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INTRODUCTION 

Even though there are various methods of calculat­
ing settlements, most civil engineers in this country are 
familiar with only one method of settlement calculation 
namely the method of compression index as formulated 
by Terzaghi [ 4 ]. 

The object of the present paper is to introduce 
other methods of calculating settlement which are 
widely used in Europe. The knowledge of the different 
methods is important in order to understand design 
woiks of engmeem in the other part of the world. In 
addition some concepts which play an important role in 
settlement calculations are presented. 

SETTLEMENT 

The settlement of structures is mainly attributed to 
vertical compression of soils as a result of vertical stress. 
This vertical stress may in general produce immediate, 
consolidation (primary) and creep (secondary) settle­
ments depending upon the type of soil and the duration 
of the applied load. One may formulate total settlement 
as follows: 

where 

s total settlement 

immediate settlement 

s 1 consolidation (primary) settlement 

s2 = creep (secondary) settlement 

(1) 

These settlements would easily be identified in a 
time-settlement curve of a consolidation test as shown 
in Fig. l. Since it is the consolidation settlement that is 
of primary importance for normally consolidated and 
pre~ompressed clays, this paper will exclusively deal 
with the various methods of calculating this type of 
settlement. 

METHOD OF CALCULATING CONSOLIDATION 
SETTLEMENT 

Al1 settlement calculations are ba;ed on parameters 
that are derived from consolidation test. In order to 
understand the principle involved in the calculation of 
settlement it is necessary to intexprete correctly the 
compressibility curves of consolidation tests. 

Compreesibility Curves 

The results of consolidation test may he presented 
either as relative settlement, s', against effective normal 
stress, 5, or void ratio, e, against effective normal stress 
as indicated in Hg. 2. For ea>e of analysis, <Yis normally 
made dimensionless by dividing it by a unit stress. 

Relative Settlement Versus Effective Normal Stress 

The compressibility curve obtained from the con­
solidation test may be expressed with sufficient accuracy 
by the equation of Ohde [2, 3 ] given by 

E = da = v@-,W 
s ds' 

(2) 
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Fig. 1 lime·Scttlemcnt Cruve of a Consolidation Test 

In the above equations s' is the relative settlement, 
v and w are coefficients where v has a unit of kPa. 
It depends on the void ra·tio, waler (moisture) content 
and consistency of the sample. It could have values 
ranging from 50 to 30000 kPa. 

The coefficient w is a dimensionless quantity which 
depends on the soil type. It could have values [3] 
ranging from 0 to l. 

1lle tangent of the compressibili ty curve, which is a 
function o f a gives the modulus of compressibility E

8 

(Ftg. 2a). 

From Eq. (2) 

For the case w =F 1 

s' = 1 (6)1 . w + C 
v(l -w) 

v(l · w) 
Defining a --- and k 

becomes 

s' 

For the ca;e when w = 1 

ds' 
= 

ln(tz/ tol 

= 1 - w , Eq. (6) 

els' 1 
(3) da v (j 

= 
da- v(O)W , 1 

In a c s = + 

ds' = .!. (O)"WdO 
v 

(4) 
v 

s' = -
1 f <U>-wda (5) 
v 
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If a plot s' versus In o is made, a straight line 
relationship is obtained for some cohesive soils. This 
would mean that the com p-essihility of the soil is 
described by Eq. (9). Other soils give straight line 
relationship when the results are plotted on a double 
logarithmic scale (Eq. 7). 

Void Ratio Venus Effective Stress 

Instead of the relative settlements', one can use the 
void ratio e. 

It can be shown thats' = 
l::,e 

in which s' and 
1 + e

0 

6e, (& = e
0 

- e) are related to the corresponding 

loading and e
0 

is the initial void ratio of the sample. 

Similar to Eq. (2) one mey write: 

d<f - w 
E = - - = v' (o ) 

Since s' 

\hen 

e de e 

l::,e e
0

- e 
= --=--

1 +e 
0 

ds' 

de 

1 + e 
0 

= 

eo 
---

1 + e
0 

e - --
1 +e 

0 

From Eqs. (10), (11), and (12) one may deduce 

E
1 

= Ee(I + e
0

) 

Similarly from Eqs. (2.), (10) and (13) one obtains 

v' = 
v 

s· h d 6ni . de mce y e bon av = - - and mv aa 
a, 

1 

one would obtain [5] from Eq. (10) and (13) 

E, = l 

where 

av = coefficient of compressibilit) 

mv coefficient of volume compressibility 

(10) 

(11) 

(12) 

(13) 

(14) 

0 

(15) 

(16) 

On an e vel'8US log a plot, ordinary clays show for the 
most part, straight line relationships (Fig. 2). This line 
may be represented by the following equation 

e = 
ao + li<f 

e0 - Cc log ---­
(Jo 

where 

... 
,_ 
" r 
"' _, .. 
= ~ s 
r 

Cc = t.na compression index (Bg. 2b) 
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Hg. 2 Compress1biht}' Cruves 

(17} 

journal of EAEA, Vol. 6, 1984 



4 . llemayehu Te{<•rra 

I 
°& I 1v 

ORIGINAL GL ±-l 
~-.:::-~~-~-,~ 

GZ : 0 ., 

UV : t° (I - Iv l 

o< : k< I uz 

T 
~ SAMPLE FOR 

CONSOLIDATION TEST 

1z..0,!!,1~N~l,_ ~L- --- r-- - - ­,-
: I 
I 
I 
I 1v 
I 
I 
I 
I 
I 

uz _L 
~ SAMPLE FQR 

CONSOLIDATION TEST 

(12 : o · t 
(JV ~ (l+ty) 

0< : k_>I 
uz 

' lz J_ 
~ SOIL SAMPLE 

FOR CONSOLIDATl.ON TEST 

G"z '$ I 

Vy O · I 

"' 
_h_ : 
Uz 

I 

r NORMALLY CONSOLIDAT~ 

Fig. 3 Geological History o f a Soil Sample [3 I 

Journal of EAEA, Vol. 6, 1984 

Settlement Calculations 

The above relationships are based on the assumption 
that the soils are nonnally consolidated. Basically soils 
in-£itu may have experienced one of the three conditio08 
in their geological history (Fig. 3). If the soil has been 
pre-eompressed, the compressibility curves s' versus log a 
will not be straight lines. The curves manifest some kind 
of curvature. The equations derived from the straight. 
line relationships cannot he used for the whole of the 
compressibility curve. It is therefore, necessary to 

detennine the value of the pre-eompression pressure 
av from the consolidation test. There are varioua 

mefhods for detennining av . The two common 
methods are given in Fig. 4. Soil subjected to stress 
conditions having values less than the pre-eompression 
pressure show little settlement. Stre~s higher than the 
pre-eompression pressure give settlement in accordance 
to the parameters discussed earlier. 

9 

EFFECTIVE NOftMAL STRESS 

r. loo li'e 

(o) S IMPL E METHOD OF TANGENlS 

EFl'ECTIVE NORMAL STRESS 

( b) METHOO OF CASAGRANDE ( 5 ) 

Fig. 4 Methods for Determining Precompression Pressure Tv 
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Methods of Calculation 

Under this item, the three methods of calculation 
are discussed using the example shown in Fig. 5. Here 
it is required to determine the settlement of a structure 
erected on a normally consolidated soil layer. 

(a) Average Modulus of Compressibility Method. 
The average modulus of compressibility Es is 
obtained from the results of the consolidation 
curve. Two points, namely Umin and 0 max are 
located on the curve and these two points are 
then joined by a straight line. The slope of the 
straight line gives Es (Fig. 5) 

t::.a 
E = tan a = - (18) 

s t::.s' 

The total settlement is then calculated by 
dividing the area of the pressure distribution 
curve, A, by E

8 
(Fig. 5). 

The area may be approximately calculated with 
the help of Kepler's formula (Fig. 5). 

(h) V ariahle Modulus Qf Cornpre!!llibility (Graphical) 
Method. The average modulus of compress-

lo) AVERASE MODULUS OF 
COMPRESSIBILITY METHOD 

STRUCTURE 

s' 

E
1 

•ton « 

ll' 'p - t. t 
ri-f' Oo,_ AC' 

ihility method approximates the curve between 
Umin and a max with a striaght line. However, 

as could be seen in Fig. 5(c) the slope of the 
consolidation curve varies from point to point. 
The Variable Modulus of Compressibility 
method. considers this variation in calculating 
the settlement. In this respect, this graphical 
method is more accurate than the constant Es 
method. However, the accuracy depends, like 
all graphical methods, on the scale of the 
drawing. 

From the consolidation cruve (Fig. 5) the total 
relative settlement Sr' corresponding to the 

total effective stress oT, (or = ii
0 

+ !:::. ii) 
and the relative settlements

0

1 corresponding to 
the effective stress due to the overburden 
pressure would then be 

(20) 

The settlement for a thin layer of soil with a 
thickness of M

8 
would be 

where 

t::.s' 
m 

t::.s = t::.s' ·M m s (21) 

the relative settlement t::.s' at the 
middle of the layer Ms 

lb) VARIAILE MODULUS 0, 

COMPRESSl llLITY METHOD 

(c )TYPICAL COMPRESSllLITY CURVE 

Fig. S Methods of Settlements Calculation 
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CHARACTERISTIC POINT 

(c) 

CIRCLE STRIP FOUNDATION 

( d) 
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Fig. 6 Settlement Through Elastic and Rigid Foundation 
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If the whole soil layer is divided into n strips 
with widths b:.ds, then the total !>ettlrrnent 
would be: 

n 
s = L &' (22) 

0 

If the unit settlement distribution is continuous 
with depth, (Fig. 5) one can apply Keplrr's 
formula: 

z(3) - z(l) I I I 

S = (&(1) + 4 ' 8(2) + &(3» 
6 

(23) 

(c) Compression Index Method. The settlement of 
a layer of normally consolidated clay having a 
depth o { h may be calculated from the following 
relationship. 

s 
n c (jo + b:.a 

= L h • __:._ log10 -~-o 1 + e <Jo 
(24) 

where 

cc = compression index 

eo initial void ratio 

ao initial overburden pressure 

t:.a additional pressure due to loading 

h height of the 
under question 

consolidating layer 

n = number of strips having a depth of h 

SETTLEMENT CORRECTIONS 

For calculating settlements under footings, orw 
usually considers a unifonn distribution of contact 
pressure under the footing irrespective of the degree of 
the rigidity of the structure. If one compares the 
contact pressure distribution under rigid and elastic 
footings, one would find that the contact pressure under 
a rigid footing is paraholically distributed and that und(•r 
a.1 ela:;tic (very flexible) footing is unifonnly distributed 
(Fig. 6). As a result the settlements vary. From the 
settlement troughs one observes that: 
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(a) the settlement of a rigid footing is 0.75 that of 
an elastic footing at the middle of tl1e footing, 

(b) the settlements of a rigid and elastic footinw: al 
a distance of0.74b/2 -called the charactPristi<' 
point are the same (Fig. 6c ). 

Since the tables and formula:; used for calculating 
stress distribution assume uniform contact prcssuri· 
distribution (fable of Steinbrenner [3], ~e·tHnark \; 
Oiart [3]) the calculations of seltlcmen t>; for actual 
footings should be made either at the middlr or at the 
characteristic point. 

For uniform soil layer with a constant modulus of 
compressibility E

5
, but underlain h)' a relatively rigid 

stratum (gravel, rock bed, etc.) one can dirrctly di'tcr­
mine the settlement under tl1e characteristic point for a 
rectangular footing, using the 01art of Kan~ I l J as 
indicated in Fig. 7. 

Apart from the above obvious corrections, th('r(' an· 
other minior corrections to he undertaken [3] which 
will not be discussed here. 

CONCLUSION 

With this presentation, it is hoped to familiarizr 
the reader with the different methods of settlement 
calculations. Which method to adapt should be le ft lo 

the prevailing code and or to the discretion of the 
engineer. 
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