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Observed and Calculated Settlement of Structures

Tassements observés et calculés

by Ord. Prof. Dr. Ing. H. PeyNIRCIOGLU, Technical University of Istanbul

Summary

Settlements calculated on the basis of soil investigations and
modified with correction factors, which are determined from
experience or test loadings have been compared with observed
settlements of four heavy buildings by the author.

The difference between calculated and observed settlements
depends primarly on the geology and geotechnical properties
of the site, on the technique of sampling and testing, on the
interpretation of the results, on the assumed simplified soil
profile and on average soil properties, and finally on the awareness
of the errors involved in all these items.

A suitable correction for each case has been applied considering
all the factors and discrepancies arising from many uncertainties
surrounding the foundation problems.

In this paper calculated settlements, after having been
modified with suitable Correction Factors are compared with
the observed settlements of four heavy buildings, and the
author describes how he estimated these correction factors.

Grain silo of 100 000 tons capacity in Mersin

The, soil profiles, ground water conditions, dimension and
weights of the buildings are given in Fig. 1. Foundation
soil is composed of fissured stiff to hard gray clayey layers.
Fissures and over consolidation of these layers may be
ascribed to drying and later subsidence of the land. At the
bottom of an exploratory trench excavated near some shal-
low test loading sites thin water films between fissures have
been observed. From some fissures water sweated and even
seeped. The rise of the bottom of the deep and wide exca-
vation caused the fissures to open and facilitated water
circulation.

The natural moisture content of the fragment between
the fissures is lower than the plastic limit, but the average
w,, is higher than PL, and lies near to it.

Simplified soil profile, assumed for settlzment analysis,
and the geotechnical properties of the layers are given in
Figs. 2 and 3.

Loading tests have been carried out to obtain an idea
of the relationship between calculated and observed settle-
ments. The results are summarized in Figs. 4 and 5. It has
been very interesting to observe that a cone-shaped soil
mass which stuck to the under side of the stesl loading plate
came out with the latter when the testing equipment was
dismantled.

To calculate the settlements, the Modulus of Compres-
sibility, M, has been determined as the slope of the secant
through points corresponding to the present overburden
pressure p, and p, -+ Zlp on the primary branch of the
e — log p curves (Fig. 6).

Vertical pressures are determined from graphs based on
the Boussinesq formula. At the level on which test loadings
have been carried out p, was 0,65 kg per sq. cm. Clayey

Sommaire

Les tassements calculés, basés sur les études géotechniques
et modifiés par un facteur de correction déterminé par I’expérience
ou par des essais de charge sont comparés avec les tassements
observés sur quatre batiments lourds.

La différence entre les tassements calculés et observés dépend
surtout de la géologie et de la géotechnique de I’emplacement,
de la technique d’échantillonage et des essais, de I’interprétation
des résultats, du profil simplifi¢ du sol et des propriétés mo yennes
du sol, et enfin dz la connaissance des erreurs faites sur chacun
des précédents facteurs.

Une correction convenable pour chacun des facteurs permet
d’équilibrer les différences entre des tassements calculés et
observés.

layers at this place are slightly overconsoldidated. The
average overconsolidation pressure p, has been estimated
at 1,2 kg per sq. cm [1, 2].

According to test loadings ultimate bearing values are
estimated for deep loading plates as 35,6 kg per sq. cm, and
those for shallow loading plates as 4 kg per sq. cm. From
the difference of these values an N, value of about 6, and
a corresponding- & value of the order 26° for the layers
above the level + 93,4,

The ratios 2 between observed and calculated settlements
for flexible foundation are plotted against the ratios 3 bet-
ween the 4 p values and the ultimate bearing values (Fig. 7(a)).

o. values divided by rigidity factor 0,79 are called Correc-
tion or Reduction Factors. So :

Pobs. = °Qcal. flex. = Pcal. rigid = Cor. Fac. X pcal. Rig.

o.
0,79

For the WH of the silo 3 = 0-3, « = 0-35 and the Reduc-
tion Factor = 0-44. But considering the dimensions of the
rigid building and the probable softening of the upper layers
under the raft a reduction factor of the order 0-6 has been
assumed.

The observed time settlement curves of the test loadings
are given in Fig. 8. From theses curves immediate settlements
have been estimated, and the ratios between them and final
settlements have been plotted against 3 values (Fig. 7 (b)).

These results give the impression that the final settlements
calculated from the formula :

dp
Pfinal z Mr AH
includes also immediate szttlements on the condition that
8 < 05 and dp < 0-5 (g,— p,)-

This point has also besn covered by SKEMPTON, PECK
and MacpoNALD [3]. The site had been covered with a sandy
and clayey fill of 2-9 m thick approximately one year be-
fore excavation was started. This fact has been considered
in settlement calculation.
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Analysis

Assumed Soil Profils for Saltlement
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Fig. 4 Test loadings on plates 0-25 sq. m.

Essais de charge sur des plaques de 0,25 m2

Maximum soil pressure due to dead and live loads of the
WH is 38 tons per sq. cm. The foundation is a box type
rigid raft. The raft and part of the building lying under
water have been lined with a water tight membrane. So an
uplift force due to buoyancy takes place.

Net soil pressures and the expected settlements of the
WH due to the weights of the structure and the fill are cal-
culated by a similar procedure used for loaded test plates.

The results of the settlement analysis are summarized in
table 1. Excavation started at the end of February 1957.
Drainage was made by direct pumping. A 045 m thick
lean concrete layer on the bottom of the excavation was
placed in September 1957. On October 1st a heave of 30 mm
was observed at the centre. Daily levelling has revealed
that the heave increased rapidly as shown in Fig. 9 (a).

Calculated final heave was of the order of 70 mm, and
approximately uniform, and that part of it which would
occur during construction was estimated at from 30 1o
40 mm.

It is believed that the excessive heave in the centre of the
excavation is due to the water pressure in some sandy seams.
So relief borings have been sunk. At first these gave alto-
gether more than 750 litres of water in 24 hours. The heave
began to slow down.

Considering that the dome shaped heave will go back
unevenly it has been decided to construct the raft in strips.
Joints between the strips were concreted towards the end
of April 1958.

Two block diagrams showing heave and settlements are
given in Fig. 9 (b) and (c). The average observed net set-
tlement by the end of construction is 16 mm. (Net Settle-
ment = Measured Settlement — Heave.)

According to the trend of the settlement — time diagram

Table 1

Final total

Net soil pressure settlements

Description of the Loads
tons per sq. m

mm
1. Building + 100 per cent

Grain and live loads 84 78
2. Fill 7-8 75

Total 153

1. Building -+ 75 per cent

Grain -+ 20 per cent

live load 2-1 20
2. Fill 7-8 75

Total 95

1. Building, empty, no bu- 7

oyancy (pumping conti-

nuing) 73 68
2. Fill 7-8 75

Total would amount to 143
1. Building, empty buoyancy

in effect (pumping stop-

ped) — 52 No further settle-

ment

2. Fill 7-8 75

Total would amount to 75-Tslirghitly -less)

it has been assumed that the final net settlement of the
empty building without buoyancy will be of the order of
48 mm.
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The calculated settlement for this case with a Correction
Factor 0-6 is 68 mm.

This result shows that the correction factor for the actual
building could also have been assumed to be of the order
obtained from test loadings. Further data for the comparison
of the observed and calculated settlements of the building
with full loads depend on the possibility whether the silo
could be kept full for a sufficiently long period or not.

Grain silo of 60 000 tons capacity in Ankara

Foundation soil consists of mainly stiff to hard clayey
layers cut by sand and gravel layers and pockets. Deeper
layers are very hard and seem to be over consolidated by
weathering. In upper layers points showing local over-
consolidation are also present. These may be due to drying
and subsequent submergence. There is no continuous ground
water to justify a complete buoyancy of the structure. The
building, which is similar to Mersin silo, is founded on a
deep raft.

Settlement observations made from August 1956 to may
1959 show some undulations because of the partial but
insignificant filling. The general appearance of the Time
Settlement diagrams have the usual shape. For comparison
only the average settlement of the WH will be considered :

Average heave estimated 18 mm (Depth of the exca-
vation 9.30 m).

Average settlement observed on 30-1-59 34 mm. (Net
soil pressure for dead load 6 tons per sq. m.)

Average net settlement observed on 30-1-1959 =

16 mm.
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Average final net settlement estimated by extrapolation
= 22 mm.

Average final net settlement calculated = 67 mm.

Correction Factor = 22/0.79 x 67 = 0.42.

If the presence of buoyancy assumed the calculated set-
tlement and Correction Factor would be 71 mm and 0.39
respectively.

Grain silo of 20 000 tons capacity in Izmir

Foundation soil of this building consists of alternate
layers of silty organic clays, sand and gravels which are
uniform and continuous and contain fragments, or thin
pockets, of partly decayed vegetable matter and shells. A
boring 159 metres deep close to the silo had not reached

bedrock. The soil covering the golf of Izmir is a recent
alluvial and marine deposit accumulated in a tectonic de-
pression,

The character of the soil being very erratic, 40 borcholes
and two deep soundings were carried out to determine the
thickness and extent of the upper sand and gravel layers
and pockets. Borings Nos. 9 and 10 reaches down to 60 m.
In Fig. 10 the locations of these borcholes, and a very sim-
plified geological sketch section of the upper parts have
been given. This region is subject to earthquake shocks.

The recommended foundation system is a rigid raft on
Franki piles. Care had been taken that each pile should
rest on a sufficiently thick sand and gravel layer or pocket.
In cases where no sufficient thickness was present at a reason-
able depth an upper second bulb was formed. Test loadings
on four piles at the site gave the following results :

Table 2
| Total Plastic Nearest .
No. Toe level d Q test settlement | settlement boring Reaction
m tons — o No. for test load

R, — 180 1-7 120 2-5 04 27 From 6 reaction

| 240 85 1-7 piles
R, — 136 o) 120 16 03 39 From 6 reaction

240 4-5 0-4 piles

T, — 160 20 180 | 110 20 25, 42 | Loaded Platform
T, — 165 1-4 180 150 5-0 38, 40, 41 | Loaded Platform

d = Thickness of the sand and gravel beneath the toe.

Duration under the load : Under 120 tons 12 hours, under 180 tons 10 minutes, by the test T, 4 hours, and by the test T, 130 hours.

Average load per pile under the building is about 115 tons.
The main reason for piles of this type was to compact a
definite volume of soil under the raft down to an average
depth of 18 m. This had been considered equivalent to re-
placing soft soil in this volume by a very dense sand and
gravel to obtain sufficient load distribution.

On the assumption that loads are carried by piles and
transferred to the toe level the calculated average final set-
tlement for building and full grain load is found to be of
the order of 45 cm.

On the other hand the assumption that the loads were
carried and transfered by a compacted soil mass 4BCD
gave for the calculated final settlement a value of about
25 cm.

The part of the settlement due to the structure is 10 cm,
and to the full grain load 15 cm.

On completion of the structure the silo was loaded in steps.
To obtain a possibly uniform settlement the loading pro-
gramme has been changed according to the results of re-
corded settlements.

The Time-Settlement curve in Fig. 10 belongs to the
centre of the 2-4 m thick raft. Due to the joints 25 to 50 cm
wide in the super structure the foundation cannot be con-
sidered practically rigid. In fact, the raft has taken the shape
of a flat bowl and the silo groups tilted towards the
centre.

The observations show that the actual total final settle-
ment will not exceed 30 cm. So for this case calculated and
observed settlements are fairly in agreement.

But the first assumption for settlement calculation needs
a reduction factor of the order 0-55.
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Efes Hotel in Izmir

The site of this structure is southwards of the TMO silo.
Soil conditions are approximately the same. The soil pro-
perties of this region are given in Fig. 11. This region is
subject to earthquake shocks at least 7th on the Mercalli
scale. Recommended foundation system is a raft stiffened
by side walls, basement ceiling and columns. The soil was
improved by sand and gravel columns to compact the layers
and accelerate drainage, decrease settlements, and increase
shear strength.

There is an uplift force due to buoyancy, other information
being given in Fig. 11. Calculated settlement for a flexible
structure of similar dimensions and weight on strata of the
compressibility shown in Fig. 11 is 24 ¢cm. When consider-
ing the rigidity of the structure, the compacted upper strata
and the depth of the foundation, and bearing in mind the
ratio between the compressible layers and the volume of
soil affected by the structure, a reduction factor of 0-32
was applied. The anticipated average final settlement of
the building was 77 mm.

Measured settlements on completion of construction
ranged from 5 to 6 cm, and they reached 80 per cent of
their final values except at points 4 and 5, which settled
to a greater extent because of an adjacent annexe of seven
storeys. There has been practically even settlement and the
estimated tilt of 1 in 1000 has not occurred.

Conclusion

In the studies described above it has been that observed
and calculated settlements are not equal, in some cases
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are even not of the same order. The reasons of these dis-
crepancies lie mainly in the following items :

(a) Actual geology of the site and assumed soil profiles
for settle-analysis are in most cases not equivalent.

(b) Geotechnical properties determined in laboratories
and in the field are somewhat different from their actual
values.

(c) Average geotechnical properties of the foundation
soil determined from laboratory and field tests differ from
the actual values.

(d) Assumed and real load distributions are also different.

(e) Calculated stresses in the foundation soil are not iden-
tical with their real values. The influence of this factor does
not appear to be as important as other factors.

(f) Many other factors such as the rigidity of the structure
and foundation. In addition to the theoretical considera-
tions, a thorough knowledge of the geological and geo-
technical properties of the foundation soil is essential ; this
must be supplemented by awareness of sampling inaccuracy
based on a of practical experience.

In some cases the soil was unsuitable for laboratory tests
and in other cases the geology of the site was so erratic
that a routine analysis was not justified. The author recom-
mends that every individual site must be considered on
its merits. On the basis of soil investigation, the necessary
Correction Factor may be determined.
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Fig. 9 Observed heave and settlements,

SOME MEASUKED AND SOME ESTIMATED.
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Mersin silo.

Soulevements et tassements observés, silo de Mersin.
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Fig. 10 Observed settlements, Izmir silo.

Tassements observés, silo de lzmir.
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Soil properties and observed settlements, Efes Hotel, Izmir.

Propriétés du sol et tassements observés, Hotel d’Efes, Izmir.
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