge def
icit and in the nature of the sorbed cations. More information about the 
distribution and occurence of the clay minerals is given in the next section. 
For a more complete description of the clay minerals the reader is referred 
to Loughman 7• 

V. Soil Formations 

This section deals briefly with the composition of different types of soil 
profiles that result when rock is acted upon by the weathering processes. 
Soil profiles are very often classified according to the prevailing climate in 
their area of formation. Climate was given in the Introduction as one of four 
factors, together with composition, structure and topographi~ relief, that con
trol the kinds and rates of weathering processes. Over long periods of time, 
however, it appears that climate is the most important factor because it has 
been observed that similar soils will develop in rocks of vastly different 
composition and structure in the same climate. Topographic relief is proba
bly of secondary importance but it is more variable and difficult to use for 
classification on a large scale. . . 

Five· different climates, will be. discussed in the following sections: tem
perate-wet, temperate-dry, temperate, tropical, and arctic. This selection is 
arbitrary and not all-inclusive. Climate, of coup~e, is infinitely variable and 
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any division is somewhat arbitrary, but the five climates listed above 
include large areas of the North American Continent. 

Temperate- Wet Climate 
Precipitation - greater than 25 in. per year 
Temperature - Moderate 
Leaching - Moderate 
Organic Matter - Present 

A temperate-wet climate is characteristic of the eastern half of the 
United States. Soils in this area are referred to as pedalfers and are leached 
at the top with accumulations of iron and clay lower in the profile. The pH 
is generally acid due to the presence of organic matter. The redox potential 
can be either oxidizing or reducing depending on the local conditions and 
the position of the water table. 

In general, the alkali and alkaline earth ions are removed by leaching 
along with some of the silica. Alumina and ferric iron ions are concen
trated. Kaolinite is a familiar clay mineral in the clay fraction. 

A particular form of pedalfer soil is a podzol which is a pedalfer that has 
been leached by solutions rich in humic acid. The humic acid causes the 
iron and aluminum to be leached out relative to the silica and to be depos
ited deeper in the profile. Podzolic soils occur most often in moist, heavily 
forested areas. 

Temperate-Dry Climates 
Precipitation - less than 15 in. per year 
Temperature - Moderate 
Leaching - Slight 
Organic Matter - Absent or sparse 

Soils· in this climate are called pedocals and are characteristic of much of 
the western half of the United States although pedalfers exist in many of the 
wetter regions in the mountains. The pH is generally alkaline due to the 
slight leaching, high evaporation and lack of organic matter. The redox 
potential is oxidizing. Chemical weathering is slow despite the relatively 
high temperatures due to the lack of removal of weathering by-products by 
leaching or plants. 

Pedocals are immature soils and usually reflect the compositjon and 
structure of the parent material. Iron is immobilized in the ferric state and 
tends to coat the soil grains giving a varnished appearance. High evapora
tion causes the carbonates to be deposited in the upper soil to the point that 
in extreme cases a solid, almost impervious layer called caliche is formed. 
Illite, montmorillonite arid other expanding clay minerals are common in 
the clay fraction. ' 

Temperate Climate 
Precipitation - Between 15 and 25 in. per year 
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Temperature - Moderate 
Leaching - Moderate 
Organic Matter - Abundant 

Intermediate between the pedalfers and the pedocals are transitional soils 
of the midwestern prairies. Enough leaching occurs in this area to remove 
lime from the A and B horizons, but, if present in the parent material it can 
usually be found in the C horizon. Acidity is not sufficient to induce leach
ing of iron and aluminum as it does in podzolic soils. Retention of the alka
li and alkaline earth ions is sufficient to favor the formation of expanding 
clay minerals, especially, illite. The soil profile consists of a thick, dark, 
organic-rich A horizon and a yellow or light brown B horizon. 

Tropical Climates 
Precipitation - Greater than 50 in. per year 
Temperature - Hot 
Leaching - Intense 
Organic Matter - Sparse, rapidly destroyed 

Tropical climates are characterized by abundant rainfall and intense 
leaching. Chemical weathering is intense with a moderately low pH and an 
oxidizing redox potential. Organic matter is rapidly removed by bacteria 
that thrive in the hot climate. 

Laterite is a very common soil type in this region consisting of a concen
tration of hydrated oxides of aluminum and ferric iron as compared to sil
ica and a lack of clay minerals. Clay particles are predominantly kaolinite. 
Humic acid is not available to leach iron ions as in podzolic soils and the 
acid environment is not concentrated due to the lack of clay minerals. 
Laterites are most readily formed from basalt, gneiss, schist, sandstone or 
limestone in areas of heavy rainfall, good subsurface drainage and s,trongly 
oxidizing environments. 

Soils formed under climatic conditions similar to those above, but with 
an abundance of feldspar in the parent material are called bauxite. Bauxite 
consists of aluminum hydroxides such as gibbsite, boehmite and diaspore. 
If present in sufficient quantity, laterite and bauxite can be valuable sources 
of iron and aluminum, respectively. 

Arctic Climate 
Precipitation - Variable 
Temperature- Cold 
Leaching - Slight 
Organic Matter - Sparse 

Soils in the arctic regions are poorly developed due to the very slow rate 
of chemical activity. Drainage and leaching are poor because of permafrost 
and a high water table which favors reducing conditions and the formation 
of marshy areas in the warmer months. The pH varies from mildly alkaline 
to highly acidic in the marshy areas. 
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Mechanical weathering related mostly to frost action is the predominant 
soil forming mechanism. Hence, the soils are stony and continually dis
turbed by frost or glaciation. Clay minerals are scarce and are mostly of the 
illite, montmorillonite or mixed layer varieties. 

VI. Summary 

The preceding discussions have indicated that although pH, Eh, fixation 
and chelation play important roles, the extent and results of weathering are 
largely determined by the availability of water and the degree of leaching. 
Water is a significant contributor to mechanical and biological weathering 
and is the most important initiator of chemical weathering due to the active 
nature of the hydrogen ion. The mobility of the various products of weath
ering in water also determines what substances will be available for recrys
tallization into secondary minerals. 

The most important factor relative to the availability of water is the 
macroclimate. With time, the soil profile in an area will be largely a func
tion of the climate for a wide variety of different parent materials. 

Topography and composition probably share significant secondary 
importance. Topography contributes to the amount and rate of subsurface 
drainage and leaching which was shown to be very important. Topography 
also controls the rate of removal of the weathering products. Composition 
is important for determining the characteristics of the soil if the soil is 
young or immature or if the minerals in the rock are relatively rare and 
contain rare elements. 

Structure is least important in the vast majority of cases with its most 
significant contribution being to the rate of weathering. 

VII, Acknowledgments 

The author would like to thank Mr. Donald E. Reed of Haley & Aldrich, 
Inc. for a careful and thoughtful reading of the manuscript. Miss Mary C. 
Coyne, Mrs. Theresa B. McCann and Mr. Raymond F. McClary, also of 
Haley & Aldrich, Inc. helped with the typing and drafting. The assistance 
of all these people is greatly appreciated. 



200 BOSTON SOCIETY OF CIVIL ENGINEERS SECTION, ASCE 

VIII. References 

I. Chorley, R. J. (1971), "The Role of Water in Rock Disintegration", Introduction to 
Fluvial Processes, R. J. Chorley, Editor, Methuen & Co., Ltd., London. 

2. Hunt, Charles B. (1972), Geology of Soils, W. H. Freeman and Company, San Fran
cisco. 

3. Keller, W. D. (1957), The Principles of Chemical Weathering, Revised Edition, 
Lucas Brothers Publishers, Columbia, Missouri. 

4. Leet, L. Don and Judson, S. (1958), Physical Geology, Second Edition, Prentice
Hall, Inc., Englewood Cliffs, New Jersey. 

5. Lajaren, A. H., Jr. and Herber, R.H. (1960), Principles of Chemistry, McGraw-Hill 
Book Company, Inc., New York. 

6. Longwell, C. R., Flint, R. F., and Sanders, J. E. (1969), Physical Geology, John 
Wiley and Sons, Inc., New York. 

7. Loughman, F. C. (1969), Chemical Weathering of Silicate Minerals, American 
Elsevier Publishing Company, Inc., New York. 

8. Machatschek, Fritz (1969), Geomorphology, Ninth Edition, American Elsevier Pub
lishing Company, Inc., New York. 

9. Marshall, C. Edmund (1964), The Physical Chemistry and Mineralogy of Soils, Vol
ume I: Soil Materials, John Wiley and Sons, Inc., New York. 



RESPONSIBILITY FOR UNEXPECTED PROBLEMS IN FOUNDATIONS 201 

ENGINEERING APPROACH TO RESPONSIBILITY 
FOR UNEXPECTED PROBLEMS IN FOUNDATIONS 

by 
George F. Sowers* 

(Presented before the Geotechnical Group of the BSCES/ASCE; also at 
Piletalk Seminar, St. Louis, Missouri, September 1974.) 

1. Introduction 

1.1 Example of the Unexpected 
About 1955 a developer-builder purchased several acres of urban land 

previously ofcupied by a dairy. Much of the land was known to be old fill 
placed at irregular intervals without engineering supervision, most during 
the previous 10 years. One layer consisted largely of boulders from Y2 to 
10 tons, wasted from blasting granite in a cut in the adjoining freeway. The 
boulders were covered by 10 to 15 ft of silty clay (also from the freeway 
cuts) which had been compacted haphazardly by the earth-hauling equip
ment. Shortly afterwards, the area was paved to make a parking lot for the 
dairy delivery trucks. Although the loads were light and the parking area 
only a few years old at the time the land was sold, there was no evidence of 
pavement distress other than a few inches of irregular settlement. 

The new owner (the developer-builder) erected several light buildings on 
the site. No soil borings were made because his designer felt that the build
ings were so light and their construction so simple that an investigation was 
not justified. One building was a one-story wall-bearing brick warehouse
office; another was an open shed with a bar joist roof for protecting light 
trucks from weather. 

The structures performed reasonably well for about six years. Some of 
the brick walls developed diagonal cracking, but these were easily repaired 
by caulking. One day, without warning, one of the footings settled more 
than 1 ft. It was removed revealing an irregular chimney-like hole beneath. 
Several cu yd of concrete were required to fill the hole after which the foot
ing was rebuilt. The only unusual condition noted was that the settlement 
followed several periods of short, but very intense, rain. 

A few weeks later, the wall of the warehouse-office (35 ft north) began to 
settle several inches and tilt outward. The wall was shored up with diagonal 
braces until it could be rebuilt. Two days later it was beyond repair. A hole 
35 ft wide and 45 ft long appeared as shown in cross-section in Fig. I. The 
warehouse wall collapsed into the hole, which resembled a bomb crater. In 
the hole bottom was water and the dim outline of a 14 ft brick sewer. The 

*Chairman of the Board/Consultant, Law Engineering Testing Company, 
Atlanta Regents Professor of Civil Engineering, Georgia Institute of 
Technology 
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WAREHOUSE 
AND OFFICE 

, I 

INITIAL SUBSIDENCE '\ OPEN SHED 

SUBSIDENC!c LIMITS 

SIJBSIDENU OVER A 14 FT, TRUNK SEWER UNDER 45 FT. FILL 

Figure 1 - Ground subsidence and building failure produced by collapse 
of a cavity generated by a damaged sewer flowing under 
pressure 

collapse and hole appeared a few hours after an extremely intense rain that 
overloaded the storm drainage and flooded streets. 

The failure was caused by erosion of soil into the 50-year old sewer. It 
was plain concrete designed only for a nominal soil cover. It was laid in an 
old narrow creek valley, then partially covered with soil and cinders shortly 
after it was built. Although the City had obtained a sewer easement before 
construction, it had failed t.o record it on the property deed. The dairy, 
which bought the land a decade later, was only vaguely aware of a sewer; 
its size and exact location had been forgotten. Thirty-five years later the 
ravine was filled with the boulder and soil waste and the surface leveled for 
parking. By that time, the sewer had been entirely forgotten. The devel
oper-builder, who finally purchased the site, was unaware of any boulders 
or sewer. 

The sewer had cracked from 45 ft of soil and rock cover it had never 
been designed to support. One boulder had punched into the old fill and 
had forced in a part of the crown. The sewer was far too small for the storm 
water loads which had increased with the increase in street and building 
density after a half-century of urban development. During storms the sewer 
water surged upward 10 to 20 ft into the fill softening the soil. After the 
flow subsided, the softened soil eroded through the sewer cracks and was 
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carried away. A dome-shaped cavity developed in the soil, probably with 
"fingers" stretching upward. The hole found under the shed footing was 
probably such an extension of the main cavity. Eventually, the cavity roof 
became so thin that it fell in. 

The total cost of sewer repair and building damage was $750,000. The 
warehouse occupant went bankrupt because his loss of stock prevented him 
from serving customers. Who was responsible? - the City?; the deceased 
attorney who forgot to record the easement?; the deceased sewer designer 
who should have anticipated future fill in the old ravine and who should 
have made the sewer large enough to handle future storm flow?; the excava
tion contractor who dumped the rock that forced in the sewer wall?; the old 
dairy that authorized the rock disposal in the ravine?; the development 
builder who built without borings?; the developer's architect-engineer who 
designed the buildings without knowing what was under them?; or God who 
is held responsible when all else disclaim their liability? Even the City's 
present sewer department must be included. A 14-ft main sewer 50 years 
old should be inspected periodically and any defects corrected. Few struc
tures can survive that long without maintenance. 

Those who were initially responsible for the sewer design and construc
tion were dead. Neither they nor God were likely to pay. The developer
builder finally reached a financial settlement with the City; the warehouse 
operator began a fresh start elsewhere. All paid for the failure; none was 
satisfied with the settlement, but they had no reasonable alternatives. 

1.2 The Complexity of Responsibility for the Unexpected 
Although this case history may not be typical, it illustrates the complex

ity of the circumstances surrounding the unexpected in underground con
struction. Above the ground, construction problems are more visible. The 
builder generally constructs that which is above ground; he should know 
what is there. If something goes wrong, it usually can be seen before it 
becomes catastrophic and often corrected with limited expense. By way of 
contrast, the soil and rock at a site are generally pre-constructed; further 
their Creator may not be accountable to the owner, designer, contractor and 
user who eventually become involved with site problems. Those problems 
are likely to be more critical than those in the buildings above because if a 
foundation fails, all else above it fails. 

The example illustrates the delayed effect of the unexpected conditions. 
The sewer failure was built into it 60 years before its collapse. Aggravating 
factors were literally added throughout its life. The final cause was a tor
rential rain (an act of God), but failure was the climax of all the past mis
takes. 

The effect of unknowns in foundation construction can be felt throughout 
a project. Structural changes may be required, job momentum is lost and 
scheduling is disrupted. The total cost of the unknown often exceeds the 
cost of correcting the unknown itself many times. The extra cost of a sewer 
strong enough to support the 45 ft of cover placed on it would have been a 
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fraction of the cost of failure. The cost of borings to define the site condi
tions before building the warehouse would not have been one percent of the 
cost of the collapse. 

The legal entanglements resulting from unknowns can be devastating. In 
the example cited, the attorneys involved_ reached a settlement out of court; 
the time and cost of litigation to fix responsibility, with all the poorly
defined legal positions of the various parties, might have been worse than 
the damage suffered. This example illustrates the usual feeling of frustra
tion when unforeseen costs must be paid for by someone; those who are 
really responsible may not be able to· pay; those who suffer may never be 
fully repaid. 

1.3 Dimensions of the Problem of Unknowns 
There are two dimensions to any problem involving unknown conditions: 

1. Why was the condition unknown? Were parsimony, ignorance, inex
perience or stupidity responsible? 

2. Who should pay for the extra costs involved? Owners blame the 
architect-engineer and the contractor. The engineer blames the owner 
and the contractor. The contractor blames the engineer and the 
owner. All three may blame God and rarely does anyone but the 
attorneys gain anything (and statistically even the attorneys can be 
right only halfof the time). 

It is the purpose of this paper to examine the reasons for the unexpected 
in foundation construction and to suggest how the unknowns and the costs 
resulting from them can be minimized and how those costs can be paid 
most equitably. 

2. Causes of the Unexpected 

2.1 Technical Causes 
From th_e technical point of view, it might be argued that nothing need be 

unexpected. In fact, most of the failures due to the "unexpected" that the 
author has investigated might have been foreseen had enough time, effort 
and intelligent evaluation been spent in advance. However, all three are 
always liqiited by job circumstances. The problem of why conditions were 
unexpected can usually be traced to some insufficiency. Table I is a 
reminder of the complexity of the problem. 



TABLE I - CAUSE AND RESPONSIBILITY OF UNEXPECTED 
RESPONSIBILITY 

CAUSE OWNER A/E CONTRACTOR 

I. INSUFFICIENT DATA ON SOIL, ROCK 
A. Lack of time I ( 

B. Lack of money I ( 

2. WITHHOLDING OF DATA 
A. Lack of records from previous construction or investigations 2 
B. Willful attempt to mislead in order to obtain a cheaper job 1,2 

3. ERRORS IN DATA 
A. Location (survey) errors I 2* 
B. Poor investigative work 2 2* 

4. IMPROPER INTERPRETATION OF DATA 
A. Lack of geologic background I 2 
B. Lack of local experience I 2 
C. Failure to consider alternatives I 2 

5. BAD DESIGN OF STRUCTURE 
A. Failure to fit site conditions 3 2** 
B. Impossible to build 3 2** 

6. POOR CONSTRUCTION 
A. Ignorance - inexperience in region 

inexperience in methods 3 2 
B. Over optimism 3 2 
C. Inadequate Design (temporary structures, contractor options) 3 2 
D. Poor Workmanship or failure to follow plans 3 2 
E. Failure to react to conditions 2 
F. Inadequate Records 2 
G. Faulty Materials I***, 3 2 

RA TING SIGNIFICANCE: 1 = Major responsibility 
2 = Secondary responsibility 
3 = Little responsibility, but possibly some influence 

***May furnish materials by separate purchase 
**Should recognize problem if expe_rienced 

*Responsible for investigations involving special design 
for which only contractor is responsible 
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2.2 Complicating Factors 
As can be seen in Table l, the problems are complex. Moreover, there 

are few instances where any of the parties is solely to blame. However, the 
problems are often compounded, as shown in Table 2. 

Table 2 - Response to the Unexpected 

1 .. Failure to recognize that an unexpected condition exists: The 
ostrich syndrome. 

2. Hiding an unexpected condition so that the other parties do 
not find out in time to fix responsibility. 

3. Shifting the blame to some other party. 

All three involve the response to an unexpected condition. Usually, if 
recognized early, the design or construction can be modified so that the 
problem is overcome with little added time or expense. On the other hand, 
the unexpected is too often ignored by the engineer who fears a claim or by 
the contractor who hopes it will disappear. Usually both are disappointed. 
A condition that could not have been expected on the basis of valid experi
ence and a reasonable site evaluation deserves special consideration and 
often added compensation. It rarely goes away and often gets worse with 
time i.;ntil irreversible damage has been done. 

Unfortunately, a few irresponsible contractors use an unexpected condi
tion as an excuse for everything that goes astray on the job. A claim for 
changed conditions is escalated to cover all losses because the others may 
be more difficult to prove. Thus, every situation must be studied promptly, 
in detail, by all concerned, in as objective a manner as possible. Even 
more important, prompt action is essential before the problem becomes a 
disaster. 

3. Case Histories of Unexpected conditions 

A few examples illustrate the complexities of the real problem, including 
the personal and sometimes unreasonable actions of those involved. 

3. l Obstructions 
Many sites are underlain by natural and manmade obstructions that in

terfere with construction. Boulders in deposited soils, boulder-like seams 
in residual soils and debris in fill can obstruct excavation and damage piling. 
Some examples are shown in Fig. 2. Fig. 2a shows boulder-like bodies of 
unweathered granite within a mass of more completely weathered granite 
that has become a silty, sandy residual soil. In one case, the unprotected 
tips of H-piles were badly crumpled as shown in Fig. 2b when they hit the 
boulders. In a deep excavation, H-section soldier piles were deflected into 
sweeping curves as shown in Fig. 2c. Rubble in old fill can have similar 
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Figure 2 - Underground obstructions and their effects 

Figure 2a - Boulder-like masses of partially weathered granite in a resi
dual soil in Georgia 

Figure 2b - Wrinkled H-pile tip, caused by absence of reinforcement 
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Figure 2c - H-pile bent by boulder-like mass of partially weathered rock 

'; 
,':1 
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Figure 2d - H-pile t~isted until opposite flanges touch due to 
rubble in fill 
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effects. Fig. 2d shows an H-pile badly twisted by old masonry so that the 
opposite flanges touch. 

The geology or history of a site, plus intensive investigation, can disclose 
the presence of possible obstructions. It is unlikely that their total impact 
on job cost and time can be determined in advance. However, the problems 
can be minimized by both design and good construction techniques (pre
drilling piles past obstructions or pile tip reinforcement). 

One of the strongest arguments advanced in favor of design-construct or 
"turnkey" projects is the close coordination between the engineer and the 
builder and the undivided responsibility. However, this is no more true of 
that form of contract than the traditional form of independent design and 
construction contracts as Fig. 3 shows. 

DIFFERENTIAL SETTLEME'IT OF WAREHOUSE SUPPORTED 

_ _j ON fiOOD PILES DRIVEN ONTO BOULDER LAYER IN Fill 

Figure 3 - Building settlement due to pile tips supported on boulders 
within a fill 

The site was a broad ravine underlain by shallow rock. A trunk sewer 
was laid on the rock with 45-ft manholes in anticipation of filling for a new 
warehouse. The contractor-designer cut an adjoining hillside and placed the 
rock and soil he excavated above the sewer: First, a layer of soil to protect 
the sewer, then a layer of irregular boulders and, finally, soil to provide 
uniform support for the warehouse floor. According to his court testimony, 
when the owner sued him for a faulty building, he "even compacted the soil 
with a big sheepherder". His designer required piles driven to refusal on 
rock to support the building walls and columns because he was suspicious 
of the quality of fill construction. 

Within a year, the end of the building had cracked badly with the man
hole providing the most rigid support. Twenty-four-in. diameter auger 
holes were drilled adjacent to several of the wood piles. The tip of each 
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rested on a boulder 10 to 15 ft above bedrock. A comparison of the engi
neer's record of pile lengths installed with the contours of the rock surface 
and the estimated level of boulders in the fill showed that most of the piles 
were 10 to 15 ft short of their required length. The designer-contractor was 
held liable; his own records showed the cause of the settlement. The design 
did not fit the known site conditions (boulders) and there was no follow
through between office and field. This shows that the unexpected can come 
from lack of good liaison between design and construction. It also demon
strates the importance of checking construction records with design data. 

3.2 Site Discontinuities 
Too often both the engineer and contractor assume that the soil and rock 

are ideal materials: Homogeneous, isotropic and uniformly bedded. Most 
formations are not. However, a few widely-spaced borings that find rock at 
a uniform level might delude a design engineer or a contractor into believ
ing that the rock surface is level. Fig. 4a, for example, shows the surface of 
level-bedded limestone exposed in an excavation to bedrock. The surface is 
level, but it is cut by deep solution slots. Borings reaching the intact sur
face, ¾ 's of the exposed area, suggest uniform rock; borings that strike a 
slot tell an entirely different story: Deep, wet, soft residual clay and binding 
of drilling tools with increasing depth. 

Figure 4 - Rock defects 
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, .(:.:.; . 
Figure 4b - Solution pits in limestone in South Florida 

Figure 4c - Chimney cavity in soft limestone exposed in a footing in the 
Bahamas 
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These deep slots are problems for both pile and caisson foundations. 
While most piles will be of nearly equal length, a few that hit the slots may 
be driven to extraordinary depths. One in Birmingham reached 150 ft while 
the adjoining piles all stopped at 40 ft. At that, it did not carry the design 
load. Possibly, it was twisted and poorly wedged in an irregular slot. Cais
sons excavated to such a mud~filled slot below the water table may defy 
unwatering. One project that attempted to unwater and clean two 48-in. 
caissons led to subsidence of the soil above rock and settlement of an 
adjoining building. In this case, the contractor was experienced in the area 
yet he continued to pump muddy water from the caisson after the soil 
around it commenced settling. Eventually, he was forced to complete the 
caisson by tremie concrete through water. The condition was unforeseen at 
this particular point; however, such conditions should have been expected 
on the basis of his past experience and from the boring data. If he had 
heeded the warnings of his own men, he could have used a different proce
dure for installing the caisson, such as pre-grouting the slot or using drilling 
mud to balance the water pressure in the seam. 

Irregular solution depressions (Fig. 4b) and occasional deep holes in the 
rock surface (Fig. 4c) are typical of the soft, porous limestones of the trop
ics. In a site near Nassau, Bahamas, holes 1 to 2 ft in diameter were found 
in each footing excavation (typically 6 to 8 ft square). Each footing excava
tion was rejected by the resident engineer, sitting on his camp stool, watch
ing the workmen dig. Finally, when the resident engineer checked with the 
structural engineer, he found that the holes had been anticipated in the 
design pressures. It was only necessary to plug each hole with concrete to a 
depth of twice its width and then pour the footing as designed. This lack of 
response to what the resident engineer thought was an unexpected condition 
caused two months delay and thousands of dollars. This again illustrates the 
importance of liaison between construction and design where the design 
was good, but its intent was not transmitted to the field, either to the 
engineer's resident or the contractor. 

3.3 Faulty Materials 

Materials that are too weak for the required load often produce unex
pected failures that are mistakenly blamed on site conditions. For example, 
a 16-in. diameter grouted-in-place earth anchor failed at a test load that 
was a fraction of the design load. All the adjoining anchors held 1.5 times 
the design load with only nominal deflection. The contractor claimed that 
some unforeseen soil weakness was responsible. In order to verify this 
claim, the engineer required that the anchor be pulled out. It came out in 
short cylinders separated by pockets of sand and mortar so weak that it 
could be scraped with fingernails (Fig. Sa). The mortar used for grouting 
had not been thoroughly mixed; further, twice the specified amount of air 
entraining agent had been added to the mix by mistake. 

Wood piles are highly variable in quality despite visual inspection for 
defects. On one project, nearly 1/3 of the piles broke when they were driven 
into dense sand (Fig. Sb). Sections of the new piles delivered to the job 
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Figure S - Effects of bad workmanship and materials 

Figure Sa - Grouted pile broken apart on sand seams 

Figure Sb - Wood pile tips broomed due io over-driving or poor wood 
quality 
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Figure 5c - Tops of wood piles damaged by excessive driving 

Figure 5d - Reinforcing bar at edge of cast-in-place concrete pile instead 
of center (holes made by coring concrete) 
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were tested in compression. Their strengths were less than half of those 
ordinarily expected. The cause was never determined. Possibly they had 
been creosoted at an excessive temperature. 

3.4 Failure to Follow Plans 
An excavation bracing system (Fig. 6) was designed to support a major 

city street. The rakers were steeper than ordinary because of site clear-
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DESIGN AS BUILT AND FAILED 
Figure 6a - Rotation of bracing system from failure to anchor soldier 

piles in concrete 
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Figure 6b - Collapse of soil under street due to failure to install specified 
lagging 
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ances. Because the thrust· of the steep • rakers produced much uplift, the 
design required that each soldier pile be concreted into a socket drilled in 
rock just below the excavation bottom. After the first tier of rakers had 
been placed and while the site was being excavated to the level of the sec
ond tier, the soldier piles suddenly rose and the bracing system rotated in, 
an shown in Fig. 6. The street cracked and subsided 18 in. An investigation 
found that the contractor's foreman had substituted sand for concrete in the 
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Cut Bank With Slicken'sided Weak Planes Focusing Shear 

Figure 7a - Failure of toe of cut bank due to slickensided planes of weak
ness 

Figure 7b _:_ Collapse of soil around a concrete caisson due to pumping 
mud from clay seams in rock 
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soldier pile sockets. His reason. was that· it would make it easier to remove 
the soldier piles later. Not even the contractor's general superintendent was 
aware of this unauthorized change. 

3.5 Failure to Recognize the Unexpected 
The toe of a cut bank was to be supported by a small retaining wall 8 ft 

high, as can be seen in Fig. 7. The contractor cut the bank as required and 

Roof Beam 

.· .. 

. •·· ·. . ,;OU -1<·~: •·· ... · :::::. 
Final Trench 

._·sewer 

Figure ·sa - Cross section of sewer trench which undermined a footlng and 
· caused a "row· of dominos" collapse of 50,000 · sq ft of 

building · 

. 
\.,,' I • 

"., ' ' ' ·r . 
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Figure 8b - Photograph of trench and building rem.ains 
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then notched the toe of the slope to build the retaining wall. He failed to 
recognize several black slickensided planes of weakness in the soil that 
dipped steeply downward into the toe cut. A wedge of earth slid down on 
the slickensided surface (following a heavy rain) demolishing the formwork 
and the vertical steel that was being set. Local experience has shown the 
dangers of such black slickensided surfaces in the residual soil. The site 
borings showed that slickensides were present on the site. Such weaknesses 
should have been expected and the contractor should have been on the 
lookout for them. On the other hand, there was no practical way to deter
mine in advance that those particular slickensides were present and dipping 
toward the toe excavation. The general condition, therefore, should have 
been expected; the local weakness of that point was unexpected, but was 
obvious to anyone experienced in local excavations once it was exposed. 
The failure to respond to the unexpected led to a structural failure. 

3.6 Construction Design and Workmanship 
Some aspects of design, such as excavation bracing, the wall thickness of 

tubular piles, jigs for positioning piles in water, are often made the contrac
tual responsibility of the contractor. If his engineering staff is qualified, and 
they follow through with adequate construction surveillance, the contractor 
benefits by having complete control of his construction operations. If they 
are not qualified, disaster can result. The field engineers must be alert to 
hazardous conditions and capable of acting on them promptly. For exam
ple, Fig. 8 shows a sewer trench excavated in two stages along the edge of 
footing supporting the roof beams of the shopping center. The final excava
tion, nearly 15 ft below the footing, was on Saturday morning when the 
general contractor's forces were not working. However, despite deni::ols, it 
was evident that the first, wider trench was dug on Friday when the general 
contractor's forces would have seen the hazard. 

The wall of the deeper second trench sheared from the footing load and 
50,000 sq ft of completed precast-prestressed concrete columns and roof 
collapsed. Three workmen were crushed to death (including the sewer sub
contractor) and several more were injured. Suits for negligence totaling 
nearly $750,000 were filed against all involved including the architect
engineer. This failure points out that the unexpected can occur because of 
failure to coordinate construction activities (the sewer should have been 
built first) and failure to observe or take action on hazardous job conditions. 

Poor workmanship plus bad design can lead to failure, sometimes years 
after construction, as shown in Fig. 9. The overall design for an industrial 
park required cutting hills as deep as 50 ft and filling ravines as much as 60 
ft to provide a level site about one mile square. Storm drains were laid in 
the old ravines without regard to possible building sites, collecting water 
from a system of drop inlets from the streets and deep manholes that would 
eventually serve the buildings. Twenty years later a circular hole 50 ft in 
diameter and 35 ft deep suddenly appeared 20 ft from a large warehouse
office building. A tree 12 in. in diameter subsided vertically with the soil, 
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Figure 9 - Earth dropout over a collapsed sewer 
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its crown finally just extending above the ground surface. The building wall 
moved outward and settled about 1 in. 

The subsidence occurred overnight following a hard rain. Immediately 
beneath was a 36-in. concrete storm sewer. The hole slowly filled with 
water to within a few feet of the ground surface and then drained even more 
slowly during the ensuing week. A braced steel cofferdam was constructed 
around the hole to protect the building and to permit excavating to the 
sewer. In the area of the collapse, the sewer was broken. Upstream it had 
been laid on rock; downstream on soil. It had not been placed on any bed
ding for the soil below its spring line was very loose. By way of contrast, 
the fill above was a compacted silty clay. 

The sewer broke by shear where it went from rock to soil support. 
Moreover, the remaining 36-in. pipe upstream and downstream had been 
flattened into an ellipse with a vertical opening of only 2 ft with appro
priate cracks at the top, bottom and sides. The sewer capacity was inade
quate for the storm runoff. During large rains, water rose in the open 
cofferdam showing that the sewer was under pressure. Water pressure in 
the sheared zone saturated the soil above. After the storm, the water 
drained back into the sewer eroding the soil with it. A cavity was slowly 
created in the soil with the tree roots above possibly helping to reinforce 
the cavity roof. Eventually, it became large enough that it collapsed. Possi-
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bly preventive maintenance could have prevented failure because a 36-in. 
sewer can be inspected easily. 

The cost of the failure exceeded a half million dollars. The cause was 
poor design, poor workm,anship in installing the sewer and poor supervision 
of the work. The costs were· shared by the present land owners and the ori
ginal developer; the others involved were beyond the court's jurisdiction. 

3.7 The Foreseeable Unexpected Condition 
Some conditions which the contractor claims are unexpected are caused 

by the contractor's failure to take the necessary steps to cope with job con
ditions that he should have foreseen. Quicksand (Fig. 10) is the best exam
ple. It is not some mysterious type of soil; instead, it is a condition that is 
created by unbalanced water pressure when a contractor excavates below 
the ground-water pressure level without pre-drainage. 

DOWNWARD FORCES RESISTING 
SOIL HEAVE (PER SQ.FT)· 

WATER 1 'x62.4 = 62 
SILTY CLAY 5-110 = 550 
SAND 6xll5 = 690 
SHEAR ON SHEET PILES 
2x4x800tl0 = 640 psf 

TOTAL 1942 

SHEET PILES 

GENERAL EXCAVATION 

SILTY_CLAY 

S"BOO psf 16' 

. DENSE SAND . . . 

NOTE: ORIGINAL GROUND SURFACE 
60' ABOVE GENERAL EXCAVATION 
LEVEL; ORIGINAL GROUND WATER 
35" ABOVE GENERAL EXCAVATION 

PIEZOMETRIC LEVEL 

HEAVE FORCES 

WATER: 35x624 = 2184 
psf 

HEAVE) RESISTANCE 

• : :, . !. .... ~ .. •• • r . ~ . ... 
' ... . .. . . ' 

UPLIFT HEAVE BOILING·AND QUICKSAND PRODUCED 
BY FAILURE TO DRAIN \1ATER BEARING SAND 

Figure 10 - Quicksand: An "unexpected" condition that should have been 
foreseen and easily prevented 
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At the site illustrated by Fig. 10, the contractor was furnished borings 
showing that the ground-water table was 35 ft above the general excava
tion. Within the general excavation were several deeper excavations, 10 ft 
wide and 20 ft deep, to be protected by steel sheet piling. The boring data 
showed a previous sand stratum 16 ft below the general excavation level. 
The specifications required that the contractor install piezometers to mea
sure the water pressure level in the deep sand so he could coordinate exca
vation with site drainage. 

Because of the low permeability of the silty clay, the ground water in the 
general excavation was easily controlled by sumps. Further, the water pres
sure level in the deeper sand fell slowly until it was only about 13 ft above 
the general excavation level (the combined effect of sump drainage and dry 
weather). When the excavation between the sheet piles reached a depth of 
12 ft, the silty clay rose and sand boiled into the excavation. Two workmen 
(and the author) had to scramble for safety. Calculations showed that the 
excavation bottom was unstable. The uplift forces of water pressure in the 
sand below the sheet pile tips exceeded the weight of soil and water above. 

Despite the contract data on ground water and the contract requirement 
for control of the ground water in excavations, the condition was created by 
lack of drainage! Wellpoints in the sand corrected the problem quickly. 

The contractor's superintendent on this IO million dollar foundation pro
ject could not understand what happened. He testified that he had been able 
to control water in the general excavation by "removing it with teacups" 
and could see no reason why this procedure would not apply to the deeper 

Figure 11 - Response to an unforeseen condition: Lagging around a sewer 
through an excavating bracing system 
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excavation into the sand. Eventually, he claimed that this was an unex
pected or "changed condition" for which he should be paid. The contractor 
was Ambassador to Ireland. The Government paid him against the advice 
of the consulting engineers. 

4. Preventing The Unexpected and Promoting Equity 

4.1 Overview of Responsibility 
It has been said that prevention of disease is far better than any cure; the 

same holds true for sick construction. As can be seen from the examples, 
the technical failures arising from the unexpected usually begin with people 
failures. No single party to a construction endeavor is always right; no sin
gle party is always wrong. The owner expects perfection from his engineer 
and contractor, but at a cheap price. The engineer expects the highest level 
of experience and expertise from the lowest bidder. The contractor expects 
that the plans will be perfect and that the site conditions will be perfect. 
Such high expectations are seldom realistic. All parties must fully realize 
that there will be unexpected soil and rock conditions, and also some 
design and construction errors. Minimizing the unexpected will cost money; 
but usually much less than the cost of correcting failures. Ultimately, the 
owner pays, either directly or indirectly for all costs. This is equitable 
because it is the owner who provides the site and it is the owner who will 
eventually benefit from what is designed and built. If he is such a tightwad 
that he hires a poor architect-engineer, he deserves the extra cost that their 
errors and omissions generate. If he contracts with an inexperienced, inept 
contractor, he should pay for his ill-advised parsimony. 

Once all parties agree to this equitable philosophy, a number of steps can 
be taken to minimize the unexpected and to assign responsibility. 

4.2 Disclosure of Data 
An adequate program of investigation is essential to determine site con

ditions, including geology, soil and rock testing and a study of the site's his
tory of previous construction. 

All data on site conditions should be disclosed to the contractor, includ
ing opinions and interpretations. While he may choose to make his own, he 
should have the benefit of any opinions that have been expressed. Any 
withholding of data could be construed as fraud - an attempt to mislead 
the contractor into a cheaper bid. 

Some owners and attorneys object, feeling that they will be held liable if 
interpretations and professional opinions are wrong. However, in the long
run, good interpretation of data and sound professional opinions will min
imize costs. 

4.3 Prequalification 
Many of the problems arise from bad decisions of the personnel of both 

the designer and the constructor. The present prequalification procedures 
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focus on the contractor, and emphasize his firm's experience and financial 
capabilities. Instead, the qualifications of the individuals in responsible 
charge of the key functions in design and construction should be evaluated. 
The firm's experience is worthless if the persons who gained that experi
ence are not on the job. 

4.4 Contract Requirements 
The contract documents are the key to transmission of data, lines of 

responsibility and conditions for payment. Too often the documents are 
ambiguous, wordy and filled with meaningless, trite expressions, such as 
"workmanlike manner" or "trade practice" or the loaded expression "to the 
satisfaction of the engineer". 

The documents should spell out short lines of communication with 
instantaneous feedback from construction to design when the unexpected is 
encountered. The contractor's design responsibilities should be clear, espe
cially for selecting such permanent components as pile wall thickness or 
tools required such as the pile hammer weight. The objective of the 
designer in requiring special tools or unusual procedures should be spelled 
out so that the contractor can be a partner to the work rather than an oppo
nent. 

Finally, some documents should be honest. They should not provide data 
and at the same time disclaim any responsibility for the data. If the data are 
of no value, no one should consider them; if they are of value, all should 
heed them. 

5. Conclusion 

The unexpected should be expected in foundation construction. The 
cause is usually some human failing, generally an honest one, but a reflec
tion that man is not all seeing, all knowing and all powerful. The unex
pected can be minimized if the persons involved are skilled, but at the same 
time recognize their limitations. The effects of their limitations must be 
communicated to those concerned so that the resulting problems can be 
minimized. With good will and a realization that no one gets something for 
nothing, the unexpected can be evaluated, or even foreseen, before it 
becomes a disaster. 
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PROCEEDINGS OF THE SOCIETY 

Minutes of Meetings 

BOSTON SOCIETY OF CIVIL ENGINEERS SECTION • ASCE 

COMPUTER GROUP 

October 22, 1974 - The regular Com
puter Group meeting was held at the · 
Ralph M. Parsons Laboratory for Water 
Resources and Hydrodynamics, M.I.T. 
This session on Cost and Estimating in
cluded presentations by Mr. James Jack
son of Francis & Jackson and Mr. Charles 
Keane and Mr. John McCormick both of 
Camp Dresser & McKee. Jim Jackson 
spoke of a proposal submitted to the 
Corps of Engineers· for monitoring the 
construction bids and change orders for 
military camps in the European area 
where contracts are negotiated rather than 
submitted under sealed bid. Charles Keane 
spoke of the benefits of a systematic cost 
and estimating procedure. John McCor
mick spoke about the system's design 
and implementation on an IBM 1130 
computer. There w~re approximately 
twenty-five members and guests in at
tendance. 

Lewis H. Holzman 
Clerk 

CONSTRUCTION GROUP 

October 30, 1974-The October meeting 
of the Construction Group was held at the 
Red Coach Grill, 43 Stanhope Street, Bos
ton. Luncheon was served at 12:30 P.M. 
At 1:00' P.M. the meeting was called to 
order. After brief announcements. by 
Samuel E. Rice, III, Chairman, he intro
duced the main speaker, Mr. Philip Whit
ton of San-Ve! Corporation. The talk was 
on "The Growing Use of Precast - Pres
tressed Concrete Building Units". A film 
of construction of the "57 Building" on 
Stuart Street, Boston was shown. · Mr. 
Whitton explained the various· aspects of 
this unique construction. 

The meeting, attended by 18 persons 
was adjourned at 2:00 P.M. 

Laimonis Rieksts 
Vice-Chairman 

GEOTECHNICAL GROUP 

September 11, 1974 :- The Geotechnical 
Group of the Boston· Society of Civil 
Engineers Section met at Pierce Hall, 

, Harvard University. Forty-two persons 
attended the dinner at Harkness Com-
mons preceding the meeting. · 

The meeting was called to order at 7:30 
p.m. by Mr. Vincent Murphy, Chairman 
of the Geotechnical Group. The meeting 
was designated as the monthly BSCES 
business meeting, but was dispensed with 
in the absence of any needed action. 

Mr. Murphy introduced the Guest. 
Speaker, Mr. Victor Milligan, Golder 
Associates, of Toronto, Canada. The sub
ject of the presentation was "Instability of 
Slopes and Fills Upon Overconsolidated 
Clays" and dealt with a case study in 
which fills of considerable magnitude 
were placed over reportedly competent 
overconsolidated clays. During construc
tion, excessive lateral movements in the 
fill and subsurface soils were noted, con
struction was halted and an extensive 
field and laboratory investigation ensued. 
The apparent cause of the lateral move
ments was reported to be a thin zone of 
plastic soil at the interface between two 
different soil types located within the 
competent soil mass. Remedial measures 
were made and the construction com
pleted. Pertinent illustrative slides were 
shown during the presentation. 

· A question and answer session followed 
the presentation. The meeting was 
adjourned at about 9:30 P.M. 

October 8, 1974 - The meeting was 
preceded by a social hour and dinner at 
the Harkness Commons of Harvard Uni
versity. Eighty-six paid attendees at Pierce 
Hall heard three excellent presentations 
on the subject of the "Design, Installa
tion and Performance of Tieback Sys
tems." Mr. Ronald Chapman of Schnabel 
Foundation Company in Washington, 
D.C. discussed the installation and per
formance of driven, pressure grouted, 
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small diameter tiebacks and illustrated 
their application on a number of projects 
in the Washington area. The discussion 
of alternate pit underpinning and sloped 
she!!ting was ,of particular interest. Mr. 
James Nelson of Spencer, White & Pren
tiss in New York City gave his presen
tation on the subject of the historical 
development of tieback systems with the 
emphasis on augered large diameter earth 
anchors. Very prevalent was Mr. Nel
son's design philosophy which has evolved 
from his numerous years of experience 
in earth support systems. Mr. John Shus
ter, presently of Terrafreez but formerly 
of American. Drilling Co., Inc. in Provi
dence, R.l., discussed the multiple in
jection anchor with emphasis on its ap
plication at the Federal Reserve Bank 
project in Boston. Mr. Shuster also com
mented on specifications and contractual 
obligations as they relate to tiebacks. 
The presentations of approximately 20 
minutes each were followed by a discus
sion period. 

Robert E. McPhail 

HYDRAULICS GROUP 

October 23, 1974 - A meeting of the 
Hydraulic Group of the Boston Society of 
Civil Engineers was held on Wednesday, 
October 23, 1974 at the Ralph M. Parsons 
Water Resources Laboratory at the Mas
sachusetts Institute of Technology in 
Cambridge. Attendance at the meeting 
was 44. A brief meeting of the Executive 
Committee of the Group was held prior to 
the scheduled presentation to review the 
program for the coming year. 

The meeting was called to order at 7 
p.m. by Group Chairman Saul Cooper. 
Due to the absence of President Liu, the 
monthly BSCES business meeting was 
dispensed with, however, Chairman 
Cooper did make a few brief announce
ments concerning Society business. Chair
man Cooper introduced the guests 
speakers, Mr. David Campbell of the New 
England Power Company and Mr. Robert 
Kwiatkowski of Charles T. Main, Inc. 
The subject of the presentation was, "The 
Bear Swamp Pump Storage Project" 
located on the Deerfield River in the 
western part of Massachusetts. The illus-

trated talk dealt with the history, site 
selection, hydrology, hydraulic and power 
features of this project. Detailed descrip
tions of the two dams, the tunnel system 
and underground power house were pre
sented. Jn conjunction with this talk, the 
Hydraulics Group is sponsoring a field to 
the Bear S',Vamp Project site on Saturday, 
October 26, 1974. 

A question and answer session followed 
the presentation. The meeting adjourned 
at 8:30 p.m. 

Oscar· L. Donati 
Clerk 

STRUCTURAL GROUP 

October 16, 1974 - The meeting of the 
Structural Section held in the Lecture 
Hall, Boston Public Library was opened 
by Chairman Dr. Kenneth Leet. Dr. Leet 
introduced the evening speaker, Dr. 
Joseph A. Yura, recipient of the 1974 T. 
R. Higgins Award given by The Ameri
can Institute of Steel Construction. 

Dr. Yura presented his paper which 
won him the Award. He presented a 
practical procedure for determining sta
bility of steel structures using the effective 
column length alignment chart of the 
AISC commentary to the specifications. 

He discussed assumptions used in 
developing the charts. He detailed with 
examples, methods that can be used to 
approximate solutions when the assump
tions are not met. Dr. Yura passed out 
summaries of his discussion to the 110 
members present. A question and answer 
period followed the presentation. 

Lawrence H. Ogden 
Clerk, Structural Group 

TRANSPO.RTATION GROUP 

October 2, 1974 - The meeting held at 
the 57 Restaurant was called to order at 
5:30 p.m. The program subject was "The 
Railroad Resurgence in Boston and the 
Northeast Corridor". The guest speakers 
were Kenneth B. Ullman, Engineering 
Manager, Northeast Corridor Project 
Federal Highway Administration, U.S. 
Department of Transportation; and David 
L. Gunn, Director of Commuter Rail
roads, Massachusetts Bay Transportation 
Authority 
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Chairman Rodney P. Plourde intro
duced the speakers for the evening. Mr. 
Ullman began the evening's presentation 
by stating that the Northeast Corridor is 
America's largest megalopolis with 20% 
of the nation's population living on 2 % of 
the land. Mr. Ullman discussed the 
options for transportation improvements. 
He outlined major considerations for rail 
expansion. The Northeast Corridor report 
was submitted for legislation in 1973 and 
was incorporated as part of the Regional 
Railway Reorganization Act in 1974. The 
Northeast Corridor Project Committee is 
now working towards the goal of develop
ing an implementable package. The 
thought Mr. Ullman left us with is 
"Hope". 

Mr. Gunn then took over the presenta
tion. Contrary to Mr. Ullman's goal of 
long range planning, Mr. Gunn is con
cerned with daily operations as well as 
improvements. Existing commuter rail is 
in a stage of despair. Service is contin
ually being curtailed. Present policy is 
repair first and build later. Plan to use 
established equipment rather than experi
mental. There is a potential conflict 
between high speed and commuter rail 
service. 

The meeting was then opened to ques
tions and answers. 

Approximately 40 members attended. 
Marvin W. Miller, P.E. 

Clerk 
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