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DAMAGES SHALLOW FOUNDATIONS

SOIL SHRINKAGE

at Ottawa, Ganada

M. Bozozuk

Research Officer, Soil Mechanics Section, Division of Building Research.

INE GRAINED SOILS are often

very sensitive to changes in soil
moisture content; when dried they
shrink and when wetted they swell.
The resulting ground movements
introduce a serious problem in the
design of shallow foundations.
Torchinsky* and Baracos and
Bozozuk! have reported building
settlement problems in Eastern and
Western Canada; Dawson® has re-
ported on the foundation movements
of small houses erected on expansive
soils in the United States; Collins?
and Isaacs'® have described founda-
tion problems in South Africa and
Australia, respectively; and Ward®
has shown that vertical soil move-
ments depend on weather conditions
in England.

Damage due to soil shrinkage is a
serious problem in some parts of the
city of Ottawa. In many residential
buildings large cracks similar to those
shown in Fig. 1 may be seen, and
streets and sidewalks are affected. In
many cases an undulating riding sur-
face develops in a street bordered by
a row of large trees (Fig. 2).

Site Studied

In 1954, the Division of Building
Research of the National Research
Council initiated a program to study
the problem. An area 10 city blocks
by three was selected for study. In
general, the buildings within this area

Fig. 2. Uneven settlement of sidewalk near large maple trees.
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are. 2Y2-storey brick ‘veneer structures

resting on limestone - block - basement
foundations. For the most part, they
are single or double family units from
60 to 80 years: old.

The soil profile consists of a 4-ft.
to 6-ft. mantle of fine sand overlying
a thick stratum of sensitive marine
clay. The clay, known locally as Leda
clay, was deposited in the marine en-
vironment of the Champlain Sea
which existed in the Ottawa-St.
Lawrence River Valleys at the close
of the last glacial period. Gadd?® ®
and Terasmae®® have shown that the
sea existed in late glacial time and
that it was modified by the inflow
of fresh water in several places. These
clays were then exposed by the sub-
sequent uplift which occurred after
the glaciers had disappeared. Gener-
ally, the Leda clays are associated
with high sensitivity, high water con-
tent and low strength. A detailed
account of these properties is given
by Eden and Crawford.”

Damage Surveys

A house-to-house survey was car-
ried out to assess the extent of
possible damage. A total of 574 struc-
. tures were examined from the outside
on two separate occasions and the
damage graded according to the fol-
lowing scale:
Zone 1: No damage. Structures in
very good condition,
Slight damage. Some hair-
line cracks occurring in the
exterior brickwork, range of
differential settlement 0 to
2 in.
Moderate damage. Cracks in
the brickwork up to % in.
wide, differential settlement
up to 4 in.
Heavy damage. Cracks %
in. or more, window and
door frames distorted, dif-
ferential settlement up to 6
in.

Zone 2:

Zone . 3:

Zone 4:

.. Zone 5: Severe damage. Cracks up
to 2 in. wide, window and
door frames badly distorted
and the walls out of plumb,
differential settlement ex-

ceeds 6 in,

Some buildings had tilted as com-
plete units with relatively little dam-
age occurring. Although the measured
differential settlements were quite
large, -exceeding the ranges given in
the . above scale, these cases were
graded from no damage to moderate.

Figure 3 shows a damage intensity
map based on the house surveys.
There is no distinct pattern to the

areas -of damage intensity. Severe
damage occurs in numecous isolated
locations - with ' the ~greatest concen-
tration of heavy damage centred near
Waverly and Lewis Streets in the
south of the area and near Lisgar and
Nepeani Streets in the north. Mac-
Laren, Somerset and Cooper Streets
consist mainly of zones of no damage
to moderate damage. Although all the
houses are of about the same age and
of similar construction, the principal
difference appears to be that in these
zones the lawns and gardens are
given more care and the trees are
much farther away from the struc-
tures.

Solar orientation of the houses ap-
peared to have little effect on the
Tocation of settlements. Most of the
houses appeared to slope towards the

streets regardless of  the - damage
zones. The worst damage occurrcd
when' trees grew' close o the struc-
tures.

The damage survey was reported
in more detail on 77 houses located
along the south side of Waverly Street
between Bank and Elgin; the south
side of Somerset Street between Bank
and Elgin; the west side of O’Connor
between MacLaren and Somerset;
and along both sides of Metcalfe
Street between MclLeod and Gilmour
Streets. To determine settlement, ele-
vations were measured around - the
perimeter of the house at the first
brickline. Assuming that the houses
had been constructed level,- the
amount of differential settlement was
obtained,

Angular deformation in the walls

Fig. 8. Damage intensity map of central Ottawa.
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‘TABLE I

Analysis of Building Damage in Central Ottawa

Distribution
of Settlement,* Differential
per cent Settlement, in.
Cases
with
No. of Trees
Zone . Damage, Houses Present,

No. degree  Surveyed  per cent Back Side Front Min. Maz.  Average Angular Deformation
1 No damage 23 70 17 30 57 0. 3.0 1.3 1/180 0r 0.7 in. in 10 ft.
2 Slight 20 85 40 20 60 1.0 3.4 2.0 1/120 or 1.01in. in 10 ft.
3. . Moderate 17 88 18 29 77 :1))1 54?2> 2’17 1/90 or 1.4 in. in 10 ft.
4  Heavy 13 92 23 23 92 . 6. . e .

5 Severe 4 100 25 50 100 5.9 14.0 94  1/500r25in.in10ft.

*Settlements have occurred on more than one side of some houses. Therefore the total per cent distribution of settlement for front,

back and side may exceed 100 per cent.

was determined by dividing the maxi-
mum differential settlement by the
distance over which it occurred, using
a minimum distance of 10 ft. for this
purpose. Houses which had tilted and
were undamaged had very small
angular deformations. The results of
the survey are given in Table 1.

Relation of Deformation to Damage

The average settlement in the “no
damage” zone was 1.3 in., producing
an angular deformation of 1/180 or
0.7 in. in 10 ft. ‘Badly damaged
houses had an angular deformation of
1/50. Skempton and MacDonald!?
showed that the maximum angular
deformation for “no damage” condi-
tions for large heavy structures was
1/300, which is considerably less than
that measured in this survey. They
concluded, however, that if settle-
ment proceeded at a slow enough
rate, much larger deformations could
take place without damage to the
structure.

The National Bureau of Standards
has issned numerous building mate-
rials and structures reports giving the
results of racking tests on 8 ft. by 8 ft.
walls made of various building mate-
rials, These tests were reviewed and
an angular deformation at first erack

determined for various walls by di-
viding the strain by the wall height.
Angular deformations were obtained
for wood frame walls sheathed in
fiberboard, plywood, gypsum board
and plaster, and for walls constructed
of clay tiles, brick and concrete
blocks. These results are given in
Table II.

The racking tests described in these
reports!?” show that wood frame walls
are more flexible than solid masonry
walls by a factor of 10. Fiberboard,
plywood, gypsum board and plaster
walls can withstand an angular de-
formation of from 1/60 to 1/270 in
the laboratory, whereas solid masonry
walls withstood values of only 1/500
to 1/1000. Field observations in
Ottawa show that masonry walls have
withstood angular deformations of
1/180 without distress. Deformations
in the field occurred, however, over
a period of 60 years or more, a very
slow rate of deformation compared
with the laboratory tests which were
completed in a matter of hours.

Soil Survey

Fifty-five soil borings were made in
the various zones at the locations
shown in Fig. 3 in order to correlate
damage intensity with soil type. The

borings were made by hand with a
1% in. spiral auger to a maximum
depth of 14 ft., and the disturbed soil
samples tested in the laboratory. The
water contents, maximum liquid limits
and the plastic limits of the soils in
the five zones are plotted in Fig. 4.

There is no distinct change in
Atterberg limits of the soil from one
zone to the other. The plastic limits
in every case vary from 25% to 30%
and the liquid limits from 70% to
80%. The mean water content in re-
lation to depth, determined mathe-
matically by the method of least
squares, shows that it is similar in the
five zones. The principal difference is
that the maximum range in water
content is greater in the zone of
severe damage than in the zone of
no damage. The maximum moisture
content deviation from the mean in
zone one was about 13%, in zone
three about 19% and in zone five
about 27%. It appears that the de-
gree of damage is reflected in the
variation in the water content of the
soil, and that this variation has re-
sulted from differential degrees of
drying.

Borings made near a house at the
corner of Metcalfe and Frank Streets
showed that the average water con-

Fig. 4. Properties of the soils in the five zones of damage in central Ottawa.
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TABLE II

Angillar Deformation at First Crack (Cracking Modulus) Obtained from
Racking Tests on 8 x 8 ft, Walls of Various Materials.

Description of Wall*

Angular Deformation Ratio

Fiberboard or plywood facing on wood frames

1/60 to 1/170

Gypsum board or fiberboard with plaster on wood

frames

Structural clay tiles with cement-lime mortar 1/

Clay. brick units with cement-lime mortar

Concrete block units with cement-lime mortar

1/150 to 1/270

1000
1/500 to 1/1000
1/1000

*See the list of references for the NBS reports used in developing this table.

tent of the clay soil from a depth of
6 to 12 ft. was 50% near the point of
maximum settlement and 75% at the
opposite side of the house where no
settlements: were measured. In other
locations as well, the driest subsoils
were always found where maximum

- settlements occurred. This was gener-
ally.in the front of the house facing
the street as shown in Table 1.

Three open standpipes were in-
stalled to a depth of 12 ft. between
Frank and Waverly Streets at the
locations shown in Fig. 5 in order to
measure varjations of the ground
water table. Observations for the
period 1955 to 1957 showed it to be
always 3 to 5 ft. lower near the paved
streets than in the middle of the back
yard. It is clear that the streets tended
to drain away surface water, causing
a lowering of the ground water table
and a gradual drying out of the sub-
soil. Sewers running beneath the
streets would also contribute to drain-
age of free water.

Influence of Trees

From the initial damage survey it
was. evident that large trees were
causing most. of the trouble through

Fig. 3. Annual ground water table
‘ fluctuation from Frank St. to
Waverly St.
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their ability to draw water from the
soil and pass it to the atmosphere by
transpiration. Croney and Lewis ® have
shown that vegetation can cause con-
siderable damage to roads in periods
of drought. Ward 5 and Skempton 12
attributed building damage to the
action of fast-growing trees. Based on
these investigations, the British Build-
ing Research Station recommended
that structures be separated from
trees by a “safe distance” equal to
the height of the trees *,

Special gauges were installed at
various depths and distances from a
row of 55 ft. high elm trees growing
in Leda clay at the Building Research
Centre ? to study the effect of tree
root systems on soil water content and
ground movements. The results for
1955 replotted in Fig. 6 show that
even at a depth of 13 ft. a vertical
movement of % in. was recorded
within a horizontal distance of 20 ft.
At a depth of 5 ft., common for
foundations in the area, the move-
ments varied from a maximum of 2%
in. 5 ft. from the trees to 3 in. 30 ft.
away. Figure 7 shows that trees have
a considerable effect on the ground

water table and reduce the soil water
content by 5 to 15%.

Mechanism of Soil Movement X

The mechanism which appears to
have caused increasing. settlement of
shallow foundations over a period of
years can be explained from field and
laboratory observations togetheér with
soil physics considerations:

Leda clay retains a high water con-
tent in its natural state. It is charac-
teristic of marine clays to settle out
in a flocculated structure with a par-
ticle arrangement in which edge to
face contact is dominant **. Warkentin
and Bozozuk ¢ have shown  in the
laboratory that this clay exhibits
large volume shrinkage on drying,
with limited swelling on rewetting.
During shrinkage the plate-like clay
particles are thought to align them-
selves into a more nearly parallel
arrangement as they approach  each
other. Due to the low osmotic swell-
ing and the changed structure, the
clay will not regain its original state
on rewetting. Swelling in" the vertical
direction is greater than in the hori-
zontal. Repeating the drying and wet-
ting cycles decreases the regain fur-
ther owing to the additional reorienta-
tion of particles. Eventually a point
may be reached when no further re-
orientation of particles can take place.
At this time the volume changes
should be reversible.

The degree of drying and the num-
ber of dry-wet cycles will govern the
amount of volume regain upon re-
wetting in the field. The natural
shrinking and swelling of the surface
soils are probably completely rever-
sible because of the frequent dry-wet
cycles they have experienced. Growth

Fig. 6. Variation in maximum vertical ground movements in Leda elay near elm

trees in 1955.
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of large trees m these soils causes
them to..dry out to much. greater
depths, much more soil is subjected
to drying  and - wetting, and the
ground movements consequently be-
come much greater, The decrease of
soil moisture and the change in the
structure of the soil accounts for the
depressions around the trees and the
large differential settlements in streets
and structures. Similarly paved streets
and sewers which intercept and drain
away surface water cause the soils
to dry out gradually and to shrink.
This process is not reversible. Rewet-
ting  will not restore completely the
original volume.

Based -on this reasoning it is ap-
parent that frequent surface watering
to prevent the clayey subsoils from
drying out will reduce shrinkage dur-
ing the summer. Small trees, or those
which do not require large amounts
of water, should be selected for new
planting. Large, fast-growing trees
should be kept as far away as possible
from houses with shallow foundations.
In addition, placing foundations at
such depths where seasonal moisture
changes are small and far from trees
and streets will lessen the risk of
foundation movement.

Conclusions

A survey of residential buildings in
central Ottawa revealed a wide range
of damage intensity due to settlement.
The maximum angular deformation
for no damage conditions in brick
houses appeared to be 1/180. Greater
angular deformations produced cracks
in the exterior walls. Laboratory rack-
mg tests carried out by the U.S.

National Bureau of Standards showed
that masonry walls: could only with-
stand deformations.: of 1/1000,. al-
though wood frame walls could with-
stand  much = greater - deformations
without damage.

An investigation of the properties
of the soil in the five zones of damage
showed no distinct variations. There
was a greater variation in the water
content of the soil, indicating greater
differential shrinkage, in the zone of
severe damage than in that where no
damage occurred.

Paved streets and sewers tend to
drain away surface water and cause
a lowering of the ground water table
and a reduction of the water content
of the soil. The subsequent shrinkage
in soil volume changes the structure
of the soil and causes settlement of
the ground surface. Consequently
buildings on clay soils in Ottawa show
greater settlements on the sides facing
paved streets.

Large trees can cause severe settle-
ments in buildings and damage to
streets and sidewalks. By removing
water through their root systems they
cause a local drying out of the soil.
The resulting non-uniform settle-
ments can cause severe cracking in
buildings and a “roller coaster” sur-
face in a roadway.

Drying of undisturbed Leda clay
breaks down its flocculated structure,
forcing the plate-like particles into a
more nearly parallel arrangement. Be-
cause it also has low osmotic swelling,
this clay does not' completely regain
its original volume on wetting.

To minimize the effects of ground
movements in clays, lawns and gar-

Fig. 7. Water content variation in Leda clay near a 40 ft. elm tree at the Building

Research Centre, N.R.C.
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dens should be watered frequently
during the summer months to prevent
the soil from drying out. Trees should
not be planted. too close to structures,
and if possible foundations should be
placed at a depth in the soil-where
seasonal moisture changes are a mini-
mum,
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