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JØRGEN BRINCH HANSEN 
* 29. July 1909 f 27. May 1969 

J. Brinch Hansen was born in 1909. As an under­
graduate after a few years' study at the University of 
Copenhagen he entered upon the study of civil en­
gineering at the Technical University of Denmark, 
from which he graduated in 1935. Immediately after 
graduation he became a member of the staff of the 
well-known Danish firm of consulting engineers and 
contractors, Christiani and Nielsen Ltd. He was as­
sociated with this firm until 1955, from 1940 as sec­
tional engineer and from 1953 as chief engineer and 
head of the central design department in Copenhagen. 
As a staff member of Christiani and Nielsen Ltd. 
during 20 years J. Brinch Hansen had the opportunity 
to participate in the solution of several unusual and 
difficult engineering assignments, the crucial problems 
of which were frequently in the field of Soil Me­
chanics. 

The active and creative environment at Christiani 
and Nielsen Ltd. was important for J. Brinch Han­
sen's personal development. A decisive influence was 
certainly given by his superior during the first five 
years, chief engineer at the time (later Professor) A. E. 

Bretting, whose unvarying demand for an understand­
ing supported by theoretical knowledge of the techni­
cal problems encountered in practice, combined with 
a practical feeling for what was feasible from an en­
gineering point of view, J. Brinch Hansen adopted as 
a guide for his own work. 

The engagement in construction projects of many 
different kinds caused J. Brinch Hansen to immerse 
himself into several technical subjects. EspeciaUy Soil 
Mechanics aroused his interest, and when he felt it 
necessary he sought to develop his own rational solu­
tions to the foundation problems he encountered. The 
most prominent example of this is his doctoral thesis 
from 1953, "Earth Pressure Calculation", in which he, 
on the basis of the theory of plasticity, developed the 
first generally applicable method for the solution of 
most earth pressure problems in practice. As a ration­
al basis for the use of the theory of plasticity he devel­
oped a limit design method for Soil Mechanics. Using 
a system of partial coefficients of safety, which are 
applied to the actual loads and strengths of materials, 
the problems are solved in a nominal state of failure. 
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This principle makes possible the solution of even 
quite compUcated faUure problems in a rational and 
logical way. 

In 1952 he became a member (1961 chairman) of 
a committee appointed by the Society of Danish En­
gineers to prepare a new Code of Practice for Founda­
tion Engineering. In the final edition, which has been 
in use as Code of Practice in Denmark since April 
1965, the principle of design qn nommal states of 
failure was incorporated as an integral part. Thik is 
mainly due to the contributions made by J. Brinch 
Hansen. 

In 1950 he became a member of the board of the 
Danish Society of Soil Mechanics, from 1956 in ca­
pacity of chairman. From 1965 he was Vice-President 
for Europe of the IhtemationaLSociety of SoU Me­
chanics and Foundation Engineering. 

When the Technical University of Denmark in 1955 
divided the chair, then in Harbour Constructions and 
Foundation Engineering, into two separate chairs, 
J. Brinch Hansen was invited to accept the professor­
ship in SoU Mechanics and Foundation Engineering. 
At the same time he became director of the Danish 
Geotechnical Institute, which is an independent con­
sulting and research institution, affUiated to the Dan­
ish Academy of Technical Sciences. In both appoint­
ments he succeeded Professor, Dr. H. Lundgren, who: 

during the previous five years had started modem 
research and development in several subjects of SoU 
Mechanics in Denmark. 

J. Brinch Hansen took up his new duties with 
efficiency and enthusiasm. The greatly improved facU-
ities for research work, which were now avaUable to 
him, enabled him to become actively engaged in the 
study of a wider variety of important problems in SoU 
Mechanics, among other things: Bearing capacity of 
footmgs, lateral resistance of pUes, general problems 
of stabUity, settlements in sand, secondary consolida­
tion, and negative skin friction on pUes. The biblio­
graphy of his work gives a good impression of the 
productiveness of his years as a professor and director 
of the Danish Geotechnical Institute. During the same 
time he was a consultant on several engineering pro­
jects, involving compUcated foundation problems in 
Denmark as weU as abroad. These included construc­
tions of widely different types, such as tunnels, bridg­
es, dry docks, and sUos. 

He was co-author of the first two modem Danish 
textbooks in Soil Mechanics, which are stiU being used 
at the Technical University of Denmark. He also in 
1956 took the initiative to start the buUetin series of 
the Danish Geotechnical Institute. 

In 1954 J. Brinch Hansen became a member of the 
Danish Academy of Technical Sciences. He was also 
a member of the German "Arbeitsausschuss Ufer-
einfassungen". 

In 1965 he became Dr.ing.h.c. at the University of 
Ghent uii Belgium. He was knight of the Dannebrog. 

When J. Brinch Hansen in the early spring 1969 
had to go to hospital he did not in any way seem 
seriously Ul, and none of us who worked closely to­
gether with him could imagine that he would not get 
weU. After a gaUstone operation in March and a liver 
operation in April it ^became clear, however, that his 
Ulness was serious indeed. It caused his death on 
27th May 1969. ^ 

The untimely death of J. Brinch Hansen is a great 
and painful loss to his friends all over the world as 
weU as to the science of SoU Mechanics. Many kind 
letters of condolence and other expressions of sym­
pathy have emphasized this. 

It is clear, however, that the loss is felt most keenly 
—apart from the famUy—by the professors and stu­
dents at the Technical University of Denmark and by 
the staff of the Danish Geotechnical Institute. It was 
primarily due to his versatUe as weU as profound 
scientific contributions that the work done at the Dan­
ish Geotechnical Institute was recognized by research 
workers in SoU Mechanics aU over the world. He was 
in a class by himself, and as such he cannot be re­
placed. 

We who have to carry on the work, feel deeply the 
loss of J. Brinch Hansen, his great knowledge and 
insight, and his abUity to analyze and go directly to 
the kernel of the problems. Those who became closely 
connected with him, wiU also miss a loyal friend, 
ready to help. But in the loss we shaU be glad that we 
have had the opportunity to work together with him 
during 14 years and to leam from his great experiT 
ence. He had three main demands to himself and to 
others in connection with aU activities: QuaUty, inte­
grity, and accuracy. Those demands we shaU adopt 
and try to honour in the work at the Danish Geotech­
nical Institute. 

5. Thorning Christensen 
Chairman of the Board 

Danish Geotechnical institute 

/ . Hessner 
Director 

Danish Geotechnical Institute 

Bent Hansen 
Head of Research Department 
Danish Geotechnical Institute 
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A Revised and Extended Formula for 
Bearing Capacity 

by / . Brinch Hansen 

(Reprint of Lecture in Japan, October 1968) 

1. Original Formula. 
A simple formula for the bearmg capacity of a 

shaUow foundation was developed around 1943 by 
Buisman, Caquot and Terzaghi. With the latter's 
notations it reads: 

QIB = ±yBNy + qNq + cNe (1) 

This formula is developed for an infinitely long 
foundation of width B, placed upon the horizontal 
surface of soU with an effective unit weight j7, a fric­
tion angje 9? and a cohesion c. q is a unit surcharge 
acting upon the soU surface outside the foundation, 
and Q is the ultimate bearing capacity per unit length 
of this foundation, provided that it is loaded centraUy 
and verticaUy. 

2. Bearing Capacity Factors. 
The exact formulas for Nq and Nc were indicated 

already by Prandtl: 

Nq = e"t<m v tan* (45° + g»/2) (2) 

i\rc = (Ar,_l)cot<p (3) 

Fig. 1 Lundgren-Mortensen rupture figure for calculation of 
Ny. Vertical load on heavy earth (no surface load). 

The best avaUable calculations of Ny were made, 
first by Lundgren-Mortensen, and later by Odgaard 
and N. H. Christensen, using the rupture-figure shown 
in fig. 1. The results correspond closely to the empir­
ical formula: 

iVr = 1.5(iV,-l)tan(F (4) 

Curves for aU 3 factors are shown in fig. 2. 
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Bearing capacity factors Nq, Nc, and Ny as functions 

Since Ng and Nc are calculated for one rupture-
figure, and Ny for another, the simple superposition 
implied by equation (1) must actuaUy be an approxi­
mation. However, it is always on the safe side, and 
the error is usuaUy less than 20 % (Lundgren-Mor­
tensen). 

3. Practical Cases. 
Actual foundations deviate in several respects from 

the simple case considered above. 
Thus, the load may be eccentric or inclined or 

both. The base of the foundation is usuaUy placed at 
a depth D below the soU surface. The foundation has 
always a limited length L, and its shape may not even 
be rectangular. FinaUy, both the foundation base and 
the ground surface may be inclined. 

Apart from the eccentricity, which is best taken 
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into account by considering the so-called effective 
foundation area, aU the other influences can be ex­
pressed by means of suitable factors to the 3 terms 
in the original formula. 

The different factors can be found by considering 
rather simple cases, in which only one complication 
occurs at a time. When these factors are then used 
together for more compUcated cases this will, of 
course, be an approximation. 

For the different new factors we shaU use the 
foUowing symbols: 

s shape factors. 
d depth factors. 
i inclination factors. 
b base inclination factors. 
g ground incUnation factors. 

4. Effective Foundation Area. 
All loads acting from above upon the base of the 

foundation are combmed into one resultant. It has a 
component V normal to the base, a component H in 
the base, and intersects the base in a point called the 
load centre. 

Now, a so-caUed effective foundation area of rec­
tangular shape is determined in such a way, that its 
geometric centre coincides with the load centre, and 
that it foUows as closely as possible the nearest con­
tour of the actual base area. A few examples are 
shown- in fig. 3 

\ v 

B 

L 

Fig. 3 Equivalent and effective foundation areas. 

The short side of this equivalent rectangle is called 
B and the long one L. The effective foundation area 
is A = BL. For a strip foundation the effective width 
B wiU simply be twice the distance from the load 
centre to the nearest edge of the base. 

Meyerhof, the writer and others have shown that 
the actual bearing capacity of an eccentricaUy loaded 
foundation wUl be very nearly equal to the bearing 
capacity of the centraUy loaded effective foundation 
area. Consequently, in the foUowing we shaU only 
consider central loading, ånd the symbols B, L and A 
wiU always refer to the effective rectangle. 

5. Extended Formulas. 
Applying the 5 new kinds of factors to the original 

equation (1), we get the following formula (Brinch 
Hansen): 

Q / A = ^BNySydyiybygy + qNgS^dgi^gg 

+ cNcScdeicbege 
(5) 

q is now to be understood as the effective over­
burden pressure at base level. 

In the special case of a horizontal ground surface, 
the ground inclination factors g disappear, of course, 
and the equation can then be written somewhat 
simpler: 

Q/A = -yBNySydyiyby + (? + c cot q>) NgSgdjgbg 
(6) 

— c cot cp 

In the other speical case of (p = 0 (~ undramed 
faUure in clay), it wiU theoreticaUy be more correct to 
introduce additive constants instead of factors. Since 
the c-term is usuaUy dominant, we may write: 

Q/A ={ n +2)c u{l+s ae + d? - i a
c -b a

c -g° ) (7) 

6. Load Inclination Factors. 
An inclination of the load wiU always mean a 

reduced bearing capacity, and the reduction is often 
very considerable. 

Exact formulas for iq and ic have been derived by 
several authors, using the rupture-figure shown in 
fig. 4. The rather complicated results can be approx­
imated by means of simple empirical formulas, how­
ever (Brinch Hansen). 

Fig. 4 Rupture figure for calculation of i and i c . 
Inclined load on weightless earth (with vertical surface load). 
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Fig. 5 Inclination factor iq for q-tenn. 
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In the case of 99 = 0 we get: 

iac = 0 .5-0 .5 \ / l -H/Ac u (8) 

For (p = 30° and 45° the results are shown in fig. 
5, The dotted line corresponds to the formula: 

iq = [1 _ 0 . 5 H : {V+Accot<p)]5 
(9) 

Calculations of /' have been made by Odgaard and 
N. H. Christensen, using the mpture-figure shown in 
fig. 6. Their results for (p = 30° and 45° are shown 
in fig. 7. The dotted line corresponds to the formula: 

iy = [ l - 0 . 7 H : (F+ Ac cot f)]5 (10) 

should be used for investigating the usual faUure along 
the long sides L, occuring when HB is dominant. The 
second set (with second subscript L) are used for 
investigating a possible faUure along the short sides B, 
which may occur when HL is dominant. 

7. Base and Ground Inclination. 
The general case is shown in fig. 8. The slope angle 

is called y?, and since the ground wiU usuaUy be slop­
ing away from the foundation, /f shaU be defined as 
positive in this case. The foundation depth D is 
measured verticaUy. 

Fig. 6 Rupture figure for calculation of iy. 
Inclined load on heavy earth (no surface load). 

•K 
\ 

1 N 

»i 1 

N 
^ 
\ 

k 
\ 

• 

^ 

\ 
N 

1 
• " 1 

_ j 

• • 

or 

r 

H 

<M*atf 

Fig. 7 Inclination factor iy for y-term. 

As we shall see later, i must be modified if the 
foundation base is inclined. 

To avoid misunderstandings it should be mentioned 
that (9) and (10) must not be used, if the quantity 
inside the bracket becomes negative. The bearing 
capacity will in such cases be negligible. 

The above inclination factors are valid for a hori­
zontal force H = HB, acting paraUel with the short 
sides B of the equivalent effective rectangle. If we 
substitute H by H g in the equations (8-10), the cor­
responding factors may be termed /"„, 1 and i. 

qB 'ya 
respectively. 

In the more general case, where there is also a 
horizontal force component HL, acting parallel with 
the long sides L, we can find another set of factors 
2cL' *OL am* '"yr ^ substituting H by HL in (8-10). 

The first set of factors (with second subscript B) 

Fig. 8 General case of base and front of retaining wall with 
inclination of base and ground. 

The effective width of the incUned base is caUed B, 
whereas V indicates the foundation load normal to the 
base and H the load in the base, v is the angle be­
tween base and horizon. 

Fig. 9 Rupture figure for calculation of bc, bq, gc and gq. 
Frictionless earth or weightless earth with vertical surface 
load. 

For the theoretical case of frictionless or weightless 
earth we get the mpture-figure shown in fig. 9. In the 
case of (p = 0 it gives the exact formulas: 

tf = 
2v _ _^_ 

n + 2 _ 147° 

* ' n + 2 147° 

(H) 

(12) 

For other friction angles we can find the following 

(13) 

exact formula for bq: 

bg = e - 2 v t a n ( P 
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For by we can develop.an empirical formula by 
utilizing the fact that, for a vertical waU, we must 
have K r = Kp accordmg to Coulomb. This gives: 

f, _ --2.7 V tan ( 
y 

(14) 

With regard to g , exact formulas can be developed. 
A closer inspection reveals that gq is exactly the same 
function of tan /J, as i is of H: {V + Ac cot 9?). Hence 
we can write approximately: 

g, = [l-0.5tanfl5 = *r (15) 

We have here assumed gy equal to ĝ  in accordance 
with the fact that, for a vertical waU and any ground 
inclination, we must have KY = Kp according to Cou­
lomb. 

^ The above formulas should only be used for pos­
itive values of v and ft, the latter being smaUer than cp. 
Also, v + /? must not exceed 90°. 

In the case that the foundation base becomes a 
vertical waU {v = 90°), we shaU, according to Cou­
lomb's earth pressure theory, have Ky = Kp , inde­
pendent of the roughness of the waU. Therefore it 
wiU, in the general case, be necessary to let iy depend 
upon v in such a way, that for v = 90° we get 
iy = i . This is easUy achieved by writing: 

iy = [1 — (0.7 — i/7450o) H : {V+ Accot y)]5 (16) 

8. Shape Factors. 
Theoretical values of the shape factors can hardly 

be indicated at present, since their calculation would 
require a 3-dimensional theory of plasticity. Thus, 
experimental evidence must be used. 

Extensive and careful plate loading tests on sand 
have led de Beer to propose the empirical formulas: 

5y= 1 -0 .4 Æ/L 

Sg = 1 + sin cp ' BjL 

(17) 

(18) 

As a result of loading tests on undrained clay 
Skempton found the value: 

s° = 0.2 B/L (19) 

which can be shown to be a limiting case of (18). 
The shape factors indicated above are actually only 

valid for vertical loading. In the other limiting case of 
the foundation sliding on its base, the shape can have 
little influence. For inclined loads we must, therefore, 
modify the formulas by introducing the inclination 
factors. And since faUure can take place either along 
the long sides, or along the short sides, we shaU need 

two sets of inclination factors. The followmg formulas 
are proposed (Brinch Hansen): 

sacB=0.2iaeBBjL 

saeL=0.2iacLL/B 

SgB = 1 + sin <p • Biga/L 

SgL = 1 + sin <p • LiqLIB 

SyB= 1 - 0 . 4 {BiyB).{LiyL) 

SyL=l-0.4{Li rL):{BiyB) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

For the last two factors the special mle must be 
foUowed, that the value exceeding 0.6 should always 
be used. 

9. Depth Effects. 
Actual foundations are always placed at a certain 

depth D below the surface. One consequence of this 
is, that we must take into account the effective weight 
of the soU above base level. This is done by putting: 

* = r m a (26) 

where ym is the average effective weight of the soil 
above base level. 

Another effect is due to the fact that the soU above 
base level has a certain shearing strength. In the 
foUowmg this soU is assumed to be identical with the 
soU below base level. When it is inferior (or possesses 
no strength at aU) the indicated depth effect wUl have 
to be reduced (or neglected completely). 

At least one rupture-Une wiU always pass through 
the soU layer above base level, and the effect wiU be 
an mcrease of the bearing capacity. This we express 
by means of a depth factor, which is used for founda­
tions with mainly vertical loads. 

If an upper Rankine zone is continued through the 
soU above the base without changing the mpture-
figure below base level, the result wiU be an extra, 
horizontal force. Therefore, on foundations subjected 
to considerable horizontal loads (e.g. retaining waUs), 
the simplest way to take the depth effect into con­
sideration is to assume a passive earth pressure acting 
upon the side of the foundation. 

10. Depth Factors. 
The depth factor dy presents no problem, because 

we have always, according to definitions: 

d v = l (27) 
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For smaU values of D/B it is easy to calculate dq or 
dc, because we can just extend the known mpture-
figure for D. = 0 up to the actual surface. In this way 
the following approximate formulas have been found 
(Brinch Hansen): 

dac = 0.4D/B (28) 

dq = 1 + 2 tan q){l — sin <p)* D/B (29) 

These formulas may be used for D fg B. For great­
er depth it is difficult to calculate the depth factors, 
but we know that they must ultimately approach an 
asymptotic value. I have, therefore, tentatively propos­
ed the foUowing formulas: 

dac = Q.4aTctaxi.D/B (30) 

dq = 1 + 2 tan (p{l — sin <pf arc tan D/B (31) 

We can actually test these formulas by applymg 
them, together with the formulas for the shape fac­
tors, to a square pile base at great depth (D -> oo). 
This gives for (p = 0: 

Q/A = (jr + 2) cu{l + 0.2 + 0.4 »/2) =-9.4 cH (32) 

which is a weU-known result for pUe point resistance 
in clay. 

For other friction angles we get: 

Q/A = ~qNq{l + sin (p) (1 + JT tan ^(1 — sin tp)*) (33) 

For values of cp between 30° and 40° this formula 
gives the result 2.2 7iNq in very good agreement with 
Danish experience for pile pomt resistances in sand, 
provided that ^ is taken as the friction angle in plane 
strain. 

The above formulas are valid for the usual case of 
failure along the long sides L of the base, and formu­
las (30)-(31) give the corresponding depth factors 
d acB a n d V 

For the investigation of a possible faUure along the 
short sides B we must use another set of depth factors: 

rfcz. = 0.4 arc tan D/L (34) 

^NyBsyB iyBby {q + c cot (p)N^q Bsq Biq Bbq 

Q / A S ] + 
-yNyLsyLiyLby Qj + c cot q^Ngd^gLi^bg 

— ccotfp (36) 

This formula should be used in the foUowing way. 
Of the two possibUities for the y-term, the upper one 
should be used when BiyB ^ LiyL, whereas the lower 
one should be used when BiYB > I i . A check on 
the right choice is that sy ^ 0.6. Of the two possibUi­
ties for the q-tenn we must always choose the one 
giving the smaUest numerical value. 

In the special case of <p = 0 we must choose the 
smaUest of the foUowing two values: 

QIA < ( j r + 2 ) C u ( 1 + ^ + ^ ~ , t B - ^ - ^ (37) 
= {}l + 2)ctt{l+sacL + d acL-i a

c L-b a
c-gt) 

12. Passive Earth Pressure. 
For foundations subjected to considerable horizon­

tal forces it has always been a question, whether it is 
permissible to assume a passive earth pressure acting 
on one vertical side of the foundation. The fear has 
been expressed that this would require too great hori­
zontal movements of the foundation. 

© 

dgL = 1 + 2 tan gr,(l — sin g,)* arc tan D/L (35) 

11. General Formulas. 
In the general case, where the horizontal force has 

both a component HB paraUel with the short sides B, 
and a component HL paraUel with the long sides L of 
the equivalent effective rectangle, we must use the 
foUowing formulas: 

0 

Fig. 10 Statically admissible rupture figures. Frictionless or 
weightless earth. IncUned load with fully developed passive 
earth pressure. 
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Fig. 10 shows first, for the case of weightless earth, 
the mpture-figure for a surface foundation (a). For 
foundations below the ground surface two staticaUy 
possible mpture-figures are shown, one for a smooth 
side (b) and another for a rough side (c). 

In the considered case of weightless (or frictionless) 
earth the stresses in the outermost rupture-line at base 
level are exactly the same as for a surface foundation. 
The reaction R on the base is, consequently, also the 
same, but in addition we have now an earth pressure 
P acting on the vertical side. 

Therefore, due to the depth D, the foundation can 
actuaUy take up a total load L, determined so as to be 
in equUibrium with the two forces R and P. The sim­
plest way to take this into account is to add the earth 
pressure P (vectoriaUy) to the main foundation load 
L. The resultant R (components V and H) can then 
be treated in the usual way, Q being calculated by 
means of the appropriate bearing capacity formula. 
It should be noted that depth factors must not be 
used, when the passive earth pressure is taken into 
account as proposed. 

For load inclinations up to a certain value the 
mpture-figure shown in fig. 10c wiU occur. It indicates 
that in this case the passive earth pressure can be 
calculated as for a perfectly rough waU. For greater 
load inclinations the mpture-figure shown in fig. lOd 
wiU occur, and to this wiU correspond a sUghtly lower 
earth pressure. A limiting case occurs, when the base 
starts to slide horizontaUy. To this corresponds the 
passive earth pressure on a rough waU, which is 
translated horizontaUy. 

As wiU appear from fig. 10, it is one and the same 
mpture-figure, which is responsible for both the bear­
ing capacity and the passive earth presure. Therefore, 
the passive earth pressure does not require other or 
greater movements of the foundation than does the 
bearmg capacity. 

On the other hand, we must Umit the movements 
to allowable values. As regards the bearing capacity, 
this is usuaUy ensured by dividing the ultimate bearmg 
capacity with a safety factor of e.g. 2.0. For exactly 
the same reason we must also divide the ultimate 
passive earth pressure with a safety factor, e.g. 1.4. 

I have already mentioned that for mainly vertical 
loads we use depth factors but assume no passive 
pressure on the side of the foundation, whereas for 
great horizontal loads we do the opposite. 

In intermediate cases we may, as proposed by Bent 
Hansen, do the foUowing. If the horizontal force H is 
smaUer than the horizontal component of passive 
pressure on the whole height D, we calculate the 
height D0 necessary to develop a passive pressure just 
balancing the horizontal force. We can then calculate 
the foundation for vertical load only, and with depth 
factors correspondmg to the remaining height D - Do. 

13. Soil Parameters. 
In case of q>u = 0 (saturated clay) we must, of 

course, for c use the relevant undrained shear 
strength. For long term calculations we must use the 
effective parameters ip and c as found in drained tri­
axial tests. 

For sand we can usuaUy, on the safe side, assume 
c = 0. As regards 99, it has been common practice to 
use the friction angle qjlr found in ordinary triaxial 
tests. However, plate loading tests in several labora­
tories have shown that this leads to a severe under­
estimation of the bearing capacities. (Fig. 11). 

J Since the theoretical expressions for Ng and Ny are 
developed for the case of plane strain, we must 
actuaUy use the friction angle (ppl found in a plane 
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strain test. Such tests have been made in several 
laboratories with somewhat different results. In Den­
mark we use always in our bearing capacity calcula­
tions the foUowing value: 

Ny = 300 #„=190 

V p t - 1 - 1 * * (38) 

which should be on the safe side, since we have found 
factors up to 1.15. 

This procedure has been found to give reasonable 
agreement between plate loading tests and the theore­
tical formulas. (Fig. 12). 

14. Safety Factors. 
The safety in bearing capacity problems is usuaUy 

introduced as a total or oyeraU safety factor F. This 
means that the bearing capacity Q should be calculat­
ed for the actual loads and actual soU parameters, and 
then the actual vertical load V on the foundation must 
not exceed Q/F. 

In Denmark we prefer the system of partial safety 
factors. This means that we calculate a nominal bear­
ing capacity Qn for nominal loads and for nominal 
soU parameters defined by: 

* - = * » 
Cn = C J f e 

P n=P a - fp 
tanq)n = tan(palfq) 

(39) 

The foundation should then be designed so that 
Vn<iQn. The foUowing values are used in Denmark: 

z,-1-5 / e -1 .75 /« -1 .25 (40) 

15. Example. 
As a simple example we shaU consider a couple of 

fuU-scale tests with foundation blocks, made by H. 
Muhs in Berlin. 

The blocks had the dimensions L = 2 m, B = 
0.5 m and D = 0.5 m. Base area A = 1 m2. The soU 
was dense sand with y = 0.95 t/m3, and ground water 
level coincided with the ground surface. We can 
assume c = 0. 

The first block was loaded centraUy and verticaUy, 
and failed for Q = 190 t. If we estimate (ppl = 47° 
we find: 

4 ^ = 1 + 2 • 1.07 • (1 -0.732)* • arc tan (0.5/0.5) = 1.12 
syB = 1-0.4 0.5/2.0 = 0.90 
SgB = 1 + 0.7320.5/2.0= 1.18 

We can now calculate the ultimate bearing capacity: 

Q = ^yBNydyBSyB -i-'yDNgdgBSgB = 

- 0 . 9 5 0.5-300.1.0.90 + 0.95.0.5-190-1.12-1.18 = 

64+120=1841(^190) 

If our formulas are correct, this shows that the 
plane friction angle was about 47°. To this corre­
sponds a triaxial friction angle of 40o-42o, which is 
quite reaUstic for dense sand. In fact, Muhs measured 
^ = 40°. 

A second block was also loaded centraUy, but the 
load was inclined in the direction of the long sides L. 
At faUure the forces Q = V = 108 t and HL = 39 t. 
Passive pressure on the vertical side of the foundation 
was so small, that it could be neglected. Instead we 
reckon with depth factors. 

Since HB = 0 we find: r 

dgB =1.12 SgB = 1.18 iyB = iqB = 1 Biya = 0.5 
dqBSgBigB=lA2-1.18-1 = 1.32. 

For the other direction we find: 

^ = 1 + 2 - 1.07(1-0.732)2-arc tan (0.5/2.0)= 1.04 
iyL = (1 _ 0.7 • 39/108)8 = 0.235 1 % = 0.47 
igL = (1 — 0.5 • 39/108)5 = 0.370 LigL = 0.74 

Since BiyB > LiyL, we must use (25) and the lower 
y-term in (36): 

SyL = 1 _ 0.4 • 0.47/0.5 = 0.625 
SgL = 1 + 0.732 • 0.74/0.5 = 2.09 
dgLSgiigL = 1.04 • 2.09 • 0.370 = 0.805 

Since dqLsqLiqL<dqBsqBiqB, we must use the lower 
q-term in (36). Using the same values of Ny and Ng as 
above, we get the ultimate, vertical bearing capacity: 

Q = -yLNydyzJSyLiyL + yDN^ql^qJqL = 

- . 0.95- 2.0- 300 1.0.625 0.235 + 
2 
0.95 0.5 190.1.04-2.09 0.370 = 

42 + 72=1141(^108) 

It wiU be seen that the new formulas explain the 
results quite weU in this case. 
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Tests and Formulas Concerning Secondary 
Consolidation 

by / . Brinch Hansen and Ses Inan 

(Reprint of Proc. 7th Int. Conf. SoU Mech., Mexico 1969, Vol. I, p. 45-53) 

SYNOPSIS. An extensive series of Oedometer tests with a remoulded glacial lake clay was carried out in order 
to study the secondary consolidation. The effects of sample height, temperature, stress history, final load, load 
increment ratio and duration of previous steps were investigated. As a result, a comparatively simple empirical 
formula is proposed, which seems to describe aU observed features of the secondary consoUdation quite weU. 
Some tests were also made with a normaUy consoUdated intact clay, for which the same type of formula was 
found to apply. On the basis of this formula, a calculation method for secondary settlements of structures is 
proposed, and for a bridge in Denmark the secondary settlement is calculated and compared with actual 
measurements. 

Introduction 
Secondary consolidation is the name commonly 

used for compressions or settlements, which continue 
to develop after the practical disappearence of aU 
excess pore pressures. 

That secondary settlements may be as important as 
the primary ones, and that they can go on for many 
years, has f. inst. been proved in the case of the Ag­
gersund Bridge in Denmark (Bjerrum, Jønson and 
Ostenfeld 1957). In a semi-logarithmic plot the time 
curve has been a perfectly straight line for at least 
12 years. 

Also in Oedometer tests, secondary consolidation 
has been proved to go on for at least 4 years (Cox 
1936). Here, the time curve was sUghtly downwards 
concave. 

Since the physical mechanisms and causes of secon­
dary consoUdation are not yet known, it is not apriori 
certain that secondary settlements of structures cain 
be calculated on the basis of laboratory tests. Of 
course, the best way to mvestigate this problem is to 
compare observed secondary settlements with rational 
calculations. 

Such calculations cannot be made in any reliable 
way, however, untU we have a mathematical formula 
for the process of secondary consolidation, describing 
its dependence on the different loading steps and their 
duration, as weU as on other pertinent parameters 
(void ratio, temperature etc.). Then we can, by means 
of suitable laboratory tests, determine the constants in 
this equation, and afterwards apply it to the conditions 
in situ. 

The main purpose of the present paper is to pro­
pose such a formula. It has been developed so as to 

give reasonable agreement with at least one extensive 
series of consolidation tests, in which the effects of 
final stress, stress increment ratio, number of loading 
steps, duration of previous step etc. were investigated 
separately. 

The main part of the described tests were carried 
out by Ses Inan at the DGI from 1966-68. The em­
pirical formulas were developed by J. Brinch Hansen, 
whereas the detaUed comparison between formulas 
and test results were made jointly. 

Oedometer Tests. 
This paper deals exclusively with one-dimensional 

compression of clay, as mvestigated in the Oedometer 
test. All tests were made in the new "inelastic" Oedo­
meters of the DGI, in which both lateral yield and 
ring friction are minimized. 

The tests were primarily made with a remoulded 
clay, both in order to get sufficiently reproducible 
results, and also because samples for comparative 
tests could be made practically identical. 

The investigation was only concerned with primary 
loading (each loadmg higher than the previous one), 
not unloadmg and reloadmg. 

It has been found practical to plot the tune curves 
in a composite j/f - log t diagram (Brinch Hansen 
1961). Fig. 1 shows such a diagram, in which the 
length of the |/f - part must be about 0.87 times 
(= 2 log e) the length of a decade in the log t - part 
in order to get a smooth time curve across the bound­
ary line. 

In such a diagram a normal time curve (for Ap/p > 
0.3) wiU consist of two straight lines, connected by a 
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transition curve. The time scale should be adjusted so 
that the two straight lines wiU intersect approxunately 
on the boundary line. The intersecting point defines 
the "consoUdation time" tc {- T = nl4) and the 
"primary compression" EC, whereas the "secondary 
compression" e is the increase per time decade after 
dissipation of pore water pressures. 

In the opinion of the authors, the secondary com­
pression represents the real, rheological behaviour of 
the clay under the given conditions (stress, tempera­
ture, vibrations etc.). If the voids were empty, we 
would probably get a time curve as the one marked 
"rheological compression", but since it takes time to 
expel pore water from the voids, we get actuaUy a 
"hydrodynamical retardation" of the compressions 
(see Fig. 1). 

Fig. 1 Oedometer time curves. 

Soil. 
SoU samples have been taken from a brick factory 

pit near Nivaa, which is about 30 km north of Copen­
hagen. The samples were taken 4-5 m below ground 
surface, where the average field vane strength was 
about 8 t/m2. 

The soU is a late glacial lake clay, containing 46 0/o 
clay fraction, 54 o/o silt and 0.1 0/o sand. The natural 
water content was 23 % , the Uquid limit 46 % and 
the plastic limit 19 % (aU average values). 

The remoulded samples were prepared by first 
crumbling the clay and then mixing it with water. The 
mixture was put into a rubber tube and stored there 
for about 10 days. Each day it was kneaded in the 
tube for some tune. 

Preliminary Tests. 
ParaUel tests were made with identical samples and 

loadmg procedures in order to investigate the repro-

ducibUity of the tests. This proved to be quite good, 
although a smaU amount of accidental scattering oc­
curred. 

Further paraUel tests were made with different 
heights of the samples, from 13 to 46 mm, whereas 
tbe diameter was always 60 mm. The purpose was to 
investigate a possible effect of ring friction, and 
whether the secondary compression should be a func­
tion of sample height. The tests showed only smaU and 
non-systematic variations with the sample height, how­
ever. The consolidation times were, of course, longer 
for the higher samples. 

FinaUy, paraUel tests were made in two Oedometers 
at a constant temperature of 23° C and in two others-
at 36° C. The observed variations, both of total and 
of secondary compression, were smaU and non-sys­
tematic. In fact, the greatest deviation was found be­
tween two tests at the same temperature. However, 
the consolidation time was about 30 % longer at the 
lower temperature, as should be expected. 

Number and Size of Loading Steps. 
Two identical samples were subjected to two dif­

ferent loadmg procedures (Fig. 2). One sample was 
loaded in one step from 100 to 130 t/m2, whereas the 
other sample was loaded in 3 steps (100-110-120-
130 t/m2). 

The result was that both total compression and sec­
ondary compression (indicated by the final inclination 
of the time curve) were nearly the same, independent 
of the number and size of the loading steps. 

Conclusion: The void ratio en depends mainly on 
the final load Pn-

There is, however, a second order effect indicating 
a slight decrease of the total compression with the 
number of loading steps - or with the total time spent 
in the Oedometer. This effect may be due to ring 
friction. 

Fig. 2 Different number and size of loading steps. 
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cordingly, the void ratio - load relationship can be 
expressed as: 

Fig. 3 e-p-curve in semi-logarithmic plot. 

Void Ratio - Load Function. 
In order to study the relation between load and void 

ratio we must consider loading steps of equal duration 
to (here chosen equal to 24 hours = 1440 min.). At 
the end of an arbitrary step n we measure a void ratio 
en correspondmg to the load pn. 

For a typical test, fig. 3 shows the usual semi-loga­
rithmic plot of e against p. The curve is seen to be 
quite straight between 1.5 and 40 t/m2, but it is 
curved at both ends. 

However, as already pointed out by Terzaghi, the 
curvature for low loads can be eliminated by plotting 
e agamst p + po , where pois a constant load. And the 
curvature for high loads can apparently be eliminated 
by using a double-logarithmic diagram. 

Such a plot is shown in fig. 4, the upper curve re­
presenting the same test as in fig. 3. With po = 1.1 
t/m2 a straight line is seen to approximate the test 
results for the whole stress interval quite weU. Ac-

e„ = e„ 1 + (1) 

The power a is found as the inclination of the 
straight line. Since, in fig. 4, a vertical decade is equal 
to 4 times a horizontal decade, the inclination should 
be divided by 4, giving here a = 0.167. 

In fig. 4, the lower curve represents the results of 
another test̂  this time with a much lower mitial void 
ratio eo. With p o = 12 t/m2 a straight line is obtained, 
and with the same mclination, i.e. the same value of a. 

If the best possible straight line is determined for 
each test separately, it is usuaUy found that the power 
a mcreases slightly with eo. However, it is a quite good 
approximation to assume a constant a and determine 
p accordingly, as in fig. 4. 
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po is evidently a function of eo, and the values 
found in 9 different tests are plotted in fig. 5. The 
results can be approximated by a straight line, corre­
sponding to the formula: 

po = 4e^t/m* (2) 

Fig. 4 e — (p + p0) - curves in double logarithmic plot. 

Duration of Previous Step. 
Two identical samples were subjected to the same 

loads, but with different durations in a certain step 
(Fig. 6). Both samples were loaded from 50 to 100 
t/m2, but in one case for 1500 min. and in the other 
for 6000 min. After this, they were both loaded to 
110 t/m2. 

The result was that both the total compression and 
the secondary compression (indicated by the final in­
clination of the time curve) were nearly the same. 
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to see the deviations from the straight line, the lower 
part of the diagram has been magnified 10 times in 
relation to the upper part. The duration of the con­
sidered loading step was 4 weeks. 

For the considered large load increment ratios we 
propose the relation: 

e„ = e„ Po 

'At. 

•- o J J 
(3) 

where Atn is the duration of the step with load pn. For 
t is chosen the constant value of 24 hours = 1440 

O 

min. 
Since we usuaUy find c < 0.05 and a < 0.3, equa­

tion (3) wUl give a very nearly straight secondary time 
curve in both semi- and double-logarithmic plots. 

As compared with the usuaUy employed relation­
ships involving log p and log At, equation (3) has the 

independent of the duration of the previous step. In 
other words: what was gained in the previous step was 
lost in the foUowing, and vice versa. 

Conclusion: The void ratio en depends mainly on 
the duration At of the load p . 

There is, however, a second order effect indicating 
a slight decrease of the total compression with the 
total time spent in the Oedometer. This effect may be 
due to ring friction. 

Large Load Increment Ratios. 
For load increment ratios Ap/p > 0.3 it is usuaUy 

found that the secondary part of the time curve (for 
At > 10 tc) is very nearly a straight line in a semi-
logarithmic plot. Since e varies very little during sec­
ondary consoUdation, a straight line wiU also be ob­
tained in a double-logarithmic plot. 

Fig. 7 shows an example with Ap/p — 1.0. In order 
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Fig. 7 Time curve for large load increment ratio. 

Fig. 8 Time curve for small load increment ratio. 

theoretical advantage of giving a finite compression 
(to e = 0) for both p = oo and At — oo. Moreover, it 
gives e = eo for both p = 0 and At = 0 but is, of 
course, not intended to be used for such smaU values 
of At. 

Small Load Increment Ratios. 
For load increment ratios Ap/p < 0.2 a different 

shape of the time curve is usuaUy found, involving an 
inflexion pomt if plotted in the |/f - log t diagram. 

Fig. 8 shows a typical example with Ap/p = 0.07. 
The duration of the considered loadmg step was 9 
weeks. It wUl be seen that also here the time curve 
eventuaUy becomes straight, but only after a much 
longer time {At > 100 t j . 
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However, by adding a certain constant time t" to 
the actual times Atn, it is possible to transform the 
time curve to a straight line for the usual duration of 
the secondary compression {At > 10 tc). In fig. 8 the 
best value of t° is found by trial to be 1000 min. 

This means that, for a smaU load increment ratio, 
we can write: 

e„ = en 1 + 
P o l 

A'n + 'n n n 

' o •* J 
(4) 

Of course, we can also use this formula for large 
load increment ratios, if t" is given sufficiently smaU 
values. 

For one case, namely zero load increment (after 
previous loading steps with large load increments), it 
is easy to indicate the value of t", because then the 
last two steps (with identical loads pn_1 = pn) can also 
be considered as one step with a total duration of 
Atn_1 + Atn. Consequently we have in this case 
t0n = Atn j (the duration of the previous loading step). 

A sunple formula, which gives the correct result 
both for zero and for large load increment, is: 

/ V i 
-\d 

At, n-\ (5) 

Smce we usuaUy find d = 20 — 30, t" wiU become 
very smaU for large load increment ratios, as required. 

For further investigation of the vaUdity of formula 
(5), tests were made on identical samples with differ­
ent load mcrements in the last step. Fig. 9 shows the 
time curves for 3 such tests, all with pn_1 = 150 t/m2, 
but with Ap = 5, 15 and 30 t/m2 respectively. By 
adding t° = 30, 300 and 1300 min. respectively in the 
3 cases, the indicated 3 straight lines were obtained. 
By insertion in formula (5) we find in aU 3 cases the 
same d ~ 24. . 

Tests were also made with the same smaU load in­
crement in the last step, but with different durations 

Fig. 10 Different durations of previous step. 

of the previous step. Fig. 10 shows the time curves for 
2 such tests (in fact the same as in fig. 6). Both tests 
have ?„_, = 100 t/m2 and pn = 110 t/m2, but A t^ 
was 1500 and 6000 min. respectively. Straight lines 
are obtained with t°n = 150 and 600 min. respectively, 
t0n being proportional with zlf^j as required by for­
mula (5). In both cases we find d = 25. 

The Complete Equation 
Since we can have smaU load increment ratios in 

more than one step, and since aU previous loadmg 
steps give, in principle, a contribution to any later time 
curve, we must actuaUy extend formula (5) to the 
following: 

'—nv* 
/ = 1 \.Pni 

Ah (6) 

which should be used in combmation with (4). The 
final result can be written in one equation: 

en = e0 

r i ' 

1 + 
P o l 

rprd 

I L ^ J 

A t ^ 
(7) 

Fig. 9 Different load increments. 

This equation may be said to imply a "superposi­
tion" of the different loading steps, but it is a super­
position of loadmg times, not of load increments. In 
the senior author's previous paper on secondary con­
soUdation (Brinch Hansen 1961) it was assumed, that 
a simple superposition could be made of the time 
effects of aU individual load increments. This assump­
tion is now seen to be unwarranted and, consequently, 
the conclusions in the above-mentioned paper are not 
correct. 

Equation (7) describes with good approximation the 
observed shapes of secondary time curves, both for 
smaU and large load increment ratios. Consequently, 
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the distinction made by some other authors between 
"Type I", "Type II" and "Type III" curves is reaUy 
quite arbitrary and unnecessary. 

By differentiation of (4) with regard to log Atn we 
can find the secondary compression per time decade: 

B . = 
2-3acen ! - ( « > „ ) l/a 

l - r e , l+t°IAtn 
(8) 

or, using for en the approximate value (1): 

2 3 a c e 0 i l + p n l p 0 ) -

(1 + e J (1 +/>>„) (1+ t°/AtH) 
B . = (9) 

For a large load increment ratio, e.g. Ap/p = 1.0, 
the time t° becomes insignificantly smaU compared 
with measured values of At . If the load p is also 

R It 

large compared to po, we get the simple approximate 
expression: 

2.3 a c e_ 

'.~-r^f ( 1 0 > 
This equation shows that ES is not only independent 

of the load increment ratio, but depends also rather 
little on the actual load and does, in fact, decrease 
sUghtly with this load, except for smaU loads, where 
equation (8) indicates an increase with further load. 
Several investigators have reported experimental re­
sults in agreement with this. 

If p is a continuous function of t, the void ratio at 
the time tn wiU, of course, be: 

«?„ = e a 
PVJ Tft . T 

K PW 

LP( ' B )J 
(H) 

Determination of Constants. 
As already described, po and a can be determined 

by plotting p + po against e in a double-logarithmic 
diagram, e should for each loading step be the value 
obtained after a time At = to = 1440 min, and it 
should be corrected for initial compressions (bedding 
effects), if any. 

If po is already known, either from an empirical 
formula such as (2), or by other means (see later), we 
can find a from (1): 

log (g0/gB) 

log (l+PnlPo) 
(12) 

Inversely, if a should be known, we can find p 
from: 

P.-PAWf-l] (13) 

In order to get a reliable determination of the con­
stant c, we should preferably use a loading step with 

a load increment ratio around 1.0, a rather great load 
pn and a rather long duration {Atn > 100 t j . An ex­
ample is shown in fig. 7. If the secondary curve is 
straight, we can measure the compression ej per time 
decade and then find c from (10): 

c = 
(1 + gp) B, 

2.3 a e. 
(14) 

If more accuracy is required, we must use (9) or (8) 
instead. 

The last constant d can only be determined by 
means of a loading step with a load mcrement ratio 
around 0.1, and a rather long duration {Atn > 200 ic). 
The previous loadmg step should have a load incre-' 
ment ratio around 1.0. An example is shown in fig. 8. 
By trial we find the constant t" which, when added to 
the observed times, gives the longest possible straight 
line. If the duration of the previous loading step was 
A t ^ , we can find d from (5): 

d = 
log ( * - , / # 

log (/»„//>„_,) 
(15) 

Evaluating our tests with the remoulded glacial lake 
clay in the way described, we have found the foUowmg 
average values of the 3 constants: 

a = 0.16 c = 0.022 d = 24 

Apart from the already mentioned sUght depend­
ence of a on eo, we have not been able to establish any 
systematic variations with eo. The values from differ­
ent tests show, of course, some scattering, but it is 
quite a good approximation to assume a, c and d to be 
real constants for the clay investigated (standard devi­
ation ± 15 % ) . 

Influence of Primary Consolidation. 
UntU now we have tacitly assumed that each load 

increment Ap becomes effective instantly, i.e. already 
for At = 0. ActuaUy, the effective load increment in­
creases from zejro to fuU value during primary consoli­
dation. However, since we have so far only considered 
values of At > 10 tc, the error has been insignificant. 
But for values of At between tc and 10 te a correction 
must be made. 

During primary consolidation the effective stress 
varies, not only with time, but also with distance from 
draining boundaries. However, for simpUcity we con­
sider here an average effective stress, which varies 
only with time. Moreover, we assume the foUowing 
variation during the consoUdation time frf: 

pm-p^+ip-p^vw* (16) 
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We define now an "equivalent" time tel by the con­
dition that a constant effective load p., acting for a 
tune fri, should have the same effect as the varying 
effective load during the consolidation time f . This 
gives, by means of (11): 

f [/v.+(Pi -/>,-.) V^KiY^=pi** (17) 

The integration is easy, but the resulting expression 
a littie compUcated. Since (16) represents an approxi­
mation anyway, the following simplified result may be 
sufficiently accurate: 

' * = '*•• i+fO-^-iM) (18) 

This formula is actually correct in both the limits 
/>._! = 0 and p M = p.. 

We can now use the general formula (7), when we 
insert, instead of At., the "effective" time At. — tc' 

+ '«-
Especially, the void ratio ectt at the end of primary 

consolidation in step n can be found from (7) by in­
serting for Atn the effective time ten. The primary 
compression in this step is then: 

e c = 

c i » - l - c c n (19) 

if the compression is related to the original height of 
the sample or layer (corresponding to void ratio e ). 

Normally Consolidated Intact Clay. 
A simUar, but less extensive series of Oedometer 

tests has been carried out with intact samples of the 
normaUy consolidated clay found under the earlier 
mentioned Aggersund Bridge. 

It was found that, also in this case, the general for­
mula (7) gave a quite accurate description of the test 
results. The average values of the constants were for 
this clay: 

in situ should, for pii = pb and the given geological 
history, also give e„ = eo. Moreover, for great pres­
sures the two equations should give practically the 
same final void ratio. 

These conditions can be satisfied if we, for the com­
pression in situ, omit the unity sign in (7) and simply 
write: 

e = e 
Pn 

LPO 

1"' = « r „ id At: 
(20) 

where t is chosen arbitrarily equal to 24 hours, 
whereas e is the void ratio in situ before constmction. 

For the determination of po we must consider the 
geological history of the deposit. If the clay at the 
considered depth has been loaded by increasing effec­
tive loads p v p2 etc. up to ph, for corresponding 
lengths of time At^ At2 etc. to Atb, we must, in order 
to make (20) give en = eo for Pn = Pb, assume: 

Po = Pb 

l = b 

2 
.1 = 1 

r p l \ d 

Pbi 

At, 
(21) 

This p might appropriately be called the "effective 
preconsolidation pressure". Due to the secondary con­
solidation it exceeds the overburden pressure pb, in 
the investigated case with about 50 %. 

Using formula (6) we can write equation (20) sim­
pler: 

n o 
At. + tl 

(22) 

By differentiation with regard to log Atn we find the 
secondary compression per time decade: 

2.3 a c e . 
8 . = • 

(i + <g(i + '°M'„) 
(23) 

By using for e the value given by (20), but neglect­
ing the time effect herein, we find approximately: 

B . 0 0 -
M a c e j j p j p j r 

(24) 

a = 0.22 c = 0.040 d = 20 

The constant load p was generally found to be 
approximately 1.5 times the effective vertical over­
burden pressure in situ (see later). 

Since the expansion of a normaUy consoUdated clay 
is usuaUy rather small, we can assume as an approxi­
mation, that the void ratio eo measured on the intact 
sample is the same found in situ under the effective 
pressure pb before constmction. 

Equation (7) describes the compression of an intact 
sample in the Oedometer and gives, correctly, e = eo 

for p = 0. The equation describing the compression 

Calculation of Settlements. 
First we must determine eo, and then the constants 

a, c and d as previously described. If the geological 
history is known, we can calculate po by means of 
(21); otherwise we must find it from the Oedometer 
tests as described. 

The soil under the foundation is now divided into a 
number of horizontal layers as. usual in a settlement 
calculation. The compression of each layer should be 
calculated separately, and added later. The vertical 
loads pb before and pa after constmction are calculat­
ed for tiie middle of each layer. 

18 

w w w • g e o • d k



For each layer the time tca necessary for about 
9 0 % primary consolidation is calculated (or esti­
mated), and the corresponding equivalent time teg cal­
culated from (18). 

Next, t" is calculated from (6). It should, in prin­
ciple, include aU previous loading steps, also the geo­
logical ones. However, for not too smaU load incre­
ments in the last step the previous steps wiU have a 
negUgible effect. On the other hand, they may give a 
significant contribution for smaU load mcrements, 
and in the limiting case of no load increment they give 
the only contribution to the secondary compression. 

We calculate now eca from (22), inserting for Atn 

the time tea. The total primary compression is then: 

(25) 
l + *. 

Up to the consoUdation time t the primary com­
pression can be assumed equal to EC yt/tc. 

FinaUy we can, for any later time Ata, calculate the 
secondary compression ej per time decade from (23) 
or (24), inserting for Atn the effective time Ata — tca 

+ t„. 

Comparison with Measured Settlements. 
For the Aggersund Bridge, ES was calculated from 

(23), using the values of a, c and d found by Oedo­
meter tests. The calculated secondary settlement of 
the abutment was 20 cm per time decade. 

The correspondmg measured valuQ was 35 cm, but 
it should be noticed that the calculation, being based 
upon Oedometer tests, cannot take any regard to the 
actual lateral yield under the abutment. In view of 
this, the agreement may be considered satisfactory. At 
least, the calculated value is of the right order of 
magnitude, and the deviation between measured and 
calculated values goes in the right direction. 

Conclusions 
1) By means of an extensive series of Oedometer. 

tests with a remoulded clay it has been shown, that a 
comparatively simple empirical formula as (7) can 
describe satisfacorily aU main features of the second­
ary consolidation observed in the tests. 

2) The same type of formula seems to be valid for 
Oedometer tests with a normaUy consolidated intact 
clay. 

3) The formula (7) for Oedometer tests can be 
modified to a form (20), describing the secondary 
consolidation in nature under stmctures, provided that 
lateral yield is negligible. 

4) A method for calculating secondary settlements 
of stmctures is mdicated, and is shown to give fair 
agreement with measured secondary settlements of a 
bridge abutment in Denmark. 
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