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Dawson City, Y ukon



Anchorage 1964 earthquake.



Settlement in
London dueto
tree roots.









The inverted arches of the Wells Cathedral
in England.

The cathedra’s builder was keenly aware of
the possibilities of differential settlements
between piers. Due to the naturally brittle
nature of masonry, differential settlements
could lead to the collapse of the tall piers and
their vaults.

The builder resolved this problem by tying
the piers with inverted arches, seen inthis
photograph.

If the pier at the left should settle more than
the pier at the right, it would rotate the apex
of the lower arch towards the left. This
rotation would counter-rotate the upper
inverted arch, and add the ensuing load upon
theright pier. It was presumed that the extra
load on the right pier increased its settlement
and thus even it up with the left pier.

It has worked for centuries.



Contrasting foundation performance of Torre Latinoamericana with Palacio de Bellas Artesin Mexico City.



An extreme example of settlement in Mexico
City.

The stedl pilein the foreground was originally
entirely underground.

The soil around it has settled 6 m.



Settlement and rotation of masonry wall
at Pattonsburg, Mo. (70 miles North of
Kansas City).

In 1993 the town experienced three floods,

each with rising water rates of 1 inch per
minute.,

(CE Sept. 1998)



The Leaning Tower of Pisa, and the
Duomo.

Begun in 1173 on sandy silt sails, the
tower started to tilt even beforethe
third level wasfinished in 1274. Despite
thetilting, the Tower was completed in
1350.

Itstilt was used by Galileo to drop balls
of different weightsto show that the
acceleration of gravity was equal on all
obj ects.

Theinclination hasrecently accelerated
and iscurrently 5 m out of plumb.









Perhaps one of the best known examples of settlement “failure” istheleaning bell tower bell tower
of the Cathedral of Pisain Italy, which began settlement failurein 1174 A.D. The bell tower
foundations wer e placed upon stratified (and inter-bedded) layers of compressible clay overlaying
dense sands. Built with white marble and designed to have eight stories, approximately 185 feet
high, thetower started to lean when construction reached thethird story. Engineerstried to
compensate for theinclination by making the upper five storiesthree feet higher on the side away
from thelean. Thissolution madethe tower extra heavy, and the lean increased with time. Today,
the bell tower leans 17 feet from the perpendicular, although the foundations have been repeatedly
strengthened in an effort to stop thetilt. Figure5 showsthetower’s present condition. Some
investigator s claim that the bell tower hasleaned in every direction.

It has been clearly established that the tower isrotating approximately 7 seconds per year, but no
oneissurewhy it leans. There hasbeen a suggestion that the bell tower leans because of the
differencein the soil’s compressibility on each side of the tower. However, other geotechnical
engineersattributethetilt to the lowering of the water table dueto increased pumping from the
city wells. Still other experts claim thetilt isdueto partial bearing capacity failure generated by
the tower’s eccentric stresses upon the soil. The Italian gover nment has sponsor ed an inter national
contest to provide a definite solution to the increasing tilt.



The bell tower was built between 1173 and 1370, sitting upon 40-m of silt and soft clay
over astratum of hard sand. Had the tower been built quickly, it would have failed.
However, due to numerouswork stoppages, one of which lasted one century, the
partially built tower allowed the soil to gradually consolidate. Even so, when the tower
was finished, it was out of plumb by 4.5 m at the top.

By 1990, the tower’s 14,500 tonnes wer e leaning 5.5étowar ds the south, and wor se, the
rate of tilt wasincreasing. After surviving 620 years, the tower could collapsein a few
months. That year, the tower was closed to the public and a study commission was
established. The commission concluded that the tower was on the verge of collapse for
two reasons, (1) the differential compression between the soils at the south versusthe
north foundations, and (2) the marble-lined rubble walls had such high stresses that
the wallswould soon blow out.

Five contractorsformed in 1992 a consortium to perform the salvage work. In order
to prevent thewalls from bursting out, they immediately wrapped the second level
with lightly stressed wires.

In 1993, the consortium loaded the north side' s footings with 600 tonnes of lead (seen
on the next dide). Thisaction stopped the tower’s movement, and actually pulled its
top back nearly 20 mm.



In 1993, 600 tonnes of lead ingots,
seen here, were placed on the
northern footings. The lead
stopped the tower’s movement
towar ds collapse, and actually
moved the top back 20 mm.

However, the weights soon proved
unpopular, for aesthetic reasons.
They wereto bereplaced with 10
temporary ground anchors grouted
into the hard sand stratum 40 m
below. To placetheanchors, a
concr ete collar had to be placed
around the base below the ground-
water: avery dangerous plan.

In 1995 the ground was frozen to
build the collar, but it was
abandoned that same fall, when
they found 160-year old concrete
around the tower that was not
shown in therecords. The ground
freezing had wor sened thettilt,
which required another 300 tonnes
of lead. ENR, 19 Jan 1998.



After the fiasco with the concrete collar (see previous slide), nothing much happened
until 1998. Between 1992 and 1998 the commission was bogged down with bureaucratic
red tape, requiring Italy’s parliament to reissue the consortium’s decree to continue
thework every two months.

In addition to avert the bell tower’s collapse, the intent wasto reduce the lean by only
0.5é(or 10% of thetotal). That remedy would give the 60-m tall tower another 300
years of life.

In 1998, a group of Italian engineers designed a steel cable system to support the tower
(seen on the next dide). At the same time, the solution of using soil displacement
through the extraction of soil from the northern area was proposed by an English
geotechnical group (one of the members of the group was Professor John Burland of

L ondon University’sImperial College).

With the stedl cablesin place, the gentle extraction of soil plugs was commenced from
thefield to the north of thetower. A 200-mm diameter auger drilled 12 shallow sloping
holes beneath the north footing (opposite the lean) as shown two dlides ahead.



By theyear 1997, the Tower was
expected to collapse within a few
months!

The best solution came from an English
geotechnical professor, who suggested
bracing the Tower and then very gently
remove soil from the field to the North
of the Tower.

This solution was quickly approved
and the bracing was commenced.



A view of the supporting cables from the northern side (civil Engineering, March 2002).



Articlein CE’sissue
of December 1998.









A 200-mm diameter augering rig, on the north side of the tower, is dowly extracting
cores of clay soil closeto the footing. The weight of the tower will squeeze close the hole,
and thus bring the tower back 0.5éfrom its present 5.5étilt (ENR 19 Jan 1998).






Finally, the 340-ft steel cable supportswereremoved in May, and the tower was
reopened to the public in June 2001 (Design-Build, June 2001).



Osaka'sinternational
airport, Kansai, opened its
artificial island airport 5km
from mainland in 1994. The
engineers expected the
iIsand to settle 12 min 50
years. Instead, settlement
hasbeen 11.5 m in only six
years!

The passenger terminal
requires periodic jacking of
all its 900 concr ete columns
toremain level. Therest of
the 510 haidand has had
problemswith fuel tanks,
roads, etc. An additional
expansion is now underway
for another runway (seerigs
in the foreground). The new
545 haisland is being built
in deeper water, 19.5m
instead of the 18 m for the
first idand.

The soft alluvial clay layer is
26 m thick, so it is expected
to settle even morethan the
first idand, probably in
excess of 18 m.



2. Total Settlement



All materialsdeform under aload or pressure, such asthe concrete cylinder undergoing a compr es-
sion test. How much they deform depends on their constitute behavior (s - erelation). Theelastic
behavior isinstantaneous, whereas other s ar e visco-elastic (time-dependant).

The defor mation of a soil under load isknown as" settlement” . It has several components, such as
(1) elastic or initial settlement, (2) plastic settlement (also known as" consolidation") dueto the
squeezing out of the water from the pores of the soil, and (3) a further plastic action, thistime dueto
the crushing of the solid particles, known as secondary consolidation.

Every structure has some degr ee of sensitivity to settlement. For example, a bridge is much more

sensitive to settlement than an earth dam, or a road pavement. Settlement istherefore a function of
theload Q with respect totimet and can be represented as follows:

DH = f(Q,t) =D, +D

initial plastic

or

H H
DH= edh= Iéﬂdh

wherein, theinitial or elastic settlements are typically small and immediate (up to a few days after
theload is placed), versus consolidation or plastic, which may be large and take decades to stabilize.



Thus, thetotal settlement of astructure H,,, ismade up of three components, which include the

initial or elastic settlement Hi, a time-dependant plastic settlement HC (also called primary

consolidation) and a secondary plastic settlement HS dueto the crushing of the solid
components.

Thetotal settlement Hiog = Hi+ H.+ H

where,
H; = distortion or immediate settlement; it isan " elastic* behavior (like =PL /AE),

H. = consolidation settlement which is a time-dependant behavior, such asthe primary
consolidation of clays; and

H. = secondary settlement, which isthe final compression due to crushing of solids.
The prediction of settlement isa complex analysis. I1n spite of the effortsto refine the soil-

structure model, at best estimates of settlement range from - 50% to + 200% of subsequently
measur ed values. Table 1 shows some examples of computed ver sus measur ed settlements.



Table. Comparation of computed versus measured settlement

Reference H(ft)| B(ft) [ LIB | DIB [N oraqc|E(ksf)| p(ksh)f Comp.| Meas.
D@ ppophia, et al.(1968) 8 | 1250 160 [ 050 [ 2500 | 120000| 340 | 033 | 030
Schimertmann -1 (1970) 5 | 850 | 880 | 078 | 4000 | 31000 | 374 | 145 | 183
Schiertmann -2,(1970) 58 | 980 | 420 | 100 | 12000 | 62000 [ 334 | 067 | 080
Schmertmann -5 (1970) 58 | 6200 100 | 000 | 6500 | 35000 [ 156 | 264 | 248
Schimertmann -6 (1970) b | 800 220 | 010 | 9000 | 23000 | 414 | 1170 | 1060
Schimertmann -8 (1970) 58 | 200 | 100 | 0% | 1800 | 11000 | 228 | 035 | 027
Tschebotarioff (1973 088 | 9000 | 110 [ 010 [ 12200 [ 27000 | 720 | 3% | 3%
Davison and Sally (1972) 009 | 124001 100 [ 000 [12TO30| 39000 | 314 [ 560 | 530
Fisher et al. (1972) L7 [ 5000 100 | 020 58200 [ 700 | 050 | 050
Webb and Melvill (197) | 058 | 17700 100 | 000 110000 45 | 127 | 150
Swinger (1974) 48 | 3200 100 | 000 [ - |30000| 275 | 024 | 024
Katey (1965) 358 | 2000| 100 | 000 | 5000 | 26000 [ 400 | 3% [ 3







Two Major Problemswith Soil Settlement Analysis.

Thefirst problem isobtaining reliable values of the “ elastic” parameters. The common
problems of recovering undisturbed soil samples meansthat |aboratory valuesare
oftenin error by 50% or more. Thereisnow a greater tendency to usein-sSitu tests, but
their major drawback isthat they tend to obtain only horizontal parameters.

Since anisotr opy isa common occurrencein soils, the vertical elastic values needed
most are difficult to find and different from the horizontal ones. Often the differenceis
substantial. Because of these problems, correlation between the vertical and horizontal
parametersis commonly used, particularly for preliminary design studies. More than
one set of elastic parameters must be obtained (or estimated) if thereisstratification in
the zone of stressinfluence“H”.

The second problem isin obtaining areliable stress profile generated by the applied
load (isobars). We have the problem of computing both the correct numerical values
at different depths and the effective depth H of the influence zone. Theory of Elasticity
equations are usually used for stress computationswith the influence depth below the
loaded areataken fromH =0to H = 2B. In practiceit ismore accur ate to assume zero
influence to occur at 4B to 5B. Since the Theory of Elasticity usually assumes the sail
mass to be an isotropic and homogeneous material, and agreement between
computations and reality israre.



Stress contour of arigid pavement on
granular soils.

Stress contour of arigid pavement on cohesive soils.

Stress contours under flexible pavements, with wide and narrow foundations.
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Settlement is not only the depressed area under a new load, as shown in (a), but also the swelling of
claysor therising of the soil surface shown in (b) and the heaving of the bottom of an excavation

when relieved of load as shown in (c). Settlement isthe vertical defor mation of the ground surface,
but the defor mation can appear as distortion (change of shape) or compression (change of volume).



3. Settlement Criteria.



Allowable Settlement.

All structures can tolerate some differential and total settlement without affecting their structural
integrity or creating an aesthetic problem. Allowable displacement criteriain common useare
given in Table 3. The magnitude of the allowable differential settlement dependson the
characteristics of the structure. The problem isdiscussed by Burland et al. (1977) and Feld (1965).
Table4 indicatesrotation limitsfor structuresasrecommended by Bjerrum (1963) and M eyer hof
(1982).

Differential Settlement.

Differential settlement isthe differencein the settlement of two adjacent footings (or piles) that
aretied together with a structure. For example, areinforced concrete portal. The differential
settlement of the portal means that one footing has settled much morethan the other. The
consequenceisthat the portal frameis subjected to a large moment from the settlement, in
addition to the momentsimposed by the loads.

Differential settlement will occur in all cases because of the natural variability of soils, even where
total settlements are calculated to be uniform. The magnitude of these differential settlements
may berelated to the magnitude of the total settlements (D Appolonia et al., 1968). Consequently,
limiting the total settlement of a structureisfrequently used asan indirect means of controlling
the amount of differential settlement. Design limits on differential settlement are frequently set in
totally unrealistic terms. I n fact each structure should be consider ed individually, and the values
given in Tables 3 and 4 should be used only asa guide.



An estimate of the allowable differential settlement can be found from,
()H~ all S

where _, istheallowablerotation of the foundation between two columns spaced a
distance S. The next dide gives some general criteriafor allowablerotationsfor
different types of structures.

Example. Estimate an allowable differential settlement for areinforced concrete
frame building 20 stories high, if the column spacing is 30 feet and they are supported
on spread footings?

( )H~ , S=(1/500)(30)(12)= 0.72 inches



Rotation Limitsfor Structures

Relat?ve Typeof Limit and Structure
Rotation
1100 Limit for statically determinate Structures and retaining walls.
1900 Oneto two story steel frame warehouse with truss roof and sted Sidings.
Limit for open stedl and reinforced concrete frames
Sted storage tanks and high and rigid structures
1250 |Tilting of tall buildings becomesvisible.
1/500  |Rigid steel and reinforced concrete frame buildings
Limit for pangl walls of frame buildings and tilt of bridge abutments.
1/1000  |Limit for buildings with sengitive finishes
"1/1500  [Limit for sengitive machinery, stich as heavy punches and stamping, turbines
"1/2500  |Limit for unreinforced masonry load-bearing walls with length/height ratio less than 3




Table: Allowable Displacement Criteria

Material (L isthe span length)
Masonry, glass or other frangible material L/360
Meta cladding or smilar nonf rangible f knish L1240
nonfrangible finish nonfrangible finish
Stedl or concrete frames L/150 - L/180
Wood frames L/100
Stedl or concrete shear walls by design

Maximum dope of continuous
Structure
structures

High continuous brick walls 0.0050 - 0.0010
Brick dwellings 0. 0030
Brick cladding between columns 0.0010
Reinforced concrete building frame 0.0025 - 0.0040
Reinforced concrete curtain walls 0.0030
Continuous stee! frame 0.0020
Simply supported steel frame 0.0050




Elastic defor mation occurs quickly and isusually small. Plastic defor mation involves the changein
volume associated with areduction in the water content of the subsoil. This produces much larger
defor mations. Consolidation (plastic settlement) can take decades to stabilize.

Compression occursin all soils. In coarse-grained soils, it occurs quickly and isnor mally not
distinguishable from the elastic defor mation. I n fine-grained soils such as clays, the consolidation
can take a consider able length of time for completion. The changein volume associated with the
reduction of theair content, due either to dynamic or to a static load, is called compaction and
compression respectively.

Coarse-grained soils.

The permeability of sands and gravelsis sufficiently high that consolidation normally takes place
during the construction period. The settlement of sandsand gravelsislargely theresult of the
rearranger nent of the particles and may be significant, particularly in loose deposits. Even when
very low bearing pressures are used in design, some settlement in coar se-grained soil islikely to
follow submer gence, soaking, or vibration from blasting, machine operationsor earthquakes.

Fine-grained soils.

Asthe permeability of clay and silt islow, settlement isslow and the prediction of its magnitude
and rateis generally of great importance.



