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The constructive study of engineering failures can 
often provide information of great value to the designer; 
indeed, in some cases, it can provide information that 
cannot readily be obtained in any other way. The inves- 
tigation of failures is, therefore, a 'very proper part 
of building research; it is something to which DuR,'NRC 
has accordingly devoted attention whenever suitable 
opportunities have presented themselves. 

This analytical treatment of failures is still not 
a widely accepted part of the practice of engineering in 
North America, certainly insofar as the publication of 
such studies is concerned. In Europe, on the other hand, 
several volumes have been published, even in recent years, 
summarizing investigations of failures of engineering 
structures and pointing out the lessons in design and 
construction that can thus be learned. A recent example 
is an English translation of a Hungarian text. 

The present translation presents an English version 
of another notable European volume, the second edition 
of a French study of reinforced concrete. It was brought 
to the attention of DBR/NRC by a friend of the writer, 
Dr. Jacob Feld, Consulting Engineer of New York, who has 
made a special study of engineering failures. Dr. Pe1.d 
suggested that this translation should be prepared and 
has this comment to make on Lossierts work: 

 h he Lossier book on concrete difficulties 13 a 
landmark in technology in that it teaches what not to 
do, both in design an2 in construction. A description 
of a successful operation is of limited value since 
the same design may not under somewhat different 
conditions. A descriptAon of a failure is of greater 
value since it points up the conditions which can cause 
trouble, and how that can be avoided. In the large 
volume of present-day technical printed matter, there 
is little of such valuable description; one is almost 
led to the erroneous conclusion that there are no un- 
successful designs. This error brings confidence in 
procedures and acceptance of 'more modern1 theories 
with reduced factors of safety, which also cover the 
factors of ignorance, and much too often with drastic 
results. The word lfailuret has lately lost its taboo 
in engineering discussions so that all can learn from 
the errors or mis-steps of the brave and honest men 



who are willing to expose unexpected and unwanted in- 
cidents in their professional careers. Lossier has 
been a trail blazer in this effort to give instruction 
not (to follow the old saying) to those who cannot 
procure it for themselves, but so that others need 
not require experience to learn the lesson. I t  

The Division is grateful to Dr. Feld for his in- 
terest in this matter and for his assistance in check- 
ing the translation; to the publishers of the original 
volume, Dunod, Paris, for permission to publish the 
translation in this way; and to Mr. D.A. Sinclair of 
the NRC translations staff for preparing the transla- 
tion. 

Ottawa 

February 1962 

R.F. Legget 

Director 
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THE PATHOLOGY AND THERAPEUTICS OF REINFORCED CONCRETE 

At various times, especially at the beginning of this century, 

public opinion has been aroused by the failure of structures in re- 

inforced concrete, despite the very small number of such failures 

in relation to the number of perfectly satisfactory performances. 

Thus, some people have wondered whether this manner of con- 

struction was not tainted by some sort of original sin to which 
such failures would have to be attributed. 

To this specific question the answer must be an emphatic nega- 

tive. Our knowledge of reinforced concrete, while doubtless it 

can still be enlarged, is nevertheless now generally sufficient.so 
that any competent designer can produce with absolute safety not 

only building framerrorks, but even bridges of very large span, of 

the type which would formerly have appeared to be the exclusive pre- 

serve of structural steel. 

It would be just as wrong to give up the use of reinforced con- 

crete because of a few accidents as it would have been to abandon 

s,tructural steel construction after the collapse of the Quebec Bridge 

or any of the other disasters of which the memory is gradually fading. 

Some may ask, however, why it is that if the properties of rein- 

forced concrete are sufficiently well known accidents still occur 

from time to time. 

I would reply that they can happen Just as aeroplane and auto- 
mobile accidents happen even with the best pilots and drivers, or 

just as there are still train wrecks even though everything appears 

to have been foreseen and checked. Accidents happen because unfor- 

tunately, as in every branch of human activity, there are fortuitous 

circumstances, builders or users of varying degrees of competence 

and sometimes of conscience, and finally, in rare cases, there is 
actual malevolence. 

When we consider the chief serious or not so serious miscalcula- 

tions that have occurred since reinforced concrete first came into 

use ,  we are surprised to discover that the underlying causes are com- 
paratively few in number. Almost always the same errors recur in 

different forms. 



Behind every error we generally discern a lapse of elementary 

common sense. 

Now this common sense, which is one of the basic qualities of 

our race, has been subject to numerous lapses, which it would be 

useless to enumerate, in practically all fields since the recent 

wars. 

As long as only fashion and the arts are involved, all that 

results, as a rule, is a bit of ridicule. However, when the strength 

of materials is in question the material and bodily consequences 

may be much more serious. 

Too many young engineers, just out of school, believe they can 

ignore the advice of experienced practical men. 

Now, while science can assist and complement experience, it 

cannot replace it entirely. 

In saying that I have no wish to disparage the role of the 
technical knowledge acquired in the schools. On the contrary, it 

is my opinion that the studies of an engineer never go far enough, 

and in particular I deplore the fact that a technician may be handi- 
capped in a project by the inadequacy of his lnathematical skill. 

However, the training of a man remains incomplete unless he 

has a clear idea'of the relative importance which must be assigned 
to the varlous items of information that he has received. In parti- 

cular he must realize that laboratory results are not exactly the 

same as field results, and that even the most accurate strength cal- 

culations are never more than an approximation of the true conditions. 

He must understand that before discarding a practice established 

by our predecessors one must first have a thorough understanding of 

the reasons underlying this practice, and this always constitutes a 

prof itable study. 

I am above all an advocate of progress and of a constant effort 
to realize it. But I do not regard as progress the adoption of a 
method of construction or execution which has nothing to recommend 

it other than that it is different from conventional modes. 

Originality in itself, without regard to any real econonlic or 

saretiy advantngc, may indeed make good advertising copyz but it does 



not mean progress in the true sense of the word. 

The training of an engineer should provide a knowledge not 

only of the best solutions that may be adopted, but perhaps also 

of practices that should be avoided. Each error in itself may be 

instructive, though often in an expensive way. Logically, the study 

of accidents and their causes ought to be part of the curriculum of 

our schools alongside the study of normal constructions. 

The most frequent causes of accidents to reinforced concrete 

structures can be classified according to the following three main 

categories: 

The design stage; 

The formwork and centering; 

The quality and placing of the materials. 

We shall take up the question of foundations separately, since 

they have an importance all their own. 

A. DESIGN STAGE 

There are three main elements in the conception of a plan: 
1. Choice of type of structure; 

2. Strength calculations; 

3. Structural devices; 
4. Precautions to be taken against certain external factors. 

1. Choice of Type of Structure 

In most cases the type of construction, whether residential or 

industrial, is generally dictated by the local or end use conditions. 
Thus, it is generally for projects of a monumental nature that a 

choice must be made between a relatively large number of solutions. 

The primary determining factor is almost always the character 

of the underlying soil. 

One of the most frequent errors which results in disappoint- 

ments consists in the designing of a hyperstatic construction such 

as a fixed arch or a beam with continuous spans on a compressible 
soil, on the incorrect hypothesis of rigid supports. 



On the other hand, an inadequate knowledge of the phenornena of 

shrinkage, flow or slow deformation under stress and adjustment has 

sometimes led designers to abandon the Judicious solution of fixed 

arches in favour of articulated, statically determinate structures 

which were by no means obligatory. 

Inadequate knowledge, or complete ignorance of the effects of 

oscillation or rough handling in the operation of travelling cranes 

and the vibrations of looms or machines that produce resonance in 

industrial buildings,sometimes leads to very serious miscalculations. 

The choice of the type of foundation for an insufficiently 

studied terrain also plays an extremely important part in the path- 

ology of constructions. There are many instances where floors, foot- 

ings, or piles were apparently supported on a firm bed, but where 

there was an unidentified compressible layer underneath. In other 

cases piles have been driven into a soil which creeps laterally 

because of nearby dredging, etc, 

Sometimes all that is needed is a thin, sloping layer of clay 

in a heterogeneous water-bearing boil to produce sliding and consi- 

d'erable thrust against retaining walls. Inadequate, or even non- 

existent drainage can also have serious consequences. 

Let us consider several types of construction which are among 

those most frequently leading to ills of a more or less serious 

nature. 

Floors keyed into walls 

The evaluation of the degree of restraint enjoyed by floors 

keyed into walls, which some designers have a tendency to overesti- 

mate, also claims a number of victims. 

When the ends of the slabs or beams are fixed in the walls, 

their moment of restraint, which depends on the characteristics of 

the design, is generally small. Giving them a value somewhat great- 

er than their true one usually results only in a comparatively slight 

reduction of the factor of safety. In a number of cases, however, 

such overestimates have been sufficiently serious to produce real 
mistakes. 



A typical case of this kind of error is that of a large build- 

ing in Paris in which there are floors of 8 m single-bay span res- 
ting at both ends on the 0.22 m thick wall sections. As a result 

of an incomprehensible error these floors were calculated on the 

hypothesis of absolutely perfect fixity at both ends. Even a cur- 

sory examination would have shown that the bending moment at the 

supports was very small and therefore the moment at the centre of 

the span was about double the calculated stress. Because of this 

error the floors experienced a deflection under their own weight 

of about l/50th of the span, so that the stress on the material 

corsiderably exceeded that allowed by the safety regulations even 

before the applicatlon of any useful load. 

Besides this, the designer had included near the supports the 

reinforcements needed to balance a practically non-existent moment 

of restraint, so that he had not even saved any steel. 

Now, in all cases where the restraint at supports cannot be 

evaluated with precision it is wise to assume first that the value 

of this restraint is zero, and then that it is relatively high; the 

concrete and steel cross-sections are then determined on the basis 

of each of these extreme hypotheses. However, in order to take into 

account the fact that the actual situation is somewhere between these 

two extremes, stress values somewhat above those required by the re- 

gulations can be adopted, while at the same time remaining within 

entirely safe limits. 

Flat arches 

A very special case is that of a flat arch consisting of a 

plate with a rectilinear extrados and a slightly arched intrados. 

A few years ago the calculation of such plates was the subject 
of a great deal of discussion among foreign experts. Some regarded 
them as restrained beams of variable section while others considered 

them to be true arches with horizontal thrust. 

Actually this distinction is practically, if not theoretically, 
pointless. If it be assumed that the rise of the intrados arch is 

comparatively high, and the stresses are determined by considering 



it as an elastic arch restrained at its extremities (i.e. assuming 

that the supports can resist a horizontal thrust without being de- 

formed), we obtain a pressure line of approximately the shape shown 

in Fig. 1, the reactions of which slope towards the supports. 

As the rise of the intrados is diminished, the reactions R 
approach the vertical and the horizontal thrust decreases. At the 
limiting case of rise to zero the two reactions are completely ver- 

tical and the horizontal thrust of the arch is zero. 

There is thus no abrupt transition from the "curvedtt function 
11 to the beam" function. For the very flattened members employed in 

designs of this type the results of the two methods are practically 

identical. 

The above considerations, of course, assume a slab with stand- 

ard reinforcement. If, as has sometimes happened, the reinforcements 

are incapable of resisting the imposed bending stresses, the slab 

will behave in the manner indicated in Pig. 2. At first It will bc- 

have like an arch restrained at both ends and will be subJect to' 

considerable tensile stresses at right angles to the supports on the 

extrados and in the centre of the span on the intrados; however, 

these sections, which are not sufficiently reinforced to withstand 

these stresses wi'll crack severely. As a result of th1.s self-arti- 

culation the slab then tends to become a true statically determinate 

arch which will hold up or collapse, depending on whether the sup- 

ports can or cannot withstand the horizontal thrust without moving. 

In view of the fact that in contemporary designs supports capa- 

ble of resisting large horizontal tllrusts without defor~natlon are 

rare, it is generally wise to consider slabs of this type as be,ms 

of variable section, restrained at the ends or not, as the case may 

be. 

Single span arches and vaults -- 
The arch or vault is one of the co~nrno~~est types of bridge used 

in reinforced concrete designs, since generally speaking it is the 

most economical. The few arch failures may be classified as follows: 



Fixed arches on non-rigid supports. The use of an indeterminate, 

non-articulated arch when the abutments are not absolutely rigid is 

always a misconception. It is rare for an actual rupture to occur, 

since the arch articulates automatically as it cracks, but more or 

less serious damage may nevertheless result. 

The use of provisional articulation or decentering by means of 

jacks is generally only a partial remedy, since shrinkage and set- 

tling of the abutments may sometimes continue for several years be- 

fore stabilization is complete. 

Arches on unstable supports. A typical case is that of a foot- 

bridge 42 m in span built over a canal about 20 years ago (~ig. 31, 
This bridge was supported on slightly inclined piles standing on a 

bedrock overlaid by an unstable silt. The slope of the reaction R 
of the bridge did not coincide with the slope of the piles, and since 

the silt was unable to prevent the rotation of the piles the abut- 

ments began separating at a continuously increasing rate as soon aa 

the structure was decentered. The bridge collapsed completely after 

six days, 

In such cases it is necessary either to employ massive, self- 

supporting foundations or abutments based on piles, the variable 

slope of which is able to contain the reactions of the arch under 

all actual load conditions. 

Another example is that of a very flat static determinate arch 

with these articulations, one of the abutments of which underwent a 

15 cm horizontal displacement resulting in a lowering of the key of 

the order of 45 cm (~ig. 4). Besides imparting an ugly appearance, 
the structure was weakened because of the reduced rise and the fact 

that the permanent pressure line no longer coincided with the axis 

of the arch. 

These are in reality cases of foundation failure. 

Continuous multiple-bay arches 

Arches without tie beams spanning several equal bays with inter- 

mediate supports consisting of simple walls or articulated columns 



a b l e  t o  s u s t a i n  only s t r i c t l y  v e r t i c a l  r e a c t i o n s ,  were t h e  cause,  

i n  a  fo re ign  country,  of one of t h e  most s e r i o u s  acc iden t s  i n  t h e  

h i s t o r y  of r e in fo rced  concre te .  

Arches of t h i s  type had been s e l e c t e d  t o  cover a  l a r g e  r e s e r -  

v o i r  and had t o  support  a load of f i l l .  Each a rch  had been ca lcu la -  

t e d  a s  a  f i x e d  a r c h  on f ixed  supports  a t  both ends, on t h e  b a s i s  of 

t h e  f a c t  t h a t  t h e  spans were i d e n t i c a l  and supported equal  loads ,  

and t h e r e f o r e  t h e  hor izon ta l  t h r u s t s  would be balanced a t  r i g h t  angles  

t o  each in termedia te  suppor t .  Now, during t h e  f i l l i n g  opera t ion ,  i n -  

s t ead  of applying t h e  surcharge of e a r t h  simultaneously i n  a  s t r i c t l y  

uniform manner t o  a l l  t h e  spans,  t h e  e a r t h  was spread only over a  

few of t h e  a rches .  

Since t h e  hor izon ta l  t h r u s t  of these  arches  was not balanced by 

t h a t  of t h e  neighbowing ones and beyond, t h e s e  f i r s t  a rches  sagged 

and produced a  complete co l l apse  of t h e  assembly i n  t h e  manner r ep re -  

sented i n  F ig .  5. 
Basically, i f  these  non-rigid arches  a r e  t o  be s t a b l e ,  they 

must s a t i s f y  t h e  two condi t ions  represented  i n  P ig .  6 .  F i r s t l y ,  t h e r e  

must be ou t s ide  supports  A and B capable of balancing t h e  obl ique  

t h r u s t  R without s h i f t i n g ;  secondly,  t h e r e  must be a s t r i c t l y  uniform 

load on a l l  t h e  a rches .  

For s a f e t y ' s  sake,  however, one should always cons ider  t h e  pos- 

s i b l e  consequences of f a i l u r e  t o  observe t h i s  l a t t e r  cond i t ion  f o r  

any a c c i d e n t a l  reason whatsoever (an e r r o r  of workmanship, r e p a i r s ,  

bombardment, e t c . ) .  I n  var ious  i n s t a n c e s  t h e  b u i l d e r s  had been con- 

t e n t  t o  f w n i s l ~  the  abut~nent  spans only with t ie -beans  wlthout  paying 

adequate a t t e n t i o n  t o  t h e  s t r e n g t h  and r i g i d i t y  of t h e  end suppor ts .  

A s  a genera l  p r i n c i p l e  when a rches  without t i e s ,  of unequal span 

o r  under d i f f e r e n t  loads  a r e  involved, t h e  problem becomes d e f i n l t e l y  

more complex. 

For~nerly,  f o r  masonry br idges ,  b u i l d e r s  were s a t i s f i e d  t o  con- 

s i d e r  each a rch  as being f lxed  on r i g i d  suppor ts  without  t ak ing  i n t o  

account t h e  e l a s t i c i t y  of t h e  o t h e r  a rches  and of t h e  p i e r s .  The 

l a t t e r  were ca lcu la ted  t o  withstand t h e  t h r u s t  of adJacent  a rches  

and these  t h r u s t s  were determined i n  t h e  f i r s t  hypothesis .  Although 



inexact  i n  p r i n c i p l e ,  t h i s  method was never the less  admiss ib le  i n  

p r a c t i c e ,  because of t h e  low surcharges r e l a t i v e  t o  t h e  dead load 

on t h e  masonry br idges  of t h a t  t ime.  Actually t h e  c a l c u l a t e d  s t r a i n s  

were too  low f o r  t h e  arches  and t o o  high f o r  t h e  p i e r s .  Cer ta in  ex- 

t r a d o s  cracks  a t  t h e  r o o t s ,  sotnetimes a t t r i b u t e d  t o  o t h e r  causes ,  

seem t o  have been a  d i r e c t  consequence of t h e s e  e r r o r s .  

With t h e  l i g h t e r  re inforced  concre te  b r idges  and present-day 

heavy surcharges t h e  problem has changed and must be considered more 

c a r e f u l l y .  Let u s  consider  two imaginary, extreme cases ,  na~nely 

t h a t  of a t h i n  a r c h  supported on cotnparatively r i g i d  p i c r s  ( ~ i g .  7)  
and t h a t  of a t h i c k  a r c h  on p l e r s  a r t i c u l a t e d  t o p  and bottom ( ~ i g .  8 ) .  

I n  t h e  f i r s t  case ,  i f  we neglec t  t h e  e l a s t i c i t y  of t h e  p i e r s ,  

each span can be compared t o  a succession of independent spans, s i n c e  

each p i e r  can withstand t h e  d i f f e r e n c e  i n  t h r u s t  from t h e  ad jacen t  

spans.  
I n  t h e  second case  only v e r t i c a l  r e a c t i o n s  a r e  exer ted  on t h e  

p i e r s  because t h e  hor izon ta l  t h r u s t ,  which i s  t h e  same f o r  a l l  spans,  

i s  balanced by t h e  terrninal abutments. 

Between t h e s e  two extreme cases  t h e r e  a r e  an  i n f i n i t e  number of 
poss ib le  s o l u t i o n s .  I f  we cons ider  t h e  s impl i f i ed  case  of monoli thic  

types  without a r t i c u l a t i o n  (E'ig. 9 )  where t h e  d i v i s i o n  i n t o  spanE 

and t h e  height  of t h e  p i e r s  remains i n v a r i a b l e ,  one may vary t h e  r i-  
g i d i t y  of t h e  var ious  elements a s  long a s  one observes i n  each case  

t h e  l i m i t l n g  va lues  clernanded by t h e  r e g u l a t i o n s .  Grea ter  r i g i d i t y  

of t h e  p i e r s  penn i t s  t h e  use of l i g h t e r  a rches ,  and v i c e  v e r s a .  

Since t h e  u n i t  c o s t s  of t h e  m a t e r i a l s  employed a r e  d i f f e r e n t  
f o r  a r c h  and p i e r s  t h e r e  w i l l  be a s o l u t l o n  i n  each case  that w i l l  

g ive maxlmum economy a f t e r  t h e  d e t a i l e d  es t ima tes  have been c a r r i e d  

o u t .  Sometimes t h e  des igner  of a p r o j c c t  1.s dismayed by the  r i g o r -  

ous c a l c u l a t i o n  of a  continuous mult iple-bay a r c h  i n  r e in fo rced  con- 

c r e t e  and t h e r e f o r e  r e s o r t s  t o  t h e  s i m p l i f i e d   rule^ formerly ernployed 

f o r  masonry b r idges .  Thls  s o r t  of indolence has  been t h e  cause of 

c e r t a i n  s e r i o u s  crackine; i n  r e in fo rced  concre te  a rches  b u i l t  on com- 

p a r a t i v e l y  high p i e r s  which have spread considerably under t h e  su r -  
charge of a  s i n g l e  span, i n  t h c  rnanncr ir ldlcated i n  F ig .  10.  Multi-  



ple-bay arches  can be ca lcu la ted  I n  a  rnanner t h a t  i s  both r igorous  

and simple by applylng t h e  e l l i p s e  of e l a s t i c i t y ,  e f ~ t h e r  graphLcally 

o r  a n a l y t i c a l l y  o r  with t h e  a i d  of an in tegra . tor .  This  method has 

t h e  advantage of r e d u c i n ~  t h e  c a l c u l a t i o n  of each span t o  t h a t  of 

a  s i n g l e  span by includy~ng a t  t h e  r o o t s  imaginary e l a s t i c  elements,  

t h e  deformations of whicll co inc ide  with t h e  p i e r s  of the  o t h e r  spans .  

Furthermore, t h e  shape and s e c t i o n a l  v a r i a t i o n  of t h e  elements i n -  

volve no d i f f i c u l t y  i n  p r a c t i c a l  app l i ca t ion* .  

When i t  i s  a quest ion of determining t h e  dimensions of a  s t r u c -  

t u r e  very approximately, t h e  approximation method based on the  f o l -  

lowing s impl i f i ed  h;rpothcses rnay be employed ( ~ i g .  11): 

1. The ends of t h e  arches  and p i e r s  a r e  d isp laced  i n  a  substan- 

t i a l l y  p a r a l l e l  d i r e c t i o n ,  i . c .  without r o t a t i o n .  

2 .  The ends of t h e  arches  ad jacen t  t o  t h e  loaded span a r e  f i x e d ,  

which i s  tantamount t o  considering t h e  work as a  3-span s t r u c t u r e .  

3. The a x i s  of t h e  a rches  Is a  parabola and t h e i r  moment of 
d3 i n e r t i a  v a r i e s  from key t o  r o o t s  i n  a r a t i o  E, where ds i s  t h e  

l eng th  of an element and dx t h a t  of i t s  h o r i z o n t a l  p r o j e c t i o n .  The 

moment of i n e r t i a  I a t  a  given po in t  i n  t h e  a r c h  i s  then  equal t o  

dS , where I, i s  t h e  moment of i n e r t i a  a t  t h e  key. I = I,= 
4 .  The p i e r  Cross-sect ion i s  cons tant  over t h e  e n t i r e  he igh t .  

Using t h e  fol lowing nomenclature: 

a - semi-span of an arch;  

f - t h e o r e t i c a l  a x i a l  r ise;  
h  - height  of p i e r s ;  

I,- moment of i n c r t l a  assumed constant ;  

P - surcharge of a s i n g l e  span assumed uniformly d i s t r i b u t e d  

over t h e  hor izon ta l ,  t h e  fol lowing i s  obtained:  

The t h r u s t  R a t  each r o o t  of t h e  loaded span breaks down i n t o  

two fo rces ,  t h e  h o r i z o n t a l  t lwus t  R ,  balanced by t h e  ad jacen t  a r c h  

+ See " ~ h e b r l c  ~ 6 n e ' r a l e  de  l f a r c  e/ las t ique cont inu s u r  appuis  
r i g i d e "  by Henri Loss le r  i n  c o l l a b o r a t i o n  wi th  A .  P a r i s ,  B u l l e t i n  

I1  technique de l a  Suisse  Normande, and 1,cs viaducs en a r c s  plu-  
s i e u r s  t ravges  s o l i d a i r e s l '  by Henri Loss ie r ,  I n s t i t u t  technique 
du bstiment e t  des Travaux Publlcs ,  June 5, 19'11. 



and acting at two-thirds the height of rise f, is given by 

and R 2  passing through the centre G2 of the adjacent pier, the hori- 

zontal component of which is given by 

The displacements of the tops of piers determines the secondary 

stresses on the loaded arch by reason of the elasticity of the whole 

assembly. 

With these simplified considerations we have a means of compar- 

ing approximately and very rapidly various solutions with a view to 

malcing a basic choice, reserving the rigorous calculation for the 

plan finally decided upon. The effects of shrinkage, flow and ther- 

mal variations will not differ substantially from those pertaining 

to a single arch unless the spans are unequal. 

Statically determinate beams 

Either simple, or cantilevered statically determinate beams are 

necessary wherever there is a danger of substantial settlements of 

the supports, unless the settlements are exactly known in advance 

and are taken into account in the calculations. If there 13 a danger 

of such settlements being great enough to affect the appearance of the 

structure or to interfere wlth traffic then jacking devices should be 

provided so that at any time the deck can be brought back to its nor- 

mal position, if possible without interrupting the passage of vehicles 

and pedestrians, although the traffic rnay be reduced if necessary for 

the time being. 

Generally it is sufficient to provide recesses at right angles 

to the piers or abutments for the introduction of jaclts and shims 

with removable platforms for the operators ( ~ i g .  12). 

In certain silty and clayey soils over comparatively peat depth, 

settlements sometimes of the order of 1 m have occurred. However, in 

the case of structures of several spans with truly stable supports 



continuous decks are preferred, thus avoiding the many disadvantages 

of joints. 

Continuous-span beams 

Reinforced concrete continuous beams have been the sub3ect of 

many discussions among specialists. Some are of the oplnion that 

they really ought to be calculated as homogeneous beams, i.e. ac- 

cording to the classical formulae based on the theory of elastic 

deformations. Others believe they should be treated by special 

empirical methods involving only partial continuity. 

Generally speaking, beans calculated and constructed on the 

basis of complete continuity are less susceptible to cracking than 

those calculated on the basis of partial continuity. Actually, since 

their relnforcernents are determined so as to resist the tensile 

stresses both at right angles to the supports and in the sections 

between them the standard fatigue values of steel and concrete will 

only be exceeded slightly, if at all at any given point. 

Partially continuous2beams have frequently been calculated by 

the simplified fonnula for the bending moment between the supports, 

only half of the rods determined in this way being retained over the 

supports. Under Load the parts ovcr intermediate supports tend to 

be subject to strains greater than those for which the reinforcement 

provides. As the result of the consequent excessive deformation 

the distribution of bending moments is modified and the weakened 

support areas seek relief at the expense oi' the strongcr sections 

between them. A new state of equilltbrium is then reacned (sometimes 
at the cost of extrados cracking ovcr a support) which tends auto- 

matically to approach the hypothesis that has beer1 made without really 

endangcrlng the actual safety except in the case of extremely vari- 

able positive and negative live loads frequently repeated. 

Hyperstatic structures, like liv-lnz organls~ns, can be sald 

almost universally to possess the faculty of adapting themselves to 

any abnormal cond:-tions that may be i~nposed on them as though to 

postpone as  long as possible tlzelr ulti~natc failure. In practice 

the designing of a continuous span beam on the hypotlzesi~ of partial 



continuity does not result, in principle, in a pathological case, 

provided : 

1. The relative weakness of the support areas Is compensated 

by a corresponding excess of strength in the bays. 

2. The difference between the values assumed for the moments 

and those regarded as occurring in practice remains within the limits 

normally accepted among engineers. 

A few cracks that do not endanger the stability of the structure 

are generally the only detrimental consequence of this distortion of 

the classical theory. The main causes of miscalculation to which 

continuous-span beams are susceptible can be summed up as follows: 

(a) Vertical displacement of the points of support. These may 

be permanent or elastic. 

If permanent, defective foundations are almost always involved. 

Elastic displacement occurs in structures built on tall piers where 

the beams rest on sleepers, e.g. girders supported by bridge pieces, 

structures on floating supports, etc. 

If sufficient account is not taken of these support displace- 

ments in the plans, as has often been the case, the neglected secon- 

dary stresses may cause the standard strains to be exceeded and re- 

sults, if not in accidents, at least in more or less serious crack- 

ing and the reinforcement, moreover, will be poorly distributed with 

respect to the actual functioning of the structure. 

Let us consider, for example, the case of a constant section 

beam resting on flexible piers of equal height equally distributed 

(~ig. 13). 

Nomenclature: 

I - moment of inertia of the beam; 
E - coefficient of elasticity of the concrete; 
1 - distance between piers; 
v - vertical displacement of the top of a pier under a unit 

reaction; 

C = 
E * I 0 V  the characteristic of the system. 

I= 



Let a single force P be applied at the centre of a span and let 

M be the bending moment under the load, M, the bending moment over 
each of the adjacent piers and A, the reaction of each of the latter. 
The following figures are obtained for various values of the charac- 

teristic c which, other things being equal, is proportional to v, 
i.e. the elasticity of the piles: 

The graphs of Fig. 14 clearly show that the stress variations 

are particularly high for small values of c, the case where it may 

be dangerous not to take them into account. 

(b) Reslstance of piers to bendiz. When the beam is restrained 

on the piers the latter oppose the angular variations of its axis, 

thereby resisting bending stresses that are sometimes quite consider- 

able. This reduces the transmission of the beam moments from one 

bay to the next. 

Actually, structures of this type act as ordinary continuous 

beams if the bending elasticity of the piers is infinite and as a 
succession of fixed beams if this elasticity is zero, with an infi- 

nite number of intermediate cases. 

The chief errors leading to miscalculations are almost always 

due to underestimation of the stresses due to shrinkage and thermal 

variations, on the one hand, and the effect of braking of vehicles 

or travelling cranes, on the other. 

In addition, the reinforcement joining piers to beams has some- 



t imes been inadequate f o r  producing p e r f e c t  l i a i s o n  between them. 

Vierendeel - beams 

Except f o r  t h e  r a r e  cases  of erroneous c a l c u l a t i o n  most f a i l -  

u r e s  i n  s t r u c t u r e s  of t h i s  type can be a t t r i b u t e d  t o  a poor d i s t r l -  

but ion  of reinforcclnent a t  r i g h t  ang les  t o  the  j o i n t s  wi th  outward 

t e n s i l e  f o r c e s  i n s u f f i c i e n t l y  balanccd by s t i r r u p s .  

I n  most cases  t h e  bending moments and shcar lng  s t r e s s e s  due t o  

t h e  d e l i b e r a t e  onlission of d iagonals  have been underest imated.  

Examples of u p r i g h t s  wi th  shea r ing  cracks  due t o  i n s u f f i c i e n t  

reinforcement a r e  r a t h e r  f requent  ( E l g .  15 ) .  
Vierendeel bearns must always be very c a r e f u l l y  designed.  

The most d i f f i c u l t  po in t  t o  d e a l  with i n  t h e  case  of bow-strings 

i s  almost always the  jo in ing  of t h e  a r c h  t o  t h e  tie-beam. We s h a l l  

dea l  wi th  t h i s  ma t t e r  below. 

Riprap dan s h i e l d s *  

The impermeability of r i p r a p  dams i s  genera l ly  assured by a 
s h i e l d  of e i t h e r  r e in fo rced  o r  bituminous concre te  o r  one of c l a y .  

I n  t h e  first c a s e  t h e  s h i e l d  may e i t h e r  be placed a g a i n s t  t h e  up- 

stream wal l  o r  sunk v e r t i c a l l y  i n t o  t h e  r i p r a p  i t s e l f  ( ~ i g .  16, a 

and b ) .  

Other t h i n g s  be in.^ equal ,  t h e  l a t t e r  type of  s h i e l d  i s  always 

i n  a more favourable  p o s i t i o n  as f a r  a s  t h e  e f f e c t  of r i p r a p  s e t t l e -  

ments and conservat ion of t h e  concre te  i s  concerned and i s  then  pro- 

t e c t e d  from t h e  d i r e c t  e f f e c t  of t h e  sun when t h e  dam i s  only  par-  

t i a l l y  submerged. 

On t h e  o t h e r  hand, t h i s  type of s h i e l d  inc reases  t h e  s t r e s s  on 

t h e  foundat lon s o i l .  

Moreover, a s e r i o u s  acc ident  has emphasized t h e  advantage of 

hollow s h i e l d s  open t o  i n t e r n a l  Inspec t ion  by which i t  i s  p o s s i b l e  

* See " ~ i p r a p  dnlna" by I-Ienri Loss ie r ,  ~ d n i e  C i v i l ,  October 25 and 
Ilove!rlber 1, 1'3130. 



to guard against certain local danage without the necessity of fully 

or partially emptying the reservoir. 

This statement, hourever, is subject to qualification in the 

light of a very considerable rniscalculatlon which the author was re- 

quired to remedy. Riprap is subject to settlements of between 0.3 
and 2.7% according to observations on existing dans and as a conse- 
quence of this the upstream walls undergo deformations, the stresses 

of which are transferred almost fully to the shields (~ig. 17). If 

the latter is not sufficiently flexible to withstand these deforma- 

tions without considerable tensile stresses in the concrete, cracks 

that endanger the impermeability and the preservation of the rein- 

forcement may then occur. Thus, in order to make these hollow 

shields that are open to inspection as flexible as possible it has 

been suggested that they be built in the form of two walls which are 

united at the base and are Joined elsewhere by struts leaving to 

each of the walls its own elasticity. 

Finally abrupt variations in the longitudinal profile of the 

base of a shield should be avoided. 

2. Strength Calculations - 
An excellent-mathematician may still be a poor engl.neer, for 

in this field, as in many others, pure science is of little avail 

unless backed up by sound common sense. 

We are confronted with two main elements, namely reality, which 

is unique and independent of our ideologies, and theory, which is 

human in origin and of arbitrary character and which seeks to give 

to reality a simplified and cornprchcnsible form on the basis of which 

it is possible to reason and to formulate practical conclusions with 

a minimum risk of error. No theory coincides exactly with reality 

and the divergences between the two are the principal cause of most 

of the false reasoning indulged in by certain theoreticians. Who 

among us have not Icnown such people enamoured of abstractions who, 

by identifying the approximate picture of theory with the object 

itself which is the reallty, pursuc the coursc of thclr reasonings 

indefinitely long after they have gone beyond the limlts of their 

applicability. 



In the case of structural steel the functioning of most struc- 

tures depends on fewer factors than in the case of reinforced con- 

crete, for structures in the latter are subject to the dual effect 

of monolithism and of varlations in tirne of the properties of cer- 

tain of their elements (shrinkage and flow of the concrete, relaxa- 

tion of high-strength rods). This is why designers employing re- 

inforced concrete are particularly exposed to the maltreatment of 

inveterate theoreticians. 

Let us take as a first example the elementary case of a simple 
slab furnished wlth parallel, equally spaced ribs (~1.g. 19). 

How often have we not been told that a slab of this type must 

be calculated by strict application of the classical formula for 

the continuous bearn of constant section resting freely on fixed 

supports? Yet actually (a) thc slab does not have a constant sec- 

tion because it generally possesses a double reinforcement at right 

angles to the ribs and a &%ngle one between them and this has some 

effect on its elastic properties; (b) it does not rest freely on 

its supports because it is integral with its ribs whlch resist tor- 

sion; (c) its supports are not fixed because the ribs bend unequal- 

ly under the action of the variable surcharges and moreover their 

flexibility decreases towards their extremities; (d) and finally 

the slab resting equally on the walls acts Inore like a monolithic 

plate. 

The obvious differences existing between the required calcula- 

tion and reality in such a. simple, well-lcno~m case show how illusory 

may be the results of certain theoretical calculations which are 

unsuitable for quite common structures. 

As a second example let us take the case of a bow-string bridge 

comprising (~ig. 20) an under-reinforced concrete zrch and an over- 

reinforced tie-beam. 

Shrinkage and flow, or slow deformation, of the concrete under 

stress have a much greater influence on the linear variations of the 

arch than on those of the tie bean. Thus the way in which the struc- 

ture functions will change as the results both of the surcharges and 

the dead load from the time of its construction and during the years 



that follow. In other words, its functioning will vary in time 

within limits which, in thecase of large structures, it would be 

wise to attempt to evaluate. 
Single-span arched bridges have also suffered at the hands of 

bad theoreticians. I nhall cite only a single example, which I 
experienced at the beginning of my career. This was a case of a 

competition abroad for a reinforced concrete bridge comprising 
several arches of equal span rcsting on very high piers. 

Believing I was on the right track, I had calculated the struc- 

ture on the basis of chance loads, taking into account deformations 

of the piers and arches by the method of the ellipse of elasticity. 

Compared with the approximation method, which consists in consider- 

ing arches as being restrained on thick supports in all cases, this 

method, incontestably more accurate, led logically to a reinforce- 

ment of the arches and a lightening of the piles. 

Now, the foreign professor who was responsible for checking 

the calculations violently opposed what he called a "heresy". When 

I attempted to demonstrate the principle with the aid of a scale 
model containing very deformable, elastic elements, he declared that 

"he would never believe that a model test could be used against the 

method which he had been teaching for many years". 
This honourable professor is an example of a pathological tech- 

nical specialization, and I try myself to avoid similar blind spots 
in dealing with my younger colleagues. 

Let us now consider the coefficient "n". The value to be given 
this equivalence coefficient has been the occasion for rnuch spilling 
of ink and for numerous long discussions. 

This, let us not forget, is a coefficient by which the steel 
section must be multiplied in order to simulate equivalent, imaginary 

sections of concrete. 

At the beginning there were at least two antagonistic, or at 

any rate diverging doctrines. Hennebique assigns an arbitrary use- 

ful strength value to concrete of 25 1cg/cm2, and to cornprcssed steel 
of 1,200 kg/cm2, which with certain reservations would yield an 



equivalence coefficient of 1,200/25 = 48, a record figure, to the 

compression. 

The orthodox theoreticians, on the basis of the fact that con- 

crete has a mean coefficient of elasticity of the order of 200 met- 
2 

ric tons per cm , i.e. one-tenth that of steel recommended, on the 
other hand, a value n = 10, which became the basis of many regula- 

tions. 

While this value may sometimes result in needless outlays for 

compression reinforcement, it must be admitted nevertheless that 

it has never resulted in any accident.. 

Later, in order to take into account various factors, especial- 

ly the role of concrete in the tensile zone of the section subject 

to bending, the number 15 was adopted, without taking into account 

the formula deduced from actual tests by Mr. Caquot, which intro- 

duces in a logical way the reinforcement percentage. 

This fixed number 15 is currently being employed. 

I have often wondered how so many engineers can get enamoured 
of this coefficient n. Let us now consider the normal evolution of 

a compression unit in use. At first it mag act more or less as 

though its reinforcement was comparable to concrete, their section 
Es being multiplied'by n = - , where Es and Ec arc the respective co- 
Ec 

efficients of elasticity of the two materials. 

Subsequently, under the dual action of hardening shrinkage and 

flow, the concrete as it gradually contracts will partially escape 

its initial state of stress, transferring its load to the reinforce- 

ment which is of substantially constant properties. 

In other words, the coefficient n will increase from a virtual 

value of approximately 7 to 10, to one which in some cases may be 
more than three times this value. 

Is it logical, under these conditions, to campaign vigorously, 

as I have seen done many times, in favour of a given fixed value 

which can only correspond momentarily to reality, and which, more- 

over, generally has little effect on the economy of the plans, ex- 
cept for the case of compression reinforcement, which, moreover, is' 

rapidly being abandoned? 



Certain theoretical questions even today are still the subject 

of serious discussions anong builders and engineers who have to 

apply the official rules. 

Now although the centenary of the introduction of reinforced 

concrete has already been celebrated one must nevertheless realize 

that there is still no practical agreement among the rules applied 

in various countries. What is even more serious is that the require- 

ments of these rules sometimes vary even within a single country, 

depending on the administration imposing them. 
!I This applies particularly to the gigures on so-called crack- 

fnp; strength of concrete due to shear". 

The limiting stresses assumed in the calculation of reinforced 

concrete structures are of two kinds, namely those relating to the 

strength as such with respect to standard loads and surcharges, and 

those which are intended only to prevent the cracking of the concrete 

and are designated by the term "cracking strength". The former 

pertain to the working of the reinforcement either in tension or 

compression and of the concretes in compression, shear, cohesion, 

etc. The latter apply particularly to the cracking of the cladding 

of deformed rods or ties in hooped elements and the so-called shear- 

ing cracks in arched members, which are the subJect of our observa- 

tions here. 

In Fig. 21 let 

T - total shearing stress in a section 
z - the lever arm of the resisting elastic couple 
bl- width of rib 

T 
t b = b t  

. z  - theoretical shearing stress of the concrete 
A - cracking stress or value of the theoretical shear- 

ing stress tb which must not be exceeded if crack- 

ing of the concrete is to be avoided. 

One must thus have 

tb = A; 

the stirrups and hoolced bars being calculated, moreover, without 



discounting the actual tensile strength of the concrete and a shear- 

ing stress. 
Now, depending on the country or the administration, the pre- 

scribed values of A may vary widely, other things being equal. Cer- 

tain regulations neglect the role of hooked bars or inclined stir- 

rups while others introduce the spacing of these elements in rela- 

tion to the height of the beams and still others as a function of 

the rod diameters, etc. 
Some regulations pay special attention to sections subjected 

simultaneously to bending moments and maxlmwn shearing stresses. 

Furthermore, some regulations relating to the relnforccments 

which join slabs to the ribs of T sections appear to conform poorly 

to the experimental results. 

Ilithout stressing the point too greatly, it must be recognized 

that in addition to a pathology of reinforced concrete there Is also 

a pathology of official rules which is often troublesome to builders 

subjected to obligatory inspection. 

This situation appears to be a temporary one. Contacts be- 

tween engineers even of distant countries are becomlng more and more 

frequent and cordial, and experimental programmes are everywhere in 

progress. This ihust inevitably lead to the harnionization of points 

of view that are now divergent. 

Statically determinate and hyperstatic structures. If the 

calculation of general stresses in statically determinate structures 

(bending ~nornents and shearing stresses) presents no practical dif- 

ficulty, this cannot be said for hyperstatic structures the function- 

ing of which depends on their elastic deformations. Let us consider, 

for example, a continuous T-section beam (~ig. 22) . Over the sup- 
ports the wide flange will be subjected to tensile stresses, while 

the narrow web is compressed (a). At the centre of the spans the 
reverse will be true (b). Despite the compensating effect of the 
reinforcement the coefficient of angular deformation of the sections 

will not be constant over the whole length of the beam. The varia- 

tions of the moment of inertia to be introduced into the calculations, 



which are of considerable magnitude in large structures of widely 

varying section, is more or less uncertain. Shrinkage and flow 

become more and more important in the course of time. 

Some builders consider only the whole or overall concrete 

section without taking the reinforcement into account. Others dif - 
ferentlate, from the standpoint of elasticity, between the concrete 

under compressive stress and that under tensile stress, taking into 

account reinforcements, etc. 

In the absence of systematic, long-term experiments there will 

always be some gaps in our knowledge. Thus, despite the conditional 

and restricted assistance afforded by adaptation phenomena, one 

should be particularly cautious In calculating hyperstatic struc- 

tures. 
In certain cases, especially for thrust beams, it is wise to 

vary, within logical limits, the ratio of the moments of inertia of 

the various parts, so as to take into account increases of stress 

that may result from the uncertainties of the hypotheses contemplated. 

A few words now on the theoretical accuracy of strength calcu- 
lations. Some theoreticians try to work out their strength calcula- 

tions to an impressive nunber of decimals wlthout troubling them- 

selves about the'extent of their conformity to the realities. Now, 

although the experiments of the Austrian engineers, in particular, 

have demonstrated that the theories of the restrained elastic arch 

had practical justification not only for metal structures, but also 

for arches of concrete, reinforced concrete, brichrorlc and rubble 

work, nevertheless other tests, too often passed over in silence, 

have been much less conclusive. 

This was partf~cularly true in the case of certain reticulated 

structures for such massive works as dams, turbogenerator pedestals, 

etc. Divergences of the order of' 20 to 30% and even more are not 
exceptional. 

lJe have many times had to argue this point with engineers who 

demand of themselves, and what is worse, 01' us also, excessive arith- 

metical operations which, from the practical point of view, consti- 

tute pure illusions. 



Some people, with more reason of course, place unlimited con- 

fidence in calculations based on the mathematical theory of elasti- 

city. Even there, however, the basic hypotheses sometimes differ 

very appreciably from reality. For one thing, reinforced concrete 

1s not a homogeneous material in all directions, and for another 

thing the errors of these hypotheses are compounded along with the 

standard factors. 

To sum up, it must be realized that in most cases the behaviour 

of reinforced concrete cannot be theoretically defined with very 

great accuracy even by our most orthodox metl~ods of strength calcu- 

lation. It would therefore seem useless to get involved in inter- 

minable calculations and to seek an excessive numerical accuracy, or 

at any rate one very much beyond the practical margin of error which 

one may normally expect in any given case. 

Hennebique has built numerous structures by applying a method 

which is sometimes regarded as heretical, not without reason of 
course, particularly since this methoa leads to two unequal compo- 

nents, tensile and compressive, in the balancing of a bending moment. 

Nevertheless, no accident can be attributed solely to the use 

of this method, thanks in part to the splendid practical cormnon 

sense of its author, and thanks also to the adaptation phenomena 

which compensate, although only in certain instances, some of the 

mistakes of the builders. 

Research is now going on all over the world with a view to 

evaluating with certainty not only the stresses occurring under nor- 

mal service conditions, but above all the breaking strength of rein- 

forced concrete sections, which is of much greater importance from 

the practical point of view. This research will certainly contri- 

bute to the better proportioning of structures from the standpoint 

of their true safety. 

I believe that any engineer worthy of the name must have suf- 
ficient mathernatical training to be able to handle all the current 

theoretical difficulties. Once more, however, this training will be 

of no great value if he does not at the same time have as a guide 

and moderator one of the greatest qualities that a man may posscss, 



namely, common sense. 

Model t e s t s  

I f  a l l  the  l i n e a r  dimensions of t he  concrete and the  diameter 

of the  reinforcements a r e  reduced by the  same proport ion,  no matter 

what, the  t heo re t i ca l  s t r e s s e s  remain t he  same, provided the  load 

per  square metre remains constant .  The bending moments, l i k e  t h e  

r e s i s t i n g  moments, a r e  then proport ional  t o  t h e  cube and t h e  shear- 

ing s t r e s s e s  and t h r u s t s ,  l i k e  t he  surface sect ions ,  t o  t h e  square 

of t he  dimensions. 
I n  p rac t i ce ,  i t  i s  obviously wise t o  con t ro l  t he  gradat ion 

and the  cement proportion i n  such a  way a s  t o  obta in  t h e  same 

s t reng th  and workabil i ty of the  concrete i n  t he  model a s  i n  the  

fu l l - s ca l e  work. For gan t r i e s  and th rus t  beams, a  co l l ec t i on  of 
f l e x i b l e  p l a t e s  with r i g i d  jo in t s  enables one t o  f i nd  t h e  pos i t ion  

of t he  bending po in t s  with the  a i d  of a  simple cursor .  

By varying the  e l a s t i c i t y  r a t i o s  of t he  various p a r t s  of t he  

model t he  order  of magnitude of t he  e r r o r s  der iv ing from the  hypo- 

theses  and t h e i r  e f f e c t  on the  r e s u l t s  obtained can be determined. 

3 .  St ruc tu ra l  Devices 

We s h a l l  c0ns ide r . a  number of t yp i ca l  s t ruc tu re s .  

S i l o s  

The most frequent f a i l u r e s  i n  s i l o s  a r e  t he  t ea r ing  out of the  

discharge openings and t h e  cracking of the  v e r t i c a l  wa l l s .  

Fa i lu res  of t he  f i r s t  type a r e  r a r e l y  due t o  the  sec t ions  of 

t he  suspension bars being too small,  but most o f t en  t o  poor anchor- 

age of these bars  i n  the junction a t  t he  bottom pa r t  of the  cy l in -  

d r i c a l  s i l o  wal l .  

lie cannot overemphasize the  importance of t h i s  anchorage. The 

rods must be generously bent back i n t o  the  junction. I n  p r ac t i ce  

the  ac t i on  of a  s i l o  elmost always depar t s  more o r  l e s s  from t h e  
simplifying hypotheses assuned i n  the  s t r eng th  ca lcu la t ions ,  because 

t h i s  ac t i on  va r i e s  g r ea t l y  with the  tlme. The only sure  datum i s  

the  weight of the  mate r ia l  t o  be s tored,  which remains constant f o r  



a given dead load  a f t e r  deduc t ions  have been made f o r  t h e  e f f e c t ,  
if any, of d e s i c c a t i o n ,  chemical  t r ans fo rma t ion ,  e t c .  Ac tua l ly ,  
t h i s  weight i s  balanced by t h e  fo l lowing  f a c t o r s :  (1) t h e  f r l c t l o n  

a g a i n s t  t h e  v e r t i c a l  w a l l s  and ( 2 )  t h e  s t r e n g t h  of t h e  "d ischarge  

opening1' . 
If one of t h e s e  f a c t o r s  dec reases ,  t h e  o t h e r  i n c r e a s e s ,  and 

v i c e  v e r s a ,  s i n c e  t h e i r  sum is  c o n s t a n t .  

Now, a t  t h e  beginning t h e  s t o r e d  m a t e r i a l  i s  s t i l l  no t  compact 

and i t s  ang le  of i n t e r n a l  f r i c t i o n  i s  r e l a t i v e l y  s m a l l .  Its t h r u s t  

a g a i n s t  a v e r t i c a l  w a l l  i s  then  a t  a  maximum, as  i s  t h e  part of i t s  

weight supported by t h e  f r i c t i o n  a g a i n s t  t h i s  w a l l .  

The p r e s s u r e  a g a i n s t  t h e  un loader  opening i s  t h e n  a t  a minimum. 

I n  t h e  course  o f  t ime t h e  material s e t t l e s  down, i t s  ang le  of i n t e r -  

n a l  f r i c t i o n  i n c r e a s e s ,  t h e  l a te ra l  p r e s s u r e  dec reases  and t h e  load  
on t h e  d i scha rge  opening i n c r e a s e s .  T h i s  phenomenon i s  sometimes 

i n t e n s i f i e d  because of t h e  p o l i s h i n g  of  t h e  v e r t i c a l  w a l l  by t h e  

movement of t h e  g r a i n s ,  some of which, moreover, have a l u b r i c a t i n g  
e f f e c t .  Th i s  i s  why it  i s  f r e q u e n t l y  found t h a t  t h e  c r a c k s  i n  t h e  

v e r t i c a l  walls appear  s h o r t l y  a f t e r  t h e  s i l o  i s  p u t  i n t o  s e r v i c e ,  
whi le  d i s l o c a t i o n s  of d i scha rge  openings t a k e  p l a c e  somewhat l a t e r .  

Cracks occur sometLmes a l s o  as a r e s u l t  of t h e  oppos i t i on  t o  
t h e  f r e e  p l a y  of l i n e a r  v a r i a t i o n s  due t o  hardening shr inkage  and 

thermal  v a r i a t i o n s .  Th i s  ca se  i s  r a t h e r  f r e q u e n t  i n  c y l i n d r i c a l  
c e l l s  which a r e  touching each o t h e r  and which f o r  t h i s  r eason  a r e  
s u b j e c t  t o  r a t h e r  i n t e n s e  secondary bending s t r e s s e s .  

F i n a l l y ,  a t  t h e  tirne of l oad ing  o r  unloading,  e c c e n t r i c  dynamic 

f o r c e s  a r e  produced e s p e c i a l l y  a t  t h e  r o o t  o r  i n  t h e  base  of t h e  
d i scha rge  openings which should be taken  i n t o  account by s u i t a b l y  

i n c r e a s i n g  t h e  t h e o r e t i c a l  f o r c e s .  

T e s t s  on models, whi le  t h e y  g i v e  u s e f u l  h i n t s  i n  p r i n c i p l e  
i n  t h i s  connect ion,  a r e  g e n e r a l l y  much l e s s  a c c u r a t e  as f a r  as t h e i r  
n u n e r i c a l  r e s u l t s  a r e  concerned, e s p e c i a l l y  when m a t e r i a l s  a r e  i n -  
volved whose p r o p e r t i e s  a r e  modified under heavy pressures, as i s  

p a r t i c u l a r l y  t h e  case  f o r  c e r t a i n  g r a i n s .  Only t e s t s  on f u l l - s c a l e  

s t r u c t u r e s  a r e  t h e n  of unqucs t ionablc  v a l u e .  



To sum up, the best theories for the calculation of silos 

inevitably contain rather large gaps. Thus it is wise to heed the 

teachings of experience in order to rectify them in their results. 

Where grains are to be siloed the seeds of which may be damaged 

by any roughness or excess of pressure the walls should be made as 

smooth as possible and all cross bracings or other internal parts, 

even with rounded edges, should be avoided. 

In using prefabricated elements, which often join poorly with 

the parts cast on the site, care must be taken to fill all gaps or 

cracks in which weevils or other parasites might find shelter. 

IJhen the sidewalls of silos have horizontal corrugations the 

resistance to the descent of the siloed materials tends to the for- 

mation of "arches" and development of the dynamic effects resulting 

from this during emptying operations. 
The corrugated elements may then be subjected to torsion stres- 

ses which it would be dangerous to underestimate, One m y  then, at 

some inconvenience depending on the case, prevent these phenomena 

by inspection or by means of devices installed pennanently .In the 

eells. 

Reservoirs 

Most reservoir leaks occur at the corners of rectangular tanks 

and at right angles to the junction of the floor with the walls. 

In the first case it is sufficient to ensure the Joining of the 

walls by heavily reinforced chamfers (~ig. 23) fitted with braces 
I! 11 a to balance the thrust in the direction of A. 

In the second case the secondary stresses should be taken into 

account which are due to the obstacle presented by the stiffness of 

the floor to the free expansion of the vertical walls at their base, 

which tend to become deformed in the manner represented in Fig. 24. 
The theoretical determination of these secondary stresses does 

not present any special difficulty.* 

* See: "Le calcul des reservoirs circulaires" by Henri Lossier, 
Ggnie Civil, July 30, 1910. 



In the case of cylindrical reservoirs exposed directly to the 

sun, the tank, heated on one side, tends to assune an elliptical 

form, whereas the floor, being in contact with the ground, remains 

substantially circular. This increases the tendency towards separa- 

tion of these two units, so that it is logical to reinforce their 

dowel rods more than the respective reinforcement rods of each, or 

to protect them by insulating devices. 

Some builders reduce or eliminate the positive contact between 

the floor and the walls, separating them by an imnpermeable, elastic 

joint. The walls can then expand freely at the base, either finding 

support on struts or rollers or resting on a layer of plastic mate- 

rial. In the latter case the following two precautions are abso- 

lutely indispensable: First one must choose a product which will 

retain a constant plasticity; second the plastic layer must be pro- 

tected against penetration by concrete parts of the wall in the 

course of execution, since this would produce welded points which 

might interfere with the normal working of the device adopted. 

Horizontal cracks are often observed in reservoir tanks which 
.are difficult to explain theoretically. They are generally due In 

part at least to differences in shrinkage between wetted parts and 

parts which are not in contact with the water. 

In order to prevent these cracks it is always necessary to pro- 

vide vertical bars in a proportion of approximately 0.5 to 1%. 

Supporting beams of overhead travelling cranes 

These beams frequently suffer darnage, the principal causes 

of which are generally as follows: 

1. Faulty estimation of the stress increases due to shocks 

and vibrations. 

2. Inadequate resistance to lateral stresses. 

These stresses are often greatly aggravated either by the mal- 

functioning of the equipment and their swaying back and forth or by 

rough handling on the part of the operators. One frequently sees 
loads picked up which are not placed directly below the normal posi- 
tion of the hook. This results in horizontal stresses which the 



crane transmits  t o  i t s  t rack  beams. 
I n  designing t rack  beans it i s  always wise t o  foresee  the  

worst a s  f a r  a s  t he  functioning of t he  machinery and the handling 
by the  personnel i s  concerned. 

I n  many cases the welding of some a t  l e a s t  of t h e  r a i l  Jo in t s  

helps t o  suppress the shocks due t o  r o l l e r s  passing over these  

jo in t s  . 
We should point  out t h a t  posts  supporting roofs  over t r ave l -  

l i n g  cranes and the  roofs  themselves sometimes give way from the  

dynamic e f f e c t s  a f t e r  a ce r t a in  number of years  of service .  

Machine pedestals  

The foundation pedesta ls  of machines may be subject  t o  in tense  

dy-namic s t r e s ses  which must be taken i n t o  account. 
The typ ica l  case is  t h a t  of a turbogenerator f o r  which t h e  

s t a t i c  loads a r e  a t  present increased by 400 t o  500$ f o r  t h i s  pur- 

pose. 
I n  pa r t i cu l a r ,  one must be on guard agains t  the so-called 

,"resonance" phenomena which occur when the  rpm of the  machines 

coincide with e i t h e r  the  v e r t i c a l  o r  horizontal  na tu ra l  frequencies 

of the  pedesta l .  
Now, the calcula t ion of these frequencies i s  of ten  very prob- 

lemat ical .  On the  one hand, pedestals  of reinforced concrete have 

massive and complex forms which scarcely  permit ca re fu l  de f in i t i on  
of t he  problem, whereas, on the  other  hand, the  value of the  coef- 

f i c i e n t  of e l a s t i c i t y  of the  concrete i s  not a constant i n  time. 
This i s  why, unless preliminary ineasurements have been made 

on models t h a t  a r e  r e a l l y  comparable i n  a l l  respec ts  t o  t he  r e a l  

s t ruc tu re s ,  i t  i s  wise, even i f  the  r e s u l t s  of the  frequency calcu- 
l a t i o n s  a re  favourable, t o  assume the  p o s s i b i l i t y  of resonance oc- 
curring e i t h e r  on s t a r t i n g  up o r  i n  the  course of operat ion.  

In  order t o  make provision f o r  t h i s  p o s s i b i l i t y  without d i s -  

t u r b i n ~  the  machine i t  i s  possible t o  put bars i n  t h e  pedestal  with 

a view t o  addins on other elements ( s l abs ,  beams, e t c . )  which could 

be executed, i f  necessary, without in te r rup t ing  the  use of the  

machine. 



It is quite possible, also, to provide beams or posts in the 

form of partially Joined elements capable of being made completely 

independent or being connected up positively in the course of oper- 

ations so as to vary their rigidity as required. 

Generally, of course, a slight modification or addition to a 

pedestal is all that is required In order to get rid of certain 

resonance phenomena. 

In other words, in the absence of precedents or tests on really 
comparable inodela the results of theoretical frequency calculations 

of reinforced concrete pedestals rnust be accepted with a great deal 

of reserve. 

It may be mentioned that ~lectricitc'de France at our sugges- 

tion is examining its turbogenerator pedestals in order to deter- 

mine what variations the properties of the concrete may undergo in 

the course of service. 

The method of auscultation chosen is based on the velocity of 

propagation of sound in the materials. 

The question of resonance also arises in many cases of indus- 

trial equipment where vibrating machines or looms are employed. 

Wherever the direct mounting of equipment on reinforced concrete 

may run the risk'of producing such phenomena it is wise to coqsider 

the use of shock-absorbing or insulating devices in the form of 

cork, rubber, springs, etc., in cooperation with qualified special- 

ists. 

Rectangular slabs 

Rectangular slabs of very large climensions frequently develop 

extrados craclcs more or less at right angles to the bisectors of 

the corners, as shown in Pig. 26. These cracks are due to negative 

bending moments which alone can interfere with the upper diagonal 

reinforcements, as Mesnager has shown in his excellent study of thin 

rectangular plates. 

Tensile or outtrard thrust stresses -- 
Tensile or outward thrust stresses are one of the causes of 



very se r ious  acc iden t s .  
\{hen a rod under t ens ion  i s  bent o r  curved ( ~ i g .  2 7 )  a t e n s i l e  

fo rce  i s  produced i n  t he  d i r e c t i o n  V and tends  t o  cause t h e  con- 

c r e t e  t o  burs t  towards the  ou t s ide  while a t  t h e  same time detach- 

i ng  the  rods and hence breaking t h e  s t r u c t u r e  i n  t h e  zone involved 

as a  r e s u l t  of bending. 
Thus spec i a l  yokes capable of balancing t he  t o t a l  s t r e s s  pass- 

ing  outs ide  should be provided and should be placed s u f f i c i e n t l y  

c lose  together  i n  order  t o  r e s t r i c t  t he  bending of t he  ba r s  between 

t he  po in t s  of support which they provide f o r  thern. The use  of c ros-  

sed bars does not always avoid t h e  danger s u f f i c i e n t l y  ( ~ i g .  28) o r  

e l iminate  t he  need f o r  spec i a l  yokes. 
A cu rv i l i nea r  r ibbed ca s t i ng  under a coinpressive s t r e s s  i s  

s im i l a r l y  subjec t  t o  t h r u s t  fo rces  passing t o  t he  ou t s ide  which 

must be balanced by means of yokes and by inc reas ing  t h e  number of  
reinforcement rods between t h e  r i b s  ( ~ i g .  29 ) .  This  i s  a precaut ion 
t h a t  i s  o f t en  neglected i n  t h e  case of ribbed arches  where some of 

the  r i b s  a r e  on the  extrados and some on t h e  i n t r ados  s i d e .  

Retaining w a l l s  - 
Retaining w g l l s  a r e  subjec t  c h i e f l y  t o  overturning and s l i d i n g ,  

and both these  phenomena may occur simultaneously.  A f requent  cause 

of such phenomena i s  t he  inadequacy of t h e  drainage devices ,  tending 

t o  increase  o f t en  very considerably t h e  t h r u s t  t h a t  t h e  walls must 

r e s i s t .  
I s h a l l  leave a s ide  t h e  quest ion of i nco r r ec t  es t imat ion  of 

t h e  ea r t h  pressure  due t o  an improper app l i c a t i on  of c l a s s i c a l  

t heo r i e s ,  as t h i s  would go beyond t h e  scope of t h e  present  paper .  

We may sirnply note t h a t  when a s o i l  i s  not  homogeneous and espec ia l -  

l y  where t h e r e  a r e  l aye r s  of c lay ,  t h e  r e s u l t s  of t h e  t h e o r e t i c a l  
c a l cu l a t i ons  must be i n t e rp r e t ed  very conservat ive ly ,  r e f e r r i n g  

wherever poss ib le  t o  comparable cases .  

A t  a l l  events ,  very spec i a l  ca re  must be taken i n  studying 

t h e  s lope  of t he  foundation foo t ings  frorn the  poin t  of vieti of t h e  

p o s s i b i l i t y  of s l i d i n g .  



When a r e t a i n i n g  wal l  s tands  on r e a l l y  s t a b l e  ground the  r e -  

s u l t a n t  of t h e  loads and t h r u s t  may s a f e l y  produce p ressures  a t  

t he  base which i n t e r s e c t  towards t h e  ou t s ide  edge. However, i f  a  
I I  foundation s o i l  1s compressible t h e  w a l l  i n  time w i l l  nose over", 

which might cause a  g r ea t  dea l  of t r oub l e .  I n  t h a t  case it i s  ad- 
v i sab le  t o  give t he  foundation foo t ing  a  shape such t h a t  t he  r e -  

s u l t a n t  R of loads and t lwus t s  w i l l  pass  e i t h e r  through i t s  cen t r e  

of g r av i t y  G o r  b e t t e r  s t i l l ,  s l i g h t l y  behind t he  cen t re  of g r a v i t y  

( ~ i g .  30). Since t h e  t r u e  value of t h e  t lwus t s  i s  almost always 

more o r  l e s s  con jec tu ra l ,  t h e  s t a b i l i t y  of a  w a l l  may be v e r i f i e d  

by combining the  most unfavourable extreme hypotheses. 

Mistakes a r e  most f requent  i n  r e t a i n i n g  walls b u i l t  on clayey 
ground and f o r  wal ls  of a g r ea t  r e l a t i v e  he igh t .  They a r e  o f t e n  

due t o  t he  adoption i n  the  a p r i o r i  c a l cu l a t l ons  of too high an 

angle of i n t e r n a l  f r i c t i o n  o r  too  high a  cohesion va lue .  

Bond - 
Bond i s  a phenomenon t h a t  i s  underestimated and misunderstood 

.by too  many bu i l de r s .  It depends on severa l  f a c t o r s ,  i n  p a r t i c u l a r  

t h e  following: 

1. A genera l ly  weak "gluing" e f f e c t ;  

2 .  F r i c t i o n  due t o  t he  pressure  of t h e  concre te  aga in s t  t h e  

s t e e l  as a consequence of t h e  hardening shrinkage.  Th i s  pressure  
i s  a funct ion ,  i n  p a r t i c u l a r ,  of t h e  th icknesses  of coat ing ,  t h e  
neighbowing reinforcement rods,  connecting rods,  e t c . ;  

3. A moulding e f f e c t  produced by the  roughness and su r face  
i r r e g u l a r i t y  of t h e  rods .  

Apparently t h i s  l a t t e r  e f f e c t  i s  o f t en  t h e  preponderant one, 

because rods which a r e  s t r i c t l y  c y l i n d r i c a l  wi th  pol ished su r faces  

w i l l  s l i d e  i n  t h e  concrete  under comparatively weak fo r ce s .  

This  i s  what j u s t i f i e s  t he  adoption of "deformed" o r  twis ted  
rods o r  t he  l i k e  when i t  i s  a quest ion of high s t r eng th  s t e e l s  of 

which t h e  bond values a r e  p a r t i c u l a r l y  h igh .  

A s  e a r l y  as 1905 t h e  author  proposed t h e  use of devices  of 
t h i s  kind toge the r  wi th  t h e  welding of obl ique yokes onto t h e  main 



rods .  However the  r egu l a t i ons  a t  t h a t  time prevented us  from 

r e a l i z i n g  t h e  advantages e f fec ted  by the  corresponding savings i n  

s t e e l .  
On severa l  occasions f a i l u r e s  have occurred with the  cur ren t  

procedures as t he  r e s u l t  of inadequate bond. 

The most frequent  causes of such f a i l u r e s  have been as fol lows:  

( a )  Reinforcing rods of l a r g e  diameter placed too c lose  t o -  
ge ther  and inadequately covered. 

( b )  Rods grouped i n  bundles, which bu i l de r s  had considered i n  
t h e i r  c a l cu l a t i ons  a s  independent reinforcement from t h e  po in t  of 
view of bond, whereas only t h e  ou t s ide  circumference of t h e  bundle 
could a c t u a l l y  a c t  a s  such ( ~ i g .  31). 

As a r e s u l t  of t h i s  the  ends of tie-beams of arched roo f s  
have come loose ,  r e s u l t i n g  i n  p a r t i a l  o r  t o t a l  co l l apses  of t he  
s t r u c t u r e s .  

With deformed, twis ted ,  o r  s im i l a r  rods t h e  covering th ick-  
nesses should be increased as wel l  a s  t he  l eng th  of s p l i c e s ,  because 

of t he  t h r u s t  t o  the  ou t s ide  exerted on t he  concrete  by reason of 

t he  s l i d i n g  s t r e s s  of these  rods .  
F ina l ly ,  t h e  r a t i o  of t he  bond value t o  t h e  concrete  compres- 

s ion  value tends t o  decrease with c e r t a i n  high s t r eng th  cements, 

which, moreover, have o ther  disadvantages wi th  respec t  t o  shrinkage 
and s u s c e p t i b i l i t y  t o  cracking. 

J o i n t s  of rods 

When the  rods from the  m i l l  cannot be de l ive red  i n  a s i n g l e  
length ,  j o i n t s  have t o  be provided f o r .  

Cer ta in  fo re ign  regu la t ions  r equ i r e  these  j o i n t s  t o  be made 
e i t h e r  by welding, o r  with the a i d  of threaded s leeves  i n  order  t o  

ensure con t inu i ty  of t he  s t r eng th  without allowing f o r  t h e  e f f e c t  
of t he  concrete  cover.  

I n  most cases  t h i s  r e s t r i c t i o n  seems excessive i n  p r ac t i c e ,  
s ince  i t  i s  poss ib le  t o  ob ta in  j o in t s  which behave quite normally 
simply by cross ing o r  overlapping the  rods f o r  a s u f f i c i e n t  l eng th .  



Three devices a r e  cur ren t ly  being used, t he  j o i n t s  being, of 

course, always a l t e rna t ed  ( ~ i g .  32).  These tlwee devices a r e  a s  

follows: 

(a)  The ends of the  rods  a r e  made t o  overlap f o r  a  d i s t ance  

equal t o  about s i x t y  diameters .  
(b )  The ends of t he  rods,  furnished with hooks, a r e  overlapped 

f o r  a d i s tance  of about t h i r t y  d i a~ne t e r s .  
( c )  The ex t remi t i es  of t he  rods ,  without hooks, a r e  simply 

placed end t o  end, t h e  t o t a l  number of rods being increased so  as 

t o  produce overlapping j o in t s .  

This last method, which i s  used a t  t h e  present  time i n  France 

f o r  t h e  tie-beams of l a rge  vau l t s  and bow-strings, has t he  advantage 
of fu rn i sh ing  a uniform p r o f i l e  f o r  concret ing without t he  l o c a l  

crowding of metal which occurs with t h e  f irst  two methods. 

Accidents due t o  rupture  of j o i n t s  genera l ly  occur a s  t he  r e -  

s u l t  of one of t h e  following two causes: 

( a )  The rods do not overlap f o r  a s u f f i c i e n t  l eng th  o r  a r e  
.accumulated i n  a given zone where t he  excess of metal does not a l -  

low the  concrete  t o  ensure t he  required bond. 
(b )  The spacing a t  j o in t s  made by p lac ing t h e  reinforcement 

rods end t o  end i s  insufficient t o  ensure con t inu i ty  of s t r eng th  
from bonding of t h e  metal t o  t h e  concrete .  

A t y p i c a l  example of case  (a )  i s  t h a t  of an a r ch  of 45 m span 
subjected t o  v fbrz t ions  which suddenly col lapsed a f t e r  severa l  years  

of se rv ice  owing t o  t h e  rupture  of a t ie-bean without g iv ing any 

v i s i b l e  s ign  beforehand of t h e  imminent danger, such as t h e  appear- 

ance of cracks .  
Ruptures of t he  joiizts a r e  e spec i a l l y  t o  be feared  because 

they almost always occur suddenly and without warning. 

Anchoring t he  ends of vau l t  t i e s  o r  t r u s se s  -- - 
Several  se r ious  accidents  have happened owing t o  t h e  imperfect 

anchoring of t i e s  a t  t h e i r  extrcmitLzs.  F ig .  33 and 34 represen t  

severa l  de fec t ive  arrangements which have r e su l t ed  i n  f a i l u r e s  of 



this type. 

Fig. 35, on the other hand, shows the abutments of the Lucien- 
Saint bridge in Tunisia, a bow-string of 92 m theoretical span, the 
end anchorages of which were the subject of a particularly careful 

study. 

Buckling of plates between the ribs of arches - 

In many arched roofs the plate is deforrned by buclcling between 

the ribs in the direction of the directrices thus abdicating at 

least partially the role which it should assune in the strength of 

the unit (~ig. 36) . 
There are two possl.ble causes, which may also combine to pro- 

duce this result. The plates rnay have been too thin to begin with, 

and secondly the shape may be inappropriate or may have been poorly 

realized in execution. 

If it can be said that some plates whose theoretical buckling 

strength appeared doubtful have nevertheless behaved well it is al- 

most always because the form work had been executed with particu- 

,larly great care. On the other hand, as many tests carried out on 

thin arches have shown, a slight initial deformation is generally 

sufficient to start the buckling. This phenomenon is not always 

immediately perceptible at the time of stripping, but shows up fre- 

quently a few months later as soon as the flow of the concrete be- 

comes accentuated. It is wise, therefore, to keep within safe li- 

mits in reducing thb thickness of plates, especially as the saving 

in quantity of material achieved may be more or less wiped out by 

the additional labour required and by certain dangers. One should 

also impress on the foreinan the necessity of extreme care in the 

execution of the form work. 

Construction Joints in concrete 

- Poor construction joints may produce cracks in parts that have 

standard reinforcements and may result in failure in zones where 

the strcngth of the concrete in tension is discounted. The greater 

the difference in age between the old and the neb: concrete, the 

higher the losscs of strength. 



Even i n  j o l n t s  i n c l i n e d  115~ r e l a t i v e  t o  the  d i r e c t i o n  of t h e  

t e n s i l e  s t r e s s e s  and where water has been app l i ed  l i b e r a l l y  before  

r e p a i r i n g ,  these  l o s s e s  a r e  genera l ly  of t h e  o rde r  of 30 t o  40% 

a f t e r  a week and 807: a f t e r  a  month. 

Reinforcements t o  r e s i s t  shear ing  s t r e s s  

Nhile r u p t u r e s  due t o  bending moments genera l ly  g ive  warning 

long i n  advance by very obvious deformations,  those  r e s u l t i n g  from 

shear ing  s t r e s s e s  a r e  allnost always sudden and unexpected, l i k e  

those  of p o s t s  t h a t  a r e  not hooped, and t h i s  makes them a l l  t h e  more 

dangerous. 
It i s  always unwise, except genera l ly  f o r  s l a b s  o r  o t h e r  mas- 

s i v e  elements executed without concre te  r e l i e f  J o i n t s ,  t o  l eave  out  

any eecondary reinforcements  on t h e  grounds t h a t  t h e  t h e o r e t i c a l  
s t r e s s  of t h e  concrete  w i l l  not  reach  t h e  so -ca l l ed  s a f e t y  l i m i t .  

I n  p a r t i c u l a r ,  t h e r e  may be un in ten t iona l ,  o r  poorly placed 

r e l i e f  j o i n t s ,  o r  secondary s t r e s s e a  due t o  t h e  shr inkage,  t h e  

f r e e  p lay  of which i s  hindered e i t h e r  by reinforcements  o r  by o t h e r  

. r e s i s t i n g  elements and which t h e  des igner  cannot always p r e d i c t  wi th  

c e r t a i n t y .  

Generally,  t h e r e f o r e ,  from t h e  poin t  of view of s a f e t y  t h e  

c a r e f u l  s tudy of t h e  shear ing  s t r e n g t h  i s  more important than t h a t  

of any o t h e r  s t r e n g t h  va lue .  One should proceed on t h e  b a s i s  of 

t h e  rnost unfavourable hypo the t i ca l  s t r e s s e s  which can poss ib ly  occur .  

Besides problems of s t r e n g t h  a s  such, problems a r i s e  wi th  r e -  

spec t  t o  cracking due t o  t ens ion  i n  t h e  concre te .  Th i s  cracking,  
which i s  but  l i t t l e  a l l e v i a t e d  by v e r t i c a l  s t i r r u p s  o r  s t i r r u p s  

placed perpendicular t o  t h e  a x i s  of t h e  members, i s  inf luenced much 

more e f f e c t l v e l y  by s l a n t e d  s t i r r u p s  o r  hoolced ba r s ,  provided, how- 

ever ,  t h a t  t h e  spacing of these  b a r s  i s  l i m i t e d  not only i n  r e l a t i o n  
t o  t h e  height  of t h e  beams, but  a-lso t o  t h e i r  diameter and even i n  

c e r t a i n  cases ,  i n  abso lu te  vnluc.  Grids wi th  welded o r  s o l i d  i n t e r -  

s e c t i o n s  (expanded rnctal, e t c . )  :Lye genera l ly  very e f f e c t i v e  from 

t h l s  poin t  of vlcvr. 
Ccr ta in  deviccs  co~npr is ln?  orzly lloolced b a r s  vrlthout s t i r r u p s  



must be summarily rejected (~ig. 37 and 38). 
I I So-called floating" rods ( ~ i g .  3 9 ) ,  which can have a ravour- 

able effect from the standpoint of cracking, must not be discounted 

in the strength by reason of their possible failure in the vicinity 

of breaking loads. 

Compressed frames not wind-braced and ~lrders of polygonal plan 

The lateral buckling strength of frames which are not mutual- 

ly wind-braced (FIG. 40) may be estimated by various theoretical 
formulae in current usage. bJith reinforced concrete, hotrever, it 

is always wise to verify or supplement the results with a considera- 

tion of the casting deformations at a value considerably above the 
standard allowances and then to determine tl~eir incidence on the 

uprights and bridge pieces which resist the buckling by their trans- 

verse rigidity. 

This is a simplified calculation by which one may rapidly en- 

sure that no serious error has occurred in the application of for- 

mulae that are sometimes quite complex. 

The thrusts to the outside at changes of direction of frames 

with polygonal plan resulted in a particularly serious accident in 

the early days of reinforced concrete and rnust always be very gener- 

ously resisted (FIE. 41). 

Antifriction plates 

In some edifices in order to avoid the use of struts or rollers 

antifriction plates are provided in order to take up the linear 

variations due to shrinkage and thermal effects. 

In small-span structural steel edifices the reactions of sup- 

ports are small between the passage of vehicles and the friction re- 

sistance is easily overcome. In reinforced concrete structures with 

their higher dead loads the same thing does not always apply and 

abutment separations are someti~nes observed (PIG, 42), e~pecially 

if the antifriction plates through lack of maintenance have been 

welded by rust. On licht piers, indeed, these plates only provide 

poor artlculatlon. 



Defective s t r u t s  -- 
Cer ta in  b u i l d e r s  i n  order  t o  ga in  he ight  use  s t r u t s ,  t h e  f a c e s  

of which do not have t h e  same c e n t r e  of curvature  ( F i g .  43) and 

whose working produces v a r i a t i o n s  of l e v e l  on t h e  one hand and h o r i -  

zon ta l  s t r e s s e s  on the  o t h e r .  These devices  should be r e J e c t e d  i n  

most cases .  

Ef fec t  of shrinlcage and temperature v a r i a t i o n s  

The shrinkage of the  concrete  dur ing  hardening 13 respons ib le  

f o r  many minor mistakes,  but r a r e l y  r e s u l t s  i n  a s e r i o u s  acc iden t .  

It i s  evident  a p r i o r 1  t h a t  i f  r e l a t i v e l y  o l d  elements a r e  com- 

bined wi th  a new concrete  the  l a t t e r ,  during shrinkage, w i l l  sub jec t  

these  elements t o  cornpressive s t r e s s e s  and w i l l  produce s h e a r i n t  

s t r e s s e s  between t h e  two m a t e r i a l s .  Thus, sur face  coa t ings  o r  pav- 

ings  without j o i n t s  o r  with i n s u f f i c i e n t l y  p l a s t i c  o r  e l a s t i c  j o i n t s ,  

when placed on re i i~f 'orced  concre te  f l o o r s  have sometimes l i f t e d ,  

glazed elements have b u r s t  and t h e  u p r i g h t s  and c ross  p ieces  of 

faqades have cracked because t h e  b r i c k  f i l l i n g s  d i d  not have s u f f i -  

c i e n t  play,  e t c .  

Since d ry  a i r  shrinkage can be reduced but not e l iminated  i t  

should always be ' t aken  i n t o  account.  Th i s  can be done i n  va r ious  

ways, notably t h e  following: 

1. By providing shrinkage j o i n t s  whlch separa te  a s t r u c t u r e  

i n t o  s e v e r a l  independent sectioizs f r o ~ n  t h i s  po in t  of view. The d i s -  

tance  between these  J o i n t s  is not a cons tant ;  i t  depends e s p e c i a l l y  

on the  c h a r a c t e r i s t i c s  of t h e  s t r u c t u r e .  For contemporary s h e l l s  

i t  i s  f requen t ly  given as 20 o r  jO m,  but  t h i s  d i s t a n c e  rnay poss ib ly  

be much g r e a t e r  i f  f l e x i b l e  o r  a r t i c u l a t e d  u p r i g h t s  have been pro- 

vided, a s  has been done I n  a  number of modern hangars .  

The Biscar rosse  hangar, f o r  example, which we designed i n  1939 
and which was 150 m long by 60 rn wide, covering an  a r e a  of almost 
a  hec ta re ,  had a  roof which was f r e e l y  expansible  i n  a l l  d i r e c t i o n s  

and contained no j o i n t s .  

Such arrangelnents have bee11 r e a l i z e d  f o r  covering reservoirs 

of l a r g e  a rea ,  t h e  Pixed po in t  upon which a l l  t h e  expansion arrange-  



ments a r e  based be ing  a  tower o r  a  self-supporting pylon p laced  I n  

t h e  c e n t r e .  

2 .  I n  some c a s e s  t h e  i n l t l a l  a c t i o n  of shr inkage  i s  e l l ~ n i n a t e d  

by f u r n i s h i n g  provj  sforla1 jo l -nts  o r  " f i e l d  j o i n t s " ,  i . e .  by sepa ra -  

t i n g  t h e  c o n c r e t i n g  of c e r t a l n  e lements  by as  long  a t ime a s  pos- 

s i b l e .  

I n  rnonol i th ic  s t r u c t u r e s  of  l a r g e  r e l a t i v e  he lg l l t ,  e . g .  b r l d g e s  

of double  "T" s e c t i o n  beams or t u b u l a r  s c c t i o n  beans ,  t h o  appearance 

of c r a c k s  i s  so~netiines notcd which c o ~ n p l e t e l y  t r a v e r s e  t h e  v e r t i c a l  

web and s t o p  i n  t h e  v i c i n i t y  of t h e  f l a n g e s .  These c r a c k s  a r e  more 

oll l e s s  v e r t i c a l  towards t h e  c e n t r e  of t h e  span and a r e  s l a n t e d  i n  

t h e  v i c i n i t y  of t h e  suppor t s  where t h e  maxirnum s h e a r i n g  s t r e s s  

occu r s .  I f  t h e  t e n s i o n  f l a n g e s  a r e  themselves  Joined by a  hor izon-  

t a l ,  under - re inforced  s l a b ,  t h e  l a t t e r  ]nay a l s o  show t r a n s v e r s e  

c r a c k s .  

F i n a l l y ,  more o r  l e s s  i n c l i n e d  s h e a r i n g  c r a c k s  may appear  n e a r  

t h e  t r a n s i t i o n  between f l a n g e s  and s l a b s .  

These a r e  a l l  shr inkage  phenomena whlch a r e  p a r t i c u l a r l y  f r e -  

quent when P a s % - s e t t i n g  cements a r e  employed. 

I n  f a c t ,  ove r - r e in fo rced  f l a n g e s  r e s t r a i n  t h e  f r e e  shr inkage  

of pours  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  and t h e  l a t t e r ,  u n d e r ~ r e i n -  

fo rced ,  o r d i n a r i l y  craclc i n  t h e  rnanner i n d i c a t e d  schematically i n  

F i g .  411. 
I n  c a s e s  of t h i s  t ype  i t  is  wise  t o  observe t h e  fo l lowing  r u l e s  

as f a r  a s  p o s s i b l e :  

1. Avoid u s i n g  fast - s e t t i n g  cements ( "h igh -ea r ly"  ) as t h e s e  

a r e  g e n e r a l l y  more f r i a b l e  and s u b j e c t  t o  c r c a t e r  shr inkage  t h a n  

o r d i n a r y  ce~nent  s; 
2 .  Avoid ab rup t  changes l n  t h e  percen tage  of re inforcement  

and t h e  use  of r o d s  of l a r ~ e  d i a n e t e r  c l a d  111 conc re t e  of r e l a t i v e l y  

smal l  t h i c l i n e ~ s ;  

3 .  Never go below 0.5$, and i f  p o s s i b l e  never  below 1$ i n  r e -  

i n f o r c i n g  e lements  which may be  s u b j e c t  t o  t e n s l l e  s t r e s s ,  even 

when re inforcements  p laced  e lsewhere  rnajr t h e o r e t i c a l l y ,  by them- 

s e l v e s ,  colnpc2nsate t h e  t o t a l  bending cornponcnt . 



4. Wet the concrete during the first days of hardening. The 

reinforcements do not always eliminate the danger of cracking; 

however, they restrict the opening of the cracks and hence also 

the danger of oxidation of the metal although these possibilities 

are sometimes increased in number. 

To sum up, failure to take adequate precautions against the 

effect of shrinkage results in cracking, scaling and leaks in res- 

ervoirs and canals. These are no doubt regrettable, but rarely 

threaten the actual stability of the structure. 

However, just as a flush on a personss skin may, as far as a 

layman can tell, indicate either a serious illness or a mild dis- 

comfort, so the appearance of a crack in concrete is almost always 

a source of anxiety to the user of a structure, because it may in- 

dicate a lack of strength. 

Shrinkage is therefore the cause of many controversies which 

are often unjustified and to which certain insufficiently special- 

ized experts have sometimes attributed a disproportionate impor- 

tance. 

In certain regions differences of thermal expansion may pro- 

duce cracks in faq.ades not exposed to the sun, especially if the 
heated side is slightly longer than the opposite side. This ap- 
plies even to buildings which do not exceed 25 m .in, length. 

Generally speaking, cracks tend to appear at the re-entrant 

corners of openings and fagades. 

When terraces or roofs include beams of large relative span 
differences of.temperature produce temporary positive or negative 

curvatures depending on the sense of these differences. This may 

have serious effects on the permeability, and in certain cases 

heat insulation devices should be provided. 

In caisson sections it is wise to provide holes in order to 
equalize temperature and humidity differences between the interior 

and the outside air. 



4. Precautions to be taken against certain external factors 

Reinforced concrete is sufficiently important in the domain 

of construction to be content with its own true qualities, without 

claiming advantages which it does not in fact possess. 

While it resists fire better than most other materials, never- 

theless experience has shown that it has practical limitations of 

considerable magnitude in this respect. 
Similarly, its freedom from maintenance costs, which is again 

one of its highly valued qualities, is only absolute in certain 

very specific cases. 

Let us consider, in order, the following external agents: 

(a) Corrosive water; rain water. 

(b) Fire. 

(c) Earth tremors. 

(d) Electrolytic effects. 

(a) Corrosive waters and other corrosive substances. Generally 

speaking all sulphates are injurious to concretes, especially the 

.following: 

sulphate of lime; 

sulphate of magnesium; 

sulphate of soda; 
sulphate of potassium; 

sulphate of ammonium, etc. 

The most dangerous of these, generally speaking, is sulphate 

of lime carried in ground water and which may originate from plas- 

ter, smoke, etc. 

Waters containing as little as 0.2 g sulphate per litre are 
already harmful. Above 0.5 g per litre their destructive effect is 
generally a certainty. 

Apart from drainage and the removal of strearns or sheets of 

sulphated water in order to prevent their contact with the concrete 

if possible, their effect can also be minimized by using the follow- 

ing cements, in order of decreasing efficiency: 



metallurgical, supersulphated cements; 

some aluminum cements; 

cements with high slag content; 

pozzuolana cements; 

ferrous cements. 

The effect of sea water, which is at once mechanical (wave 

action), physical and chemical, is particularly important in so- 

called tidal zones, i.e. between high and low tides. Under these 

conditions cements having a low free-lime content (metallurgical- 

supersulphated-pozzuolana cements, high slag metallurgical cements, 

etc.) are then to be recommended. 

Moreover, the corrosive action of very pure water on mortars 

of manufactured cement has long been known. The rupture of a res- 
ervoir in the Ardennes some years ago is a typical example of this 

effect. Chemically pure water had produced holes of very small 

diameter in the floor and the water seeping through under pressure 

undermined the soil, causing the rupture of the floors in two com- 

partments of the structure. 
However, builders do not appear always to have paid sufficient 

attention to the effect of rain water on ordinary constructions. 

During the 'last few years I have been asked to examine a nun- 

ber of reinforced concrete roofs of various ages between 18 and 30 
years which appeared to be in a decidedly alarming state, several 

of them having already undergone partial collapse. 

After eliminating the cases of mere cracking due to the absence 

of shrinkage joints or the use of initially too porous concretes, 

poorly clad reinforcements, exposure to acid smokes or vapours, 

etc., the phenomena found were generally as follows: 

Arched roofs. In certaln parts the concrete has been hollowed 
out, a considerable amount of the mortar having vanished. The rein- 

forecement is attacked, sometimes to the point of being eaten right 

through by rust. The anchorages of tiedbeams at right angles to 

gutters, have in several cases given way for this reason. 



The parts not exposed to the action of the rain, such as the 

abutments which transmit the thrust of the arches at right angles 

to the ridge turrets, are in good condition, as are all the inter- 

ior parts of the buildings. 

However, the uprights and cross members of fagades exposed to 

weathering show hollowed sections and bursts in the concrete due 

to expansion of the oxidized reinforcements. One finds the fami- 

liar whitish lines in the vicinity of the cracks. 

Stepped roofs. Phenomena similar to the above, often aggrava- 

ted by the flatness of the slope, permitting less than normal drain- 

age of water even in the vicinity of the gutters. 

Reticulated structures. Thin squared members, struck on sev- 

eral faces by the rain, as well as the gutters are most dangerously 

attacked. 
All the cases considered have to do with roofs on which there 

has been no maintenance of the initial waterproof coating. 

Actually, the action of rain water is merely a special case 

of the effect of pure water on cement, which was pointed out as 

early as 1896 by Stutzer and which, by 1917, had.attracted the 
attention of a few engineers. Consider, for example, the Portland 

cement pipe laid in 1913 at Vannes which was rapidly disintegrated 

by the granitic water of this region. 

Such events are all the more surprising when it is remembered 

that the same mortars behave quite normally in the presence of 

slightly calcareous water. 
To explain this difference it is assumed that the calcareous 

constituents of the cement which are dissolved or hydrolysed by the 

pure water give, with the bicarbonate of lime found in ordinary 

natural water a carbonative lime which forms In the pores of the 

mortar, sealing them and stopping the attack. 

In the case of rain water, the possibility of carbonation is 

linked to the action OK carbon dioxide, which all water contains 



in quantities that are too small to convert the carbonate into the 

soluble bicarbonate state. 

Thus, the possibility of a concrete or mortar being affected 

by rain water depends on two main factors: 

1. Its density, since it is clear that a cornpact mortar washed 

by the rain will always be less susceptible to change than a porous 

one that can be progressively "leached"; 

2. The conditions of surface carbonation. This becomes the 

more effective, from the point of view of mortar protection, accord- 

ing as it applies to less soluble calcareous compounds, as Le 

Chatelier has pointed out. 

This carbonation, a function of rain water which always con- 

tains a small quantity of free carbon dioxide, possibly borrowed 
from the atmosphere, varies in its processes and circwnstances 

with the climatic conditions, especially with the frequency of the 

rains to which the concrete is subjected during its lifetime. 

The poorer the cements are in lime, the Inore effective will 

be the carbonation. From this point of view, all other things be- 

ing equal, the artificial cements, which have the highest mechani- 

cal strength values, are also the most susceptible to change. 

Pozzuolana, metallurgical and certain aluminum cements are 

among those least susceptible to change. 

It is also true that the longer the concrete is exposed to 

the air before it experiences rain, the better will be its behaviour. 

With regard to reinforced concrete, it should be pointed out 

that the carbonated layer loses its alkalinity and no longer ensures 

the protection of the reinforcements against oxldation. If the 

latter are in a carbonated zone they then tend to becorne oxidized 

and the rusting produces $he familiar swelling which may dislodge 

the concrete. 

To sun up, as the studies of Anstett, Lafuma, Cocagne, etc. 

have established, rain water because of its very purity may be con- 

sidered as an agent that is harmful to reinforced concrete struc- 

turcs, especially roofs and the fasades of buildings exposed to 



the rain. 

In most cases, therefore, in addition to the ordinary pre- 

cautions (shrinkage joints, compact concrete, reinforcements given 

a sufficiently thick coating of concrete, etc.) a durable water- 
proof coating should be applied and should be regularly inspected 

and repaired when necessary. 

Although the slowness with which these phenomena manifest 

themselves generally releases the builders of their ten-year respon- 

sibility, the durability and safety of the structures may be none- 

theless seriously menaced in the course of time. 

Certain organic substances, for exarnple sewer waters, milk, 

whey, mazut, etc., can attaclc concretes. Kinera1 and vegetable 

oils, except for mazut, cider, wine and form01 are relatively harm- 

less. 

In each separate case, the choice of cement and the possible 

means of protection must be studied in detail. 

On an impermeable surface free of craclcs the effect of plants 

generally need not be feared. 

Let us repeat once more: no matter what the substance one 

wishes to protect, rnaxj-m~un density of the concretes must be aimed 

at by means of proper grain-size selection and high compaction. 

(b) Fire. While undoubtedly reinforced concrete behaves 

better than most other materials in the presence of fire, neverthe- 

less its resistance has limits which, although wide, are still im- 

perative. 

Under increasing temperature concretes do in fact progressive- 

ly lose their interstitial water, 

Above approximately 100°C, cernents also begin to love their 

water of crystallization. 

Moreover, the nature of the aggregates plays a dominant role. 

Aggregates made from igneous rock are generally preferable from 

this standpoint to calcareous aggregates. 

Reinforcements generally lose all useful strength in the vici- 

nity of 500 to 6 0 0 ~ ~ .  This temperature range corresponds to the 

initial failures of unclad metal structures. 



In fact, the mechanical strength values of concrete quite 
quickly become modified by any lasting elevation of temperature. 

The tensile strength is more severely affected than the compressive 

strength. 
Certain tests showed the following decreases of compressive 

strength after an exposure of four to five hours of a concrete con- 

sisting of calcareous aggregates: 

At 400°C: 35%; 
At 900°C: 65%. 
With igneous rock aggregates these figures were reduced to 10% 

and 40$, respectively. 

It should be noted that laboratory tests carried out on srnall- 

scale models generally give less favourable results than are en- 

countered in actual fires lasting four to seven hours. The trans- 

mission of the heat to the interior of a structure is of course re- 

tarded by its more massive character compared with the laboratory 

models. 
In relation to the cladding of reinforcements, a thickness of 

20 mrn resisted a temperature of the order of 1000°C for two hours, 

while a thickness of 50 mm resisted for about twice this time. 
In the course of my examinations I have found, for reinforced 

concrete structures of standard design, that if the temperature has 

not exceeded 400°C and the fire has not lasted longer than six to 

seven hours, the structure can be saved with the aid of some local 

repairs or restorations. If the temperature has risen to about 

60o0C the structure, although seriously compromised, will not col- 

lapse as would a metal structure exposed to the same conditions. 

In the vicinity of 800*C and up, rupture may or may not occur, but 

in any case the structure is almost always ruined. 

Among the fires which have resulted in the complete collapse 

of a structure, we may cite the burning of a liquid fuel depot. 

The uprights, which were reinforced with poorly clad rods of large 

diameter, yielded suddenly under the force of the hoses, causing 

the death of several firemen who had placed too much confidence in 

the rcputatlon of reinforced concrete for resistance to fire. 



To sum up, structures which may be subjected to extremely 

high temperatures in the case of fire should, as far as possible 

(in addition to taking other known precautions) be built with ag- 

gregates of igneous rock and the refnforcements should be of small 
diameter, well embedded in the concrete mass. 

(c) Effect of earth tremors. Experience shows that monolithic 

reinforced concrete constructions have definitely higher strength 

in this regard than those in adequately reinforced masonry. 

Generally speaking, tremors with accelerations below 25 mm/sec2 

and a propagation rate of 2 mm/sec are scarcely more dangerous than 

wind stress. 
Above these figures special measures must be considered. 

Unless curves derived from direct local observations are avail- 

able it may be assumed that apart from catastrophic events an accel- 

eration figure of the order of 3000 rnrn/sec2 in the horizontal sense 

with a maximum propagation rate of 250 mrn/sec will serve as a basis. 

Several methods of calculation have been proposed to determine 

the stresses on building frames subjected to these tremors. These 

methods can be found in our principal publications. 

In some countries, notably in Italy, standards have even been 

published. 

In this field it is obvious a priori that the most exhaustive 

theoretical calculations, like the empirical rules, can only give 

us the orders of magnitude which should lead for the sake of cau- 

tion to the adoption of reduced working stresses. 

From the structural point of view it is wise to avoid struc- 

tures of large relative height in relation to the base, as well as 
slender units with poor resistance to torsion, large cantilevers, 

heterogeneous foundations on loose ground, etc. 
The structures must be monolithic, stiffened and wind-braced 

in all directions. 

(d) Electrolytic effects. In certain parts of a structure in 

North Africa close to the sea a considerable decrease of strength 

in the concrete was noted with the presence of ferric salts result- 



ing from the electrolytic decomposition of the reinforcements. 

At right angles to various nodal points in the grids of rods 

the reinforcements had actually disappeared completely and the two 

stumps forming part of the same rod were broken off (~ig. 45). 
The structure was exposed to the action of sea water at high 

tide and the presence of electrolytes in the concrete had apparent- 

ly promoted its decomposition. The origin of this effect appears 

to reside in the attack on the reinforcements. 

Probably the lighting system had not been inspected for many 

years and leaks of current in the presence of moisture were set up 

which promoted this electrolysis. 

5. Miscellaneous 

Buildings with inclined uprights (~ig. 46) 

For the sake of certain technical requirements some builders 

have on occasion employed posts which were more or leas inclined 

from the vertical. 

The inclination of these uprights produces horizontal forces 

on the ties so that special precautions have to be taken in order 

to balance the resulting secondary stresses and especially the 

twisting moments. For. this purpose one may employ strong interior 

partitions, yokes, rigid patterns, etc. 

A mall building in which these precautions were insufficient- 
ly observed collapsed sideways. 

Miscalculations due to flow 

Flow, or the slow deformation of concrete under stress in the 

course of time, the principle of which has only been known for a 

comparatively short tirne and the rilechanlsm of which still requires 

clarification, several years ago resulted in numerous difficulties 

in the use of a nurnber of hankars of large span fitted with sliding 

doors under cantilever roofs. 

The doors had been given insufficient clearance in order to 

talce into account the considerable increase in the deflection of 

the girders in the course of time. They therefore Ja~mncd, making 



t h e  sheds temporari ly  unusable from time t o  tirne. 

Bui lders ,  duly forewarned of t h i s  phenomenon, now allow a 

margin based on. experience and t h e s e  ~ n i s c a l c u l a t i o n s  now occur l e s s  

and l e s s  o f t e n .  

The same a p p l i e s  t o  t h e  deter ininat ion of t h e  i n i t i a l  camber 

t o  be given t o  br idges ,  e s p e c i a l l y  a rches  and bow-strings.  

It i s  only a few Clat tened arches  wi th  keyed j o i n t s  which 

now show an angular  deformation of e a r l y  o r i g i n ,  g iv ing  them a s i m -  
p l y  d i s g r a c e f u l  appearance from f a i l u r e  t o  observe t h i s  precaut ion  

(F ig .  47) . 
I n  c e r t a i n  s t r u c t u r e s  which depend s t r i c t l y  on geometr ical  

shape f o r  t h e i r  s t a b i l i t y ,  flow has  r e s u l t e d  i n  secondary s t r e s s e s  

of a more o r  l e s s  s e r i o u s  c h a r a c t e r ,  and i n  a t  l e a s t  one case  has  

l e d  t o  t h e  co l l apse  of an  unf lu ted  cupola.  

Reinforced concrete  boat h u l l s  

Among t h e  many r i v e r  and sea barges b u i l t  towards t h e  end of 

t h e  F i r s t  World War t h e r e  have been r e l a t i v e l y  few f a i l u r e s  except 

. f o r  c o l l i s i o n s  and shipwrecks. 
We may, however, r e c a l l  t h e  fo l lo t i ing  few examples: (1) t h e  

breakup during opera t ion  of a 45 In Seine barge of r e in fo rced  s l a g  
concre te ,  probably due t o  a l o c a l  q u a l i t y  f a i l u r e  of  t h e  concrete;  

( 2 )  t h e  breaking i n  two i n  t h e  c e n t r e  of a 70 m barge of ord inary  
re in fo rced  concrete  while  i t  was being loaded. This  was due t o  a 

f l a g r a n t  inadequacy of l o n g i t u d i n a l  re inforcements .  During t h e  

inqu i ry  a barge of t h e  same s e r i e s  which had been s e l e c t e d  f o r  

t e s t i n g  broke open i n  t h e  same way and under approximately t h e  same 

load; ( 3 )  cracking due e i t h e r  t o  a n  i n s u f f i c i e n t  number of r e i n -  
forcements t o  r e s i s t  t h e  shear ing  s t r e s s ,  o r  t o  secondary s t r e s s e s  

r e s u l t i n g  from t h e  d i f f e r e n c e s  of l i n e a r  v a r i a t i o n  of t h e  subnerged 

and above-water p a r t s .  

The l a t t e r  danger always r e q u i r e s  e x t r a  reinforcements ,  p a r t i -  

c u l a r l y  so-cal led secondary o r  l i n k i n g  rods .  T r e l l i c e s  o r  s t i r r u p s  

a t  45' i n  both d i r e c t i o n s  have given decidedly b e t t e r  r e s u l t s  i n  

t h i s  r e spec t  than  v e r t i c a l  and h o r i z o n t a l  rods .  



Actually, reinforced concrete boat hulls for which the design- 

ers had taken the trouble to give standard forms have generally 

behaved well from the point of view of their resistance to shocks 

and ease of repair; however their high dead weight considerably 

reduces their popularity in normal times. 

There are still those, however, who advocate them for harbour 

service vessels which have to be ballasted, for example the pon- 

toons of dredges. 

Dangers of certain combinations 

It would seem obvious that if two parts of a structure, each 

of which is stable in itself, are joined positively together then 

the whole structure should be equally stable. However this is not 

always the case. 

Let us consider the example of a shed containing a self-sup- 

porting arch V and a rather high wall plate R designed to with- 
stand only its own weight and that of the weather board (~ig. 49). 

When the two parts V and R were joined together in the execu- 
tion the arch, after removal of the forms, exerted a horizontal 

eccentric force against the beam which caused lateral overturning 

by torsion and then rupture. 

This is the classic problem of associating functional parts 

with poorly harmonized deformations. 

Concrete surfaces of roads and landing strips 

Concrete surfaces of roads and landing strips mey be, depend- 

ing on the requirements, of non-reinforced concrete, reinforced 

concrete, prestressed concrete, poststressed or self-stressing con- 

crete (expansive cements). 

They are subject to a variety of stresses. Apart from the 
effect of the live loads which they must withstand while resting 

on a more or less elastic or plastic soil, they are also subJect 

to shrinkage, variations of ambient temperature, variations in the 

soil moisture content and the atmospheric humidity, direct insola- 

tion, etc. 



The chief known failures are as follov~s: 

(1) breaking as a result of bending or shearing under the 
wheels of vehicles, trucks or aircraft; 

(2) cracking due to shrinkage and thermal variations; 
(3) local heaving during a severe increase of temperature. 
In attempting to guard against the latter two effects at pres- 

ent gaps or joints are provided which divide the surfaces into 

panels of limited dimensions (5 to 15 m), as was done for railway 
tracks until just recently. 

Now, whether it is a question of roads, landing strips or 
railway tracks, expansion joints always present a number of dis- 
advantages, with respect both to the stability of the subsoil and 

to the wear and tear on vehicles and the comfort of passengers. 

The desire to get rid of these joints or at least to reduce 

their numbers no doubt followed closely upon their introduction. 

The welding of streetcar rails, and more recently those of 

railroads are a manifestation of this general tendency. 

In France the S.N.C.F. is welding its rails in 800 m lengths 
and considers that quite apart from savings realized in road main- 
tenance this welding represents an outlay that is absorbed within 
a few years. 

In connection with concrete surfaces this question is only 
just starting to be considered. 

Expansion joints from the point of view of load resistance 

At right angles to a joint (~ig. 50) the local unit pressure 
on the foundat'ion soil on passage of one axle can in certain cases 

attain a value of 4 times the pressure that it undergoes elsewhere. 
This may sometimes produce progressive dislocation of both the sub- 

soil and the surface itself. 
Various devices have been realized or contemplated with a view 

to reducing this effect. 

Dowels (~ig. 51) or steel rods, at least one end of which 
slides freely in a pipe or insulating envelope in order to permit 
the longitudinal free motion of the joints, merely constitute, in 



the vertical direction, a semi-articulation of an often precarious 

functioning. 
The pressure on the soil can often attain as much as twice 

that supported at mid panel (~ig. 50) and the rigidity of the rods 
sometimes produces secondary bending stresses that lead to crack- 

ing. Finally, if the dowels undergo appreciable angular deforma- 

tions, the elastic limit of the metal having been exceeded may re- 

strict the longitudinal linear variations. More or less semi-arti- 

culations can also be realized by other means, notably by mortising 

(Fig. 52).  
Some of the devices have a tendency to produce partial conti- 

nuity while allowing for the free play of the linear variations, 

thereby reducing the effect on the soil of the angular variations 

of the surface at right angles to the joint (~ig. 53). 
Finally, we may mention longitudinal reinforced concrete beams 

underneath the joints (~ig. 54) . 
Any of these types of devices, which may vary in detail, can 

reduce the disadvantages of joints without, however, eliminating 

them altogether. 

Some engineers, on the other hand, believe that w-hile natural 

cracks in a cover impart a bad appearance by reason of their more 

or less irregular shape, in practice they are less troublesome than 

real joints, provided they remain "blind" or are filled by injec- 

tion of a bituminous product in order to keep out the water. 

Surfaces without joints* 

Actually at the present time this involves only the reduction 

of the number of joints rather than their complete elimination, 

which is considered elsewhere. 

Prestressing by means of wires or cables artificially tensioned 

* See  angers of heaving in runways and on railways", as pre- 
sented by Robert Lev1 and Perrin under the guidance of Henry 
Lossier. Report of 25 September, 1947 of the Institut Tech- 
nique du Bstiment et des Travaux Publics. 



with jacks already appears to be giving interesting results. Full- 

scale laboratory tests based on the utilisation of the energy of 

expansive cements, vrhich were started several years ago, are being 

methodically pursued. 
A considerable reduction in the number of joints on load and 

runway surfaces even now appears to be a practical possibility. 
However, time alone will tell what the pathological results may be. 

Calculation of the stresses resulting from the application of 

live loads, from trucks, tanks, or aircraft must take into account 

not only the stiffness of the surfacing material and the coefficient 

of elasticity of the subsoil, but also the dynamic stresses from 

rolling, taking off, landing, etc. 

Various methods of calculation, sometimes very divergent, 

have been proposed. * 
In my opinion only experimental tests can at present be con- 

sidered really satisfactory from the point of view of safety, 

* See "Course in reinforced concretet1, part 2, by Professor 
A. Paris. 



B. EXECUTION 

The chief  mistakes which can be a t t r i b u t e d  t o  the  execution a s  
such of a design a r e  genera l ly  due t o  the  following f a c t o r s :  

q u a l i t y  of the  mater ia ls ;  
preparat ion;  
center ing  o r  falsework; 
form-stripping operat ions.  

1. Qual i ty  of Materials  

The q u a l i t y  of the  reinforcement s t e e l  i s  very r a r e l y  involved 

i n  f a i l u r e s .  Any def ic ienc ies  which o r ig ina t e  i n  the  f ac to ry  may 
indeed reduce the s a f e t y  margin, but a r e  genera l ly  never s u f f i c i e n t  
t o  r e s u l t  i n  rupture  unless  o the r  f a c t o r s  intervene simultaneously. 

The q u a l i t y  of aggregates,  a p a r t  from a lack  of s t reng th ,  can 
only r e s u l t  i n  se r ious  f a i l u r e s  i f  t h e i r  chemical composition i s  
incompatible with t h a t  of the  cement, o r  with the  subterranean 
waters, o r  the  water of mixing. 

Actually, some pebbles o r  gravels  may even have a s l i g h t l y  

lower s t reng th  than t h a t  required f o r  the concrete  without the  
l a t t e r  becoming de f i c i en t ,  because the  pressure  of the  mass around 
these aggregates increases  theLr s t r eng th  i n  the  same way as any 
mul t i -axia l  s t r e s s  a c t i n g  on f r i a b l e  mate r ia l s  w i l l  genera l ly  do. 

This has been discovered e spec i a l l y  i n  Morocco, where the  
q u a l i t y  of aggregates f requen t ly  worries bu i lde rs .  

Cer ta in  porous aggregates a r e  capable of absorbing a s  much as 

one t h i r d  t h e i r  volume i n  water. This should be taken i n t o  account 
when ca l cu l a t i ng  the  amount of water of mixing t o  be used. In a l l  
cases the  aggregates should conta in  no gypsum, mica, coal,  organic 
matter,  e t c .  The content  of c l ay  and f i n e  mate r ia l s  should be l e s s  
than th ree  percent  by weight. The aggregates should be derived 
from i n e r t  rock which have no e f f e c t  on cement and a r e  no t  them- 
se lves  a f fec ted  by water, a i r  o r  f r o s t .  Shales,  f e ldspars  and s o f t  
limestones must no t  be used. 



In general ,  marine sands can be used i f  they a r e  c l ean  and 

conta in  no s h e l l s ,  These produce c e r t a i n  e f f lo rescences ,  b u t  have 

no disadvantage o t h e r  than t h e  poor appearance they Impart. 
The water of mixing may sometimes r e s u l t  i n  mistakes,  bu t  t h i s  

problem i s  so  wel l  known among engineers  t h a t  such occurrences can 

only be acc iden ta l .  I f  such mistakes do occur they a r e  due e i t h e r  

t o  ignorance o r  negligence.  
The water  of mixing, of course,  must n o t  conta in  organic  ma t t e r  

o r  ma te r i a l s  i n  suspension amounting t o  more than  2 g p e r  l i t r e ,  

impur i t i e s  i n  s o l u t i o n  t o  more than 15 g p e r  l i t r e ,  and must not  be 

contaminated by i n d u s t r i a l  waste. 
The most important f a c t o r  is  the  q u a l i t y  of t h e  cements. 

In normal t imes t h e  cement manufacturers enjoy the  advantage 

over  most o t h e r  i n d u s t r i a l i s t s  of having p r a c t i c a l l y  no f o r e i g n  

competition, l a r g e l y  because of t h e  high c o s t  of t r a n s p o r t i n g  t h i s  
heavy mate r i a l .  I n t e r n a l  competit ion,  moreover, i s  a t  p r e s e n t  

g r e a t l y  r e s t r i c t e d  by the  tendency of demand t o  exceed supply. 

Under these  condi t ions  it is  only n a t u r a l  f o r  manufacturers,  

'urged on by both pub l i c  and p r i v a t e  c l i e n t s ,  t o  concent ra te  on 

inc reas ing  t h e i r  output  r a t h e r  than improving t h e  q u a l i t y  of t h e i r  

cements, 

Another f a c t o r  which has a d e f i n i t e l y  unfavourable e f f e c t  on 

c e r t a i n  concrete  cons t ruc t ion  work i s  t h e  excessive importance 

a t t r i b u t e d  t o  b inders  of high i n i t i a l  s t r eng th .  

There a r e  of course many cases  i n  which r a p i d  hardening may 

be advantageous, by pe rmi t t ing  an e a r l y  removal of forms, bu t  t h i s  

advantage i s  sometimes more than o f f s e t  by t h e  t r o u b l e s  r e s u l t i n g  

from t h i s  property.  
While rnost of these  products  a r e  t r u e  rapid-hardening cements, 

occas ional ly  an except ion i s  encountered, 
If speed of hardening i s  a t t a i n e d  merely by f i n e r  g r ind ing  of 

ma te r i a l s  c a r e f u l l y  s o r t e d  and mixed, g r e a t e r  shr inkage may indeed 

occur, bu t  w i l l  gene ra l ly  remain wi th in  very acceptable  l i m i t s .  
However, the  use of c e r t a i n  a d d i t i v e s  which promote i n i t i a l  harden- 

i n g  l e s s  expensively cannot always ensure the  constancy of the  



r e s u l t s  obtained over a per iod  of time. It may a l s o  have an 

unfavourable e f f e c t  on shrinkage. 
Calcium chlor ide ,  i n  p a r t i c u l a r ,  s t r ong ly  inc reases  the  com- 

p ress ive  s t r eng th  a f t e r  7  and 28 days, but  s ca r ce ly  a l t e r s  t he  f i n a l  

s t r eng th  values.  An add i t ion  of 1.75$ by weight of cement of t h i s  

product may double the  a i r  shrinkage; an add i t ion  of 5$ can inc rease  

i t  by as rnuch a.s t en  t imes.  
Now, one of t he  g r e a t e s t  f e a r s  of bu i l de r s  who employ r e in -  

forced concrete  i s  the  f e a r  of cracking. A crack i n  i t s e l f ,  
however, has never k i l l e d  anyone. It is  only dangerous, i n  f a c t ,  
i n  two main cases :  (1) i f  it i s  wide enough t o  al low t h e  oxidat ion  

of the  reinforcement; ( 2 )  i f  i t  i s  not  t r aversed  t y  rods capable of 
r e s i s t i n g  by themselves a l l  the  t e n s i l e  s t r e s s e s .  

In most cu r ren t  cases oxldat ion  of t h e  metal does not  occur, 
except i n  the  presence of aggressive gases o r  vapours, un less  t h e  
width of the  crack exceeds 0.5 rnm a t  the  surface .  Below t h i s  
f i g u r e  cracks genera l ly  end before they  reach t he  reinforcements,  

However, cracking is  never a favourable phenomenon and s ince ,  
s u p e r f i c i a l l y  a t  l e a s t ,  it i s  a cause of anx ie ty  t o  the  u s e r  of a 
s t r uc tu r e ,  t he  bu i l de r s  a r e  co r r ec t  i n  at tempting t o  avoid it. The 
cracking of the  'cement w i l l  be reduced: ( 1 )  according as i t s  

t e n s i l e  s t r eng th  i s  g rea te r ,  o r  more accura te ly ,  as i t s  r a t i o  of 
t e n s i l e  t o  compressive s t r e s s ,  an index of i ts  f r i a b i l i t y ,  i s  

higher;  ( 2 )  t he  smal ler  i t s  normal shrinkage; (3 )  the  l e s s  i n t ense  
i t s  temperature r i s e ,  e s p e c i a l l y  dur ing  the  s tar t  of hydrat ion.  
The l a t t e r  app l i e s  p a r t i c u l a r l y  t o  l a rge  masses. 

The r a t i o  of t e n s i l e  t o  compressive s t r eng th  i s  genera l ly  

smal ler  f o r  high e a r l y  cements than f o r  t he  o the r s ,  and t h e i r  
shrinkage i s  almost alwzys g r ea t e r .  Hence the  systemmetic search 
f o r  cements of high i n i t i a l  s t r eng th ,  which may be j u s t i f i e d  i n  
except ional  cases,  i s  never the less  f r equen t ly  an e r r o r  f o r  most 
cu r ren t  re inforced concrete  s t r u c t u r e s .  It i s  b e t t e r  t o  be content  
with b inders  t h a t  merely assure  the  compressive s t r eng th  taken i n t o  
account i n  t he  ca lcu la t ions ,  while g iv ing  the  b e s t  r e s u l t s  as far as 



t e n s i l e  s t r eng th  is  concerned with the  minimum shrinkage and 

temperature r i s e .  

A cement of high t e n s i l e  s t r eng th  v r I 1 1  allnost always show good 

compressive s t r eng th  as well, bu t  the  reverse  of t h i s  s tatement  

does not hold. 

The crushing of c l i nke r s  a t  an excessive temperature, and too  

sho r t  a s torage  time i n  c e r t a i n  p l an t s  i n  which s to rage  capaci ty  i s  

sca rce ly  adequate f o r  the normal d a i l y  production, may be the  under- 

ly ing  cause o f  c e r t a i n  mistakes. It i s  being Inves t iga ted  a t  the  

present  time whether, s i d e  by s i d e  no doubt with o the r  f a c to r s ,  t h i s  

inadequacy is not  instrumental  i n  producing In tens ive  shrinkage and 
11 t h e  phenomena of f a l s e  s e t t i ng ' '  which a r e  sometimes encountered i n  

some contemporary cements. Kowever t h a t  may be, t he  q u a l i t y  of 

c e r t a l n  binders  appears t o  be p a r t l y  responsib le ,  a t  l e a s t ,  f o r  t h e  
excessive shrinkage and cracking which sonietinles r e s u l t s  e i t h e r  i n  

t he  temporary i n t e r rup t i on  of t he  use of c e r t a i n  s t r u c t u r e s  showing 

anomalies from t h i s  po in t  of view u n t i l  a complete eramination can 

be ca r r i ed  out ,  o r  t he  breakage of g l a s s  elements ernbedded i n  r e i n -  

' forced concrete  arches o r  o the r  s t r u c t u r a l  p a r t s ,  e t c .  

Among the  unexpected phenomena encountered dur ing  the  p a s t  few 

years  i n  the  course of s t r u c t u r a l  t e s t s  we may mention here t h a t  of 

r e s i d u a l  de f l e c t i ons  of a decidedly abnormal na ture  a f t e r  removal 

of the  load f o r  the  f i r s t  time. In s eve ra l  cases  a l l  t h a t  has been 

needed has been the  successive app l i c a t i on  and removal of the  load 

s eve ra l  times i n  o rde r  t o  make the  s t r u c t u r e  funct ion  normally 

again.  With respec t  t o  the  i nc iden t s  produced by c e r t a i n  aluminous 

cements, which have been d e a l t  with by various authors  elsewhere, I 

s h a l l  confine myself t o  po in t ing  out  t h a t  t he  s t r u c t u r e s  executed 
according t o  my plans  with a water-jacket manufactured alumina 

cement have never r e su l t ed  i n  any rniscalculatlon. Such s t r u c t u r e s  

include n m y  p i l e s  dr iven i n t o  sulphated t e r r a i n s  o r  i n t o  t he  sea,  

the  Lucien-Saint br idge in Tunisia ,  a bow-string of 92 m span with 

r e t i c u l a t e d  arch,  which f o r  more than 20 years  has he ld  the  world 

span record f o r  s t r u c t u r e s  of t h i s  category. 



The mistakes which I have had t o  d e a l  with i n  my capac i ty  as 
an exper t  have always involved aluminous cements produced by o t h e r  

methods. This i s  a simple f a c t  from which I s h a l l  take care  t o  draw 

no conclusions which would no t  be wi th in  my competence, 

To awn up, I cannot emphasize too  s t r ong ly  the  nece s s i t y  f o r  

bu i l de r s  i n  re inforced concrete  t o  v e r i f y  t he  q u a l i t y  of t he  cements 
de l ive red  t o  them as far as pos s ib l e  before us ing  them, t ak ing  

s p e c i a l  care  t o  ensure t h a t  (1) the  t e n s i l e  s t r eng th  is uy, t o  
s tandard;  ( 2 )  the  shrinkage i s  normal; ( 3  ) t h e r e  is  no danger of 
" f a l s e  s e t t i ng" ;  ( 4 )  t he r e  i s  no excessive heat ing.  There a r e  r ap id  

and simple methods f o r  making t h i s  v e r i f i c a t i o n  which can be c a r r i e d  

out  on any bu i ld ing  s i t e ,  
It should a l s o  be borne i n  mind t h a t  when a f a i l u r e  i s  due t o  

a cement it is  o f t en  almost impossible f o r  t he  bu i l de r  t o  f u r n i s h  

an absolu te  proof of t h i s  a p o s t e r i o r i .  Too many f a c t o r s  of produc- 

t ion ,  conservat ion and p repara t ion  can be invoked by t he  s u p p l i e r  

i n  order  t o  c a s t  doubt on t he  content ion.  

In a l l  circumstances the  q u a l i t y  of a cement must always be 

v e r i f i e d  before it i s  used. 

Some add i t ives ,  such as p l a s t i c i z e r s ,  a i r  en t r a ine r s ,  e t c . ,  do 

not  always reac t '  i n  exac t l y  the  same way i n  t h e  presence of cements 
of d i f f e r e n t  qua l i t y .  Thus i n  case of doubt it i s  wise t o  c a r r y  
out  2re l iminary  t e s t s  of s u f f i c i e n t l y  long dura t ion  under condi t ions  

s imula t ing  t h e i r  p r a c t i c a l  u t i l i z a t i o n .  

2. Prepara t ion  

Even with exce l l en t  ma te r i a l s  a con t r ac to r  c a n , s t i l l  make 

poor concre t e e  

Gradation of the  aggregates  

The gradat ion  of aggregates  has long been a sub j ec t  of numerous 

cont rovers ies ,  and s t i l l  remains so ,  
One of t he  most d isputed  problems, of course,  i s  t h a t  of a 

choice between a continuous and a discontinuous gradat ion.  In f a c t ,  

too many authors  have been armchair g r ada t i on i s t s .  The assumption 



made by some a t  the ou t s e t  t h a t  the  aggregates a r e  spheres  o r  cubes 

of given dimensions, whence the  propor t ions  t o  be employed i n  o rde r  

t o  r e a l i z e  c e r t a i n  condi t ions  a r e  deduced, i s  i nco r r ec t  f o r  the  

very simple reason t h a t  i n  r e a l i t y  these  aggregates have random 

shapes. 

There a r e  l i m i t s  t o  the  reduct ion of the  propor t ion  of voids, 

f o r  with a proport ion equal t o  zero t he  absence of cement would 

r e s u l t  i n  the  disappearance of a l l  s t r eng th .  In f a c t ,  i n  every 

ind iv idua l  case, except where rocks a r e  being crushed, one is  con- 

f ronted  with aggregates  determined by the  l o c a l  resources which 

must then be used under the  b e s t  poss ib le  condit ions,  t ak ing  i n t o  

account the cross-se'ction, the  dixnensions and arrangements of the  

reinforcements i n  the concrete s t r u c t u r a l  p a r t s  t o  be executed. 

Some gradat ions  which give exce l l en t  compressive s t r eng th  i n  

t he  laboratory,  and which a r e  exce l l en t l y  s u i t e d  t o  unreinforced 

concrete  s t r u c t u r e s  such as dams and road surfaces ,  a r e  of l i t t l e  

use f o r  re inforced p a r t s  because they give concretes  t h a t  a r e  

d i f f i c u l t  t o  work and which do no t  envelop t he  reinforcements 

' e f f e c t i v e l y .  

The value of t h e  reference  curves recommended by c e r t a i n  exper- 

imenters i s  i n  general  l imi ted  t o  cases similar t o  those contem- 

p la ted .  In o the r  czses  they can only be considered as s t a r t i n g  

po in t s  from which add i t i ona l  con t ro l  experiments must be undertaken 

In one d i r e c t i o n  o r  another .  

To sum up, the  s tudy of gradat ion  i s  above a l l  an a r t  of 

adapta t ion  on the  spot ,  and each case niust be considered separa te ly ,  

approaching as f a r  as poss ib le  the  a c t u a l  condi t ions  of the  

s t r uc tu r e ,  expec ia l ly  as f a r  as t he  workabi l i ty  of the  concrete  i s  

concerned. 

The g r a d a t i o ~ l  must r e s u l t  i n  simple r u l e s  t h a t  can be e a s i l y  

understood and appl ied  by a good bu i ld ing  foreman, s ince  i t  
f requen t ly  happens t h a t  supply d i f f i c u l t i e s  n e c e s s i t a t e  a change of 

aggregates and hence of mix propor t ions  i n  the  course of opera t ions .  



The mixing water 

The adverse e f f e c t s  of an excess of mixing water on t he  

shrinkage and the  i n i t i a l  s t r eng th  values a r e  too well  known t o  

requ l re  comment. The e f f e c t  of the  chenlical composition of the  
water is  equal ly  well  lcnorfim. 

Compact ion 

Compaction produced by v ib ra t ion  o r  i n t e r n a l  v ib r a t i on  can 

give exce l l en t  r e s u l t s ,  but  only i n  the hands of h ighly  s k i l l e d  
opera tors .  When badly applied these procedures o f t en  lead t o  very 

d a g e r o u s  segregat ion phenomena. In seve ra l  cases we have had t o  
des t roy completely s t r u c t u r a l  p a r t s  t h a t  had been vibra ted  o r  
i n t e r n a l l y  v ibra ted  indiscr iminate ly  . With con t rac to rs  who had not  
had experience i n  the  use of these methods i t  is o f t en  p re fe rab le  

t o  employ ordinary  compaction without the  a i d  of machinery, 

3. Centering o r  Falsework 

These u n i t s  must be both s t rong  and r i g i d ,  a s  ind ica ted  above. 

In  r i v e r s  o r  streams where the  f loods  a r e  in tense ,  s p e c i a l  care  has 
t o  be taken t o  p ro t ec t  the p i e r s  aga ins t  undermining and t he  a c t i o n  

of f l oa t i ng  mater ia ls .  
I n  some regions the  f lood waters c a r ry  branches, vines and 

grasses  which can transform a  falsework, i f  i t s  submerged p a r t s  a r e  
too c lose  together ,  i n t o  a v e r i t a b l e  dam which then prevents  any 
f r e e  flow of the  water. 

It i s  wise, the re fore ,  t o  reduce the  number of p i e r s  below t h e  
high-water l e v e l  t o  a minimum and t o  s h i e l d  them with a f ac ing  of 

smooth panels  t o  vrliich the  f l o a t i n g  mate r ia l s  cannot c l ing .  

In  some regions,  e spec i a l l y  i n  North America, s eve ra l  cen te r -  
i n g ~  have been ca r r i ed  o f f  by f loods f o r  the  reasons described 
above. 

There a r e  a number of devices f o r  g e t t i n g  r i d  of a l l  temporary 
supports  i n  midstream. The most important ones a r e  as follows: 



By cas t ing ,  i . e .  by cons t ruc t ing  t h e  e n t i r e  s t r u c t u r e  a t  once 

o r  i n  u n i t s  a s  an extens ion  of i t s  f i n a l  p o s i t i o n i n g  then pushing 

o r  p u l l i n g  it ac ross  t h e  requi red  spans using, i f  necessary,  remov- 

a b l e  downstream cutwaters  and b a l l a s t i n g  devices .  In  c e r t a i n  cases  

a f l o a t i n g  equipment can be used e i t h e r  f o r  p lac ing  t h e  p r e f a b r i -  

ca ted  u n i t s  o r  f o r  s e t t i n g  up a falsework supported only on end 

p i e r s  and abutments. 
By us ing  a movable falsework assembled on one bank and then 

put  i n  p lace  by c a s t i n g  above t h e  f i r s t  span, us ing  t h e  abutment of 

t h e  neighbouring p i l e  f o r  support .  The formwork i s  then suspended 

from the  falsework. Af te r  hardening and s t r i p p i n g  t h e  f i r s t  span 

of the  deck t h e  l a t t e r  is  used as a c a s t i n g  bed , the  movable f a l s e -  

work is  thrown over the  second span, and s o  on ( ~ i ~ .  56). 
By can t i l eve r ing ,  a rnethod which c o n s i s t s  i n  us ing  t h e  p a r t s  

a l r eady  b u i l t  t o  support  a movable appara tus  having a c a n t i l e v e r  

which can be used as a pla t form f o r  the  execut ion of subsequent 

s t ages  ( ~ i g .  57) .  

4. F'orm-S t r i p p i n g  Operations 

This  opera t ion  under l i e s  t h e  g r e a t  ma jo r i ty  of known r e i n -  

forced concrete  acc idents ,  accounting f o r  from 60 t o  9 6  of them, 

depending on the  countlry. 

Severa l  main e r r o r s  should be borne i n  mind. F i r s t  of a l l  t h e  

form may no t  have s u f f i c i e n t  r i g i d i t y  and t h e  s t r u c t u r e  w i l l  acqui re  

i t s  deformation dur ing  concret ing;  t h i s  may dangerously modify i t s  

s t a t i c  equi l ibr ium. A notable  case of t h i s  occurred with a roof on 

which the  curved g i r d e r s  overturned a wall on which they were 

supported so  t h a t  when the  c e n t e r i n g  w a s  removed t h e  w a l l  broke and 

the  whole s t r u c t u r e  col lapsed  ( ~ i g .  58). 
The same th ing  happened i n  a t h i n  arch  the  cen t re  l i n e  of 

which had been deformed as a r e s u l t  of poor formwork and d i f f e r e d  

considerably from the  designed t h e o r e t i c a l  curve. This  produced 

unforeseen bending moments and the  s t r u c t u r e  broke. The shores  

were e i t h e r  lowered o r  r a i s e d  i n d i s c r i m i n a t e l y  and t h i s  r e s u l t e d  i n  



instantaneous secondary s t r e s s e s  f o r  which the  s t r u c t u r e  had n o t  

been designed. 
In  t h e  case of  coin~aratLvely very f l e x i b l e  s t ruc tur les ,  f o r  

example can t i l eve red  ones, i t  is  c s s e n t i a l  t o  have an exact  

programnle of cen t re  s t r i p p i n g  so  t h a t  a t  a l l  t imes t h e  r e a c t i o n  of 

a l l  the  supports  i s  i n  harmony with the  progress ive  deformations,  

Fig.  59 shows the  roof of the  Stade dtHonneur of Casablanca 

with 34 m overhang. In  the  course of cen t re  s t r i p p i n g  t h e  e l a s t i c  

r i s e s  var ied  from 0 t o  160 nun. The falsework w a s  removed before  

the  concrete  had hardened s u f f i c i e n t l y .  

Thus i t  i s  a mat ter  of elementary caut ion  always t o  proceed 

as fol lows even i n  the  main p a r t s  of a s t r u c t u r e :  

( a )  Before re~noving the  falsework check t h e  s t r e n g t h  of the  

concrete  on the  on-s i t e  c o n t r o l  specimens. 

( b )  Make su re  t h a t  t h e r e  i s  no anomaly i n  the  s t r u c t u r e ,  o r  

cracks o r  abnormal deformations i n  the  formwork, e t c .  

( c )  Af ter  condi t ions  ( a )  and ( b )  have been met t h e  c e n t e r i n g  

o r  the  shore heads should be lowered only about 1 t o  3 cn below t h e  

re inforced  concrete ,  where they  w i l l  be l e f t  i n  p lace  s o  t h a t  they 

can support  the  weight of the  s t r u c t u r e  should the  l a t t e r  y i e l d  f o r  

any reason. 

The so-ca l led  " s a w  cu t"  method, which c o n s i s t s  i n  notching 

e i t h e r  a hollowed-out key o r  the  top  o r  bottom of the  shores  so  a s  

t o  b r ing  about t h e i r  gradual  f a i l u r e ,  may give good r e s u l t s  pro- 

vided i t  i s  c a r r i e d  out  sys temat ica l ly  ( ~ i ~ .  60, a and b) .  

( d )  If no unfavourable circumstances a r e  noted a f t e r  twelve 
t o  fo r ty -e igh t  hours, depending on t h e  ind iv idua l  case,  the  

cen te r ing  o r  falsework can be removed with f u l l  confidence.  



C. VENEERS ON REINFORCED CONCRETE 

Various f a i l u r e s  a r e  due t o  d i f ferences  of thermal expansion 
o r  of shrinkage between reinforced concrete w a l l s  and t h e i r  
veneers, espec ia l ly  the following: pavings without s u f f i c i e n t  
jo in t s  have l i f t e d  off  due t o  the  compression s t r e s s e s  produced by 
the shrinkage of reinforced concrete f loors .  

In s t ruc tu re s  which undergo considerable temperature varia-  
t i ons  f i r e d  c lay  veneers have been loosened. These veneers 
general ly have a much lower coe f f i c i en t  of thermal expansion than 
concrete and a considerably higher coe f f i c i en t  of e l a s t i c i t y ,  so  
t h a t  any change in temperature, even i f  uniform f o r  both mater ia ls ,  
produces, i n  e f f ec t ,  shearing s t r e s s e s  allowing t h e i r  plane of 
contact  t o  which may be added o ther  s t r e s s e s  o r ig ina t ing  from the  
hardening shrinkage of the concrete (Fig. 61). 

In such cases the veneers should be applied with extremely 
adhesive products, o r  they should be furnished with dowels o r  
o ther  anchoring devices extending i n t o  the concrete ( s t a i n l e s s  
s t e e l  wires, e tc .  ). 



D. CRACKS 

A crack i s  almost always the  cause of anxiety,  at  l e a s t  

temporarily, f o r  the con t rac to r .  Moreover, the  inadequately docu- 

mented opinions of exper t s  from time t o  time brought t e chn i ca l  and 

l e g a l  consequences out  of a l l  propor t ion  with t he  t r u e  import of 

the  f a c t s ,  which s t i l l  f u r t h e r  inc reases  the  f e a r s  of bu i l de r s  i n  

t he  presence of cracking above and beyond any a c t u a l  t e chn i ca l  

danger. 

In designing i n  re in fo rced  concrete  one should normally 

a b s t r a c t  the  t e n s i l e  s t r eng th  of t he  concrete  i n  a l l  p a r t s  where 

cracks a r e  l i k e l y  t o  occur. I f  these  appear the  s t r u c t u r e  is  simply 

r e a l i z i n g  t he  hypotheses made by i t s  designer .  S t r i c t l y  speaking, 

no acc ident  i s  involved here.  

In p r i nc ip l e ,  a crack i s  only dangerous i n  t he  fol lowing two 

cases:  ( 1 )  i f  i t  i s  wide enough t o  permit oxidat ion  of the  r e in -  

forcements; ( 2 )  i f  i t  i s  not  crossed by rods capable of r e s i s t i n g ,  

by themselves, a l l  t he  t e n s i l e  s t r e s s e s  imposed on it i n  i t s  plane. 

In most c r s e s  oxidat ion  of t he  metals s ca r ce ly  ever  occurs i n  

the  absence of aggressive gases o r  vapours un less  the  width of the  

crack a t  the  su r face  exceeds 0.5 mn. Below t h i s  f i g u r e  t he  cracks 

usua l ly  end before reaching; t he  reinforcement.  

In case of doubt the re  a r e  var ious  methods of measuring t he  

e f f e c t i v e  depth of a craclc, e s p e c i a l l y  t he  following: (1) An 

a lcoho l ic  so lu t i on  of phenol ph tha le in  i s  i n j ec t ed  with a Pravaz 

syr inge  i n t o  the  crack. This so lu t i on  has very low sur face  t ens ion  

and a c t s  as a colour  reagent  i n  a l l c a l i ~ e  medium. It tu rn s  pink on 

contac t  with f rcs l i ly  broken concrete .  ( 2 )  The tendency of sound t o  

t o  propagate i n  a s t r a i g h t  l i n e  is  employed t o  f i n d  t he  s h o r t e s t  

rou te  from a t r a n s m i t t e r  t o  a r ece ive r  i n  a homogeneous mate r i a l .  

Fig.  62 shows t h a t  i f  we know the  v e l o c i t y  of sound i n  the  hea l thy  

ma te r i a l  a measurement made i n  t he  cracked region w i l l  immediately 

e s t a b l i s h  the  depth of the  crack with t he  a i d  of an elementary 

geometrical cons t ruc t ion .  I n  a composite mater ia l ,  of course, a 
more r e f i ned  i n t e r p r e t a t i o n  i s  needed. Cer ta in  l a b o r a t o r i e s  i n  

France s p e c i a l i z e  i n  measurements of t h i s  kind. 



E . FQUNDATIONS 

Leaving a s i d e  the  problem of r e in fo rced  concre te  as such, t h e  
chapter  on foundations i s  perhaps t h e  most important one from t h e  

p o i n t  of view of pathology. 
U n t i l  t h e  last  century  the  number of d i f f e r e n t  types  of founda- 

t i o n s  was very l i m i t e d  and they  were genera l ly  designed by exper i -  
enced s p e c i a l i s t s  who had long been familiar wi th  the  regions  i n  
which they  were working. Accidents, t h e r e f o r e ,  appeared t o  be 
comparatively r a r e .  It i s  poss ib le ,  however, t h a t  they  were merely 
l e s s  adver t i sed  s ince ,  a l though every acc iden t  is  extremely 
i n s t r u c t i v e  t o  anyone who knows how t o  i n t e r p r e t  it, t h e r e  is  never  
any urge on t h e  p a r t  of the  person respons ib le  f o r  i t  t o  t a l k  about 
it, and t h i s  may exp la in  c e r t a i n  gaps i n  our  information.  

It i s  unfor tunate  t h a t  t h e  c u r i o s i t y  which people o f t e n  show 
f o r  th ings  t h a t  do not  concern them i s  n o t  always exerc ised  where 
a r c h i t e c t s  and engineers  a r e  concerned i n  connection w i t h  foundat ion 
s o i l s .  In f a c t ,  a considerable  propor t ion  of t h e  misca lcu la t ions  
t h a t  do occur a r e  the  r e s u l t s  of inexcusable  ignorance about t h e  
p r e c i s e  na tu re  of t h e  s o i l  and s u b s o i l  on which t h e  s t r u c t u r e  is  t o  
be supported. 

During one of my inspect ions ,  f o r  example, I was s u r p r i s e d  t o  
see  t h e  Court exper t ,  a l though he enjoyed a c e r t a i n  fame, poke i n t o  
a p iece  of ground t h a t  he w a s  observing f o r  t h e  f irst  time wi th  h i s  
cane and d e c l a r e  with a u t h o r i t y  t h a t  " t h i s  s o i l  w i l l  support  a load 
of 4 kg p e r  cm2 with p e r f e c t  sa fe ty t ' .  On d igging  t h e  excavat ion I 
discovered t h a t  the  ground i n  quest ion,  150 m f u r t h e r  d o ~ ~ n ,  w a s  

r e s t i n g  on a s i l t y  l a y e r  s e v e r a l  n e t r e s  t h i c k  kIith0ut f i rmness.  
Many o t h e r  i n c i d e n t s  of a similar na tu re  could be c i t e d .  

Unless he lmows the  ground completely no engineer  can r i g h t l y  

judge of a foundat ion before he has  taken a s u f f i c i c n t  number of 
borings t o  an adequate depth.  

Perhaps i t  is  because t h e  s o i l  i s  n o t  t r ansparen t ,  a 

psychologis t  once s a i d ,  t h a t  too  m a y  engineers  have t h e  wrong i d e a  
about foundation problems and a r e  thus l ed  d i r e c t l y  i n t o  e r r o r s  



t h a t  a r e  o f t e n  d i f f i c u l t  t o  co r rec t .  

Above ground i t  may be poss ib le ,  given due caut ion  and common 

sense,  t o  indulge i n  c e r t a i n  cons t ruc t iona l  a c r o b a t i c s  without 

s e r i o u s  danger. 111th foundat ions,  however, t h e r e  a r e  genera l ly  too  

many unknovms and the  r i s k s  a r e  too  g r e a t  t o  j u s t i f y  any such 

audaci ty.  
We s h a l l  now cons ider  a few t y p i c a l  exmples of acc iden t s  

which could have been prevented. 

1. Surface Foundations 

This i s  t h e  des ignat ion  we give t o  shallow foundat ions 

genera l ly .  

Illhen t h e  ground i s  s t a b l e  t h e  ques t ion  of the  permiss ib le  

pressure  can be s e t t l e d  simply by a d i r e c t  loading t e s t .  It o f t e n  
happens, however, t h a t  a top l a y e r  of f i r m  ground i t s e l f  r e s t s  on 

one of lower s t r eng th .  A l o c a l  t e s t  w i l l  no t  always d i s c l o s e  t h e  

danger because the t e s t  load i s  then  d i s t r i b u t e d  by t h e  top  l a y e r  

over a l a r g e r  a r e a  of t h e  subjacent  l a y e r .  21 o t h e r  words i t s  
i n t e n s i t y  i s  no t  as g r e a t  as t h a t  v~hich w i l l  r e s u l t  from the  s t r u c -  

t u r e  i t s e l f .  Therefore,  bor ing  i s  always necessary,  even on ground 

which the  b u i l d e r  p ro fesses  t o  know !.?ell, because t h e  na tu re  of 

t h e  s u b s o i l  may vary from p lace  t o  p lace .  

O u r  foundation s o i l  l a b o r a t o r i e s  a r e  now a b l e  t o  determine 

with s u f f i c i e n t  accuracy, on t h e  b a s i s  of s u i t a b l e  samples, t h e  

time e f f e c t  and o rde r  of magnitude of t h e  s o i l  s e t t l ement s  t h a t  can 

be expected now and even i n  the  f u t u r e ,  f o r  t h e r e  a r e  of course 

se t t l ement s  which beco~ne s t a b i l i z e d  only a f t e r  s e v e r a l  years .  

Now, the  danger from se t t l ement s  de r ives  above a l l  from t h e  

f a c t  t h a t  they have n o t  been foreseen.  In c e r t a i n  regions,  
e s p e c i a l l y  i n  North Afr ica,  it i s  f r e q u e n t l y  necessary t o  b u i l d  

su r face  foundations on compressible o r  non-s tabi l ized  s o i l s  because 

the  very s t rong  l a y e r s  a r e  inaccess ib le  by normal foundat ion 

methods. These condi t ions  can be d e a l t  with i n  var ious  ways. For 

a l a r g e  bu i ld ing  i n  Tunisia ,  f o r  exaiilple, a ba.ser11ent ca isson  was 



f i rs t  provided, pe rmi t t ing  the  removal of a weight of ground equal  

t o  t h a t  of t h e  bu i ld ing  and with the  same cen t re  of g r av i t y  so  as 
not  t o  modify the  genera l  equi l ibr ium of the  subso i l .  However, as 
heave of t h i s  hollow base l aye r  could s t i l l  take  p lace  i n  t he  
course of cons t ruc t ion ,  sandbags were furnished and used on s e v e r a l  
occasions as a b a l l a s t  which could be moved as requi red .  

It may be s t a t e d  emphatical ly t h a t  l a rge  sett1er:lents of the  
order  of one metre a r e  e n t i r e l y  poss ib le  on c e r t a i n  ground. 

When we were obliged t o  pu t  i n  t h e  foundation of t he  O.C.P. on 

a t e r r a c e  i n  Casablanca which had j u s t  been f i n i shed  and w a s  no t  
s t a b i l i z e d ,  we adopted two devices:  

( a )  We b u i l t  t h e  half-sunk r e p a i r  g a l l e r i e s  of s h o r t  r e in fo rced  
concrete  s ec t i ons  joined together  by s p e c i a l  j o i n t s  which would 
guarantee both s t r eng th  and impermeability under q u i t e  high angular  
deformations ( ~ i g .  63).  

( b )  We f i t t e d  the foundations of t h e  supply tower with a l e v e r  

a r m  by means of which t he  tower could be s t r a igh tened  up as requi red  
with the  a i d  of screw jacks ( ~ i . g .  64).  

The ground s e t t l e n e n t s  a c t u a l l y  d i d  show d i f f e r e n t i a l  sub- 
s i d ince s  exceeding 1 m, without causing any d i f f i c u l t y .  

In s eve ra l  i n s t a l l a t i o n s  we have employed pos t s  t h a t  a r e  
f r e e l y  a r t i c u l a t e d  a t  the  base i n  re inforced concrete  boxes i n t e -  
gra ted  i n t o  t he  foundation s o i l .  Very simple jacking devices a r e  
used as requi red  u n t i l  t h e  movements a r e  p r a c t i c a l l y  s t a b i l i z e d .  

This w a s  done with a quay cover a t  Sfax, t he  var ious  p a r t s  of 
which could undergo a mutual displacement without producing 
secondary s t r e s s e s  ( ~ i g .  65). 

A p a r t i c u l a r l y  complex case is  t h a t  of an i n s t a l l a t i o n  i n  a 
western por t .  The ground here  cons is ted  of a top l aye r  of f i l l  

under la in  by a thiclc l aye r  of s i l t  which is  sub j ec t  not  only t o  
l a rge  se t t lements  bu t  a l s o  t o  ho r i zon t a l  displacements due t o  r i v e r  
dredging operat ions,  n e c e s s i t a t i n g  con t ro l s  i n  both d i r ec t i ons .  
The l a t t e r  a r e  r e a l i z e d  by providing adequate p lay  f o r  the  bases of 
t he  pos t s  i n  boxes of the  type described above. When t h i s  ground 

had t o  support  a considerable load f o r  t he  f i r s t  time, t he  s i l t y  



l aye r ,  compressed between t h e  f i l l  and the  f i r m  s o i l ,  poured i n t o  
t h e  r i v e r  and broke t h e  r e in fo rced  concrete  p i l e s  of a loading  
platform. The s i l t  had t o  be dredged out,  t he  bed of t h e  quay had 

t o  be r e c o n s t i t u t e d  with sand and then  t h e  p la t form was r e b u i l t  
with t h i n  p i l e s  dr iven  i n t o  t h e  f i r m  s o i l  i n  case t h e  phenomenon 
should occur again a t  a g r e a t e r  d i s t ance .  

For contemporary bui ld ings ,  whether r e s i d e n t i a l  o r  i n d u s t r i a l ,  

t h e  compress ib i l i ty  of t h e  foundation s o i l  is  no obs tac le  t o  t h e i r  
e rec t ion .  It i s  merely an a d d i t i o n a l  datum of t h e  problem t o  be 
solved and should be taken i n t o  account p a r t i c u l a r l y  by observing 

t h e  fol lowing genera l  measures: 
( a )  A s  i nd ica ted  above, i f  p o s s i b l e  excavate ( c e l l a r )  a 

q u a n t i t y  of e a r t h  weighing approximztely t h e  same as t h a t  of t h e  
bu i ld ing  with the  c e n t r e  of g r a v i t y  s i t u a t e d  a long t h e  same 
v e r t i c a l  l i n e  s o  as n o t  t o  modify t h e  equi l ibr ium of the  s u b s o i l ,  

( b )  The i n i t i a l  l e v e l  of t h e  b u i l d i n g  w i l l  be t h e  f i n a l  pre- 
d i c t e d  l e v e l  increased by the  probable se t t l ement  p red ic ted  from 
the  s tudy of t h e  ground. 

( c )  In c a l c u l a t i n g  t h e  var ious  p a r t s  of  t h e  framing, basement 

f l o o r ,  l i n ing ,  i n t e r n a l  and e x t e r n a l  p a r t i t i o n s ,  pos t s ,  f l o o r s ,  
e t c . ,  allowance should be made f o r  t h e  most unfavourable d i f f e r e n c e s  
of l e v e l  and i n c l i n a t i o n s  r e s u l t i n g  from t h i s  study. 

( d )  Outside windows, bow-windows, s tair  wells ,  e t c . ,  should be 
continuous with t h e  framing and given c a n t i l e v e r  support  without 
d i r e c t  t ransmission t o  t h e  ground. 

( e )  Roadways, sidewalks, g u t t e r s ,  e t c . ,  should no t  have any 
r i g i d  connection with t h e  s t r u c t u r e .  Coverings t o  ensure 

impermeability of j o i n t s  should be f l e x i b l e  o r  f ixed  only  t o  one 
of t h e  contiguous p a r t s .  

( f )  A l l  p i p e l i n e s  - water, gas, e l e c t r i c i t y ,  hea t ing ,  e t c . ,  
n u s t  be capable of withstanding without damage t h e  p red ic ted  
changes of l e v e l  between t h e  s t r u c t u r e  i t s e l f  and t h e  ground on 
which they  r e s t .  This condi t ion  can be r e a l i z e d  by var ious  methods, 
e s p e c i a l l y  by t h e  use of f l e x i b l c  o r  a r t i c u l a t e d  devices .  



( g )  F i l t e r i n g  wel l s  o r  p i l e s  - sand, pebbles, e t c . ,  - irn 

c e r t a i n  cases  w i l l  has t en  the  s t a b i l i z a t i o n  of the  ground. 

When foundations a r e  being b u i l t  f o r  bui ld ings  involv ing  

r e f r i g e r a t i n g  i n s t a l l a t i o n s  s p e c i a l  precaut ions  have t o  be talcen 

if t h e  s o i l  i s  water-bearing. 

In t h i s  connection i t  i s  i n t e r e s t i n g  t o  c i t e  t h e  case of an 
i n d u s t r i a l  build in^ i n  t h e  P a r i s  a rea .  This bu i ld ing  included a 
c e n t r a l  s e c t i o n  o~hlch w a s  hi&c>r than i t s  two l a t e r a l  wings 

(Fig.  66). These wings broke away from the  c e n t r a l  p a r t .  The 

foundations of the  wings were blamed and were re inforced ,  but  

never the less  the  movements continued and increased,  

It u l t i m a t e l y  becarne c l e a r  t h a t  t h e r e  was no se t t l ement  on 

t h e  p a r t  of t h e  l a t e r a l  wings, but  r a t h e r  t h e  c e n t r a l  p a r t  w a s  
g radual ly  r i s i n g  with a contj-nuous motion. The cause turned o u t  

t o  be a poorly insu la ted  cold c h m . b e  kept  a t  -30°C which w a s  

f r e e z i n g  the  s o i l  water and causing the  c e n t r a l  p a r t  of the  bui ld-  

i n g  t o  heave f r o n  the  well-knoom expansion of i c e .  

The recons t ruc t ion  opera t ions  requi red  s p e c i a l  precaut ions .  

In o rde r  t o  avoid an inverse  movenent due t o  t h e  thawing of t h e  

s o i l ,  which might have produced more damage than t h e  7 cm o r  so  
heaving t h a t  had a l r eady  occurred, the  c e n t r a l  p a r t  w a s  s t a b i l i z e d  

i n  i t s  new p o s i t i o n  by d igging  srel ls  below the  f rozen  l a y e r ,  a f t e r  

which measures were taken t o  produce gradual  thawing. 

I n  c e r t a i n  mining regions o r  a r e a s  conta in ing  o l d  q u a r r i e s ,  

sudden se t t l ement s  sorne t imes occur without warning. Espec ia l ly  

i n  mining regions se t t l ement s  sometimes vary i n  d i r e c t i o n ,  i n  t h e  

course of time, as e x p l o i t a t i o n  of the  mines proceeds.  This  

r e q u i r e s  v a r i a b l e  jacking devices  f o r  s t a t i c a l l y  determinate  
s t r u c t u r e s .  

A l a rge  number of borings t o  s u f f i c i e n t  depths i s  a b s o l u t e l y  

e s s e n t i a l  under these  very dangerous circumstances.  



On clayey ground i n  ho t  c l lnlates ,  under bu i ld ings  o r  the  

pavements of roads o r  runways, water  some times accunlulates and pro- 

duces heaving due t o  the  svrelling of t h e  c lay .  

P1l.e Foundations 

Rather a l a rge  number of acc iden t s  o r  i n c i d e n t s  have occurred 

In connect ion with p i l e  f  ounda'l;Lons. 

Many causes of these  have been d i s t ingu i shed  and they can be 

c l a s s i f i e d  genera l ly  as follol;:s : 

( a )  I n s u f f i c i e n t  knoivclc~.:l;e of the  na tu re  of t h e  s o i l  down t o  

t h e  depth of pene t ra t ion  of the  p i l e s ;  

( b )  InsuffS-cient l ~ r o ~ r l e d g e  of t h e  s o i l  below t h i s  l e v e l ;  

( c  ) Errors  i n  design; 

( d )  Er ro r s  I n  executzon; 

( e  ) Accidents o r  unforeseen c1rcur:istances; 

( f )  A change i n  the s o i l  p r o p e r t i e s  i n  t h e  course of time; 

(c;) Spec ia l  p i l e s ;  

( h )  Improper a p p l i c a t i o n  of t h e  ]-nethodnu of c a l c u l a t i n g  the  

s t r e n g t h  of p i l e s .  

( a )  I n s u f f i c i e n t  lcno~.:led,.;e of the na tu re  of t h e  s o i l  down t o  
the  depth of pene t ra t ion  of the nil-es .  In  the  g r e a t  ma jo r i ty  of 

cases  the  s o i l s  'are n o t  hor:iogeneous. It i s  t h e r e f o r e  always 

neceasary t o  take a s u f f i c i e n t  nwiibzr of soundings in orde r  t o  

determine the  va r i r t io f i s  of l e v e l ,  thic!cness and c h a r a c t e r i s t i c s  of 

the  vzr ious  l aye r s  encountered. 

Soundings which a r e  used only t o  determine these  l a y e r s  i n  

genera l  terms, c.g. s a d ,  ~ ~ n r l ,  c lay ,  e t c . ,  a r e  almost always 

inadequate, because s o i l s  groupecl ~ m d e r  t h c  same name may o f t e n  i n  

p r a c t i c e  have very d i f f e r e n t  p r o p e r t i e s  from the  p o i n t  of view of 

cons t ruc t ion .  Ttlhat has  t o  be lcno~~n a c c u r a t e l y  a r e  the  s p e c i a l  

c h a r a c t e r i s t i c s ,  e.g. the  angle of i n t e r n a l  f r i c t i o n ,  cohesion, 

e t c .  Tes t ing  f o r  these  p r o p e r t i e s  denands the  use of impermeable 

sainplers by t..rhlch specimens of undisturbed s o l 1  can be obtained 

f o r  labora tory  t e s t i n g  purposes. I n  c e r t a i n  cases  soundings may be 



supplemented by cone penetrometer t e s t s  which give a d i r e c t  and 

separate measure of the  l a t e r a l  f r i c t i o n  res i s tance  and the  so- 

ca l led  point  res is tance .  
Some of these apparatuses can be used t o  evaluate the r e s i s t -  

ance t o  withdrawal of anchor p i l e s ,  a value which i s  too o f t en  

overestimated by designers.  

Of course, the r e s u l t s  obtained with these apparatuses, which 

a r e  general ly of small r e l a t i v e  diameter, must be properly In te r -  

preted before being applied t o  the  p i l e s  themselves, 
The dr iv ing i n  of bars  can a l s o  y i e ld  useful  information f o r  

comparison purposes. 

In the  absence of an accurate knowledge of the s o i l  charac- 

t e r i s t i c s ,  the  appl ica t ion of s t a t i c  formulae, even the  bes t  of 

which Involve uncer ta in t ies ,  i s  l i k e l y  t o  y i e ld  r e s u l t s  of more o r  

l e s s  precarious values. 

In  some cases s ca l e  model t e s t s  of p i l e s  can provide a usefu l .  

guide f o r  bui lders ,  provided they a re  co r r ec t ly  in te rpre ted .  
( b )  In su f f i c i en t  howledge of the  s o i l  below t h i s  l eve l ,  We 

a re  here touching a sens i t i ve  nerve i n  the  pathology of foundations, 

because it has been a d i r e c t  cause of many miscalculations, 

espec ia l ly  on the banks of the Seine and i n  North Africa,  

Consider a s ing le  p i l e  supporting a load of 50 tons, the t i p  

of which i s  supported on a layer  of gravel  A, 2 m th ick ,  r e s t i n g  

i n  tu rn  on a weaker s o i l  B, Assuming a r b i t r a r i l y  t h a t  the  load is  
d i s t r i bu t ed  over a cone of 3 m diameter a t  the base, the  pressure 

transmit ted t o  s o i l  B w i l l  be of the order  of 

However, i f  i n  applying the  r e s u l t s  of the  d r iv ing  of a 
s ing l e  p i l e  we have (Fig.  68) a very large  number of p i l e s  each 

supporting 50 tons and spaced 1 m apa r t  from ax is  t o  a x i s  i n  both 

di rect ions ,  the load transmit ted t o  s o i l  B w i l l  become approximately 



1.e. about seven t imes t h a t  of t h e  f i rs t  case. To ensure t h a t  t h e  

s t r e n g t h  of a group of n p i l e s  w i l l  be approximately n t jmes t h e  
s t r e n g t h  of a s i n g l e  p i l e  it i s  a b s o l u t e l y  necessary t h a t  t h e  
pressure  t ransmi t ted  t o  t h e  s u b s o i l  s h a l l  n o t  exceed t h e  s a f e  load 

on t h e  l a t t e r .  
On t h e  banks of the  Seine,  where the  compact l imestone is  

genera l ly  covered with s e v e r a l  a l t e r n a t i n g  l a y e r s  of var ious  na tu re  
(c lay ,  mud, gravel ,  f i s s u r e d  o r  t h i n  l imestone, e t c , )  many mistakes 
have been made which could have been avoided completely by a more 
thorough knowledge of the  subso i l .  

In North Afr ica  an important s t r u c t u r e  involv ing  p i l e s  c a s t  i n  

t h e  s o i l ,  t he  first one of which showed e x c e l l e n t  s t r e n g t h  when 
t e s t e d  i n i t i a l l y  under d i r e c t  load, underwent very cons iderable  
se t t lement  when a l l  t h e  p i l e s  were loaded. A few metres only below 
the  s t r o n g  l a y e r  i n  which t h e  p i l e s  were lodged w a s  a muddy l a y e r  
vrhich had not  been revealed by the  two shallow soundings. 

( c )  Er ro r s  i n  design. 1;Je s h a l l  c i t e  t h r e e  r a t h e r  f requent  
cases  of e r ror : .  

The f i r s t  concerns a re in fo rced  concre te  br idge of very l a r g e  

span. The foundat ion of each p i e r  comprised a group of hooped 
concrete  p i l e s  of square cross-sec t ion  with 0.40 m s ide ,  separa ted  
by a t o t a l l y  inadequate space of equal  s i z e  i n  both d i r e c t i o n s .  
These p i l e s  had been dr iven  i n t o  a clayey-sandy s o i l .  

The bear ing  load P p e r  p i l e  had been c a l c u l a t e d  by var ious  
s t a t i c  formulae and it had bccn assuved t h a t  t h e  t o t a l  s t r e n g t h  
of t h e  group of n p i i e s  would be equal  t o  n . P. IJhen it w a s  time 
f o r  c e n t r e  s t r i p p i n g  the  foundation began t o  y i e l d  under t h e  load. 
When t h e  se t t lement  had reached 10 cm without showing any s i g n s  of 
s t a b i l i z a t i o n ,  t h e  jacks had t o  be r e i n s t a l l e d  s o  t h a t  t h e  br idge  
would again  r e s t  on i t s  center ing ,  11 very c o s t l y  reinforcement 
of the  foundations then  had t o  be undertaken, 



Actually, the group of p i l e s ,  being too close together,  had 
acted a s  a s ing le  pierc ing element, so  t h a t  the  f r i c t i o n  of the  
ground took e f f e c t  only against  the outside p i l e s ,  1.e.  with very 
reduced in t ens i ty  (Fig. 69). 

For a foundation i n  a clayey s o i l  the  bui lder  had provided f o r  
reinforced concrete p i l e s  of octagonal sect ion of 0.30 m inscribed 
diameter and 35 rn long, 1.e. too slender. When driven with a 6 ton 

i t  ram the p i l e s  whippedii, enlarging t h e i r  holes and considerably 
reducing the l a t e r a l  f r i c t i o n  against  t h e i r  s h a f t  ( ~ i g .  70). 

A s  the  p i l e s  were loaded too quickly, before the ground had 
had time t o  rees tab l i sh  contact with the shaf t s ,  the  l a t t e r  sank 
abruptly by almost a metre under the  standard load t h a t  had been 
provided f o r  but  w a s  moreover not  confirmed by the r e s u l t s  of the 
last t a l l i e s  of blows. 

Slender p i l e s  should always be avoided regardless of the 
nature of the  ground. 

The t h i r d  case has t o  do with a quay w a l l  comprising a s lab  of 
reinforced concrete r e s t i n g  on three  rows of p i l e s ,  two of which 
were driven v e r t i c a l l y  and the  t h i r d  a t  an angle (~ig. 71). Under 
the th rus t  E of the s o i l  the system of p i l e s  yielded and the w a l l  
collapsed. 

In pr inciple ,  if the  force  E were r igorously Invariable i n  i ts 
posi t ion it would merely be necessary t o  dr ive  in p i l e s  p a r a l l e l  t o  
the force, t h e i r  e l a s t i c  centre  being then d i rec ted  against  the 
lat ter  (Fig. 72). In r e a l i t y ,  however, supported s o i l s  may be 
subjected t o  var iable  surcharges on the one hand, while on the 
other  hand the evaluation of s o i l  t h r u s t  both i n  d i r ec t ion  and in 

absolute value almost always involves some uncertainty.  It is  
wise, therefobe t o  employ a system of p i l e s  having three  d i f f e ren t  
s lopes ( ~ i g .  73). Using the quick, i f  inelegant,  t r ia l  and e r r o r  
method, o r  any other  method, a d i s t r i b u t i o n  of p i l e s  i s  found by 
which one u t i l i z e s  as far as possible the  avai lable  load on each 
row, because no row, except possibly in the  case of unusual s o i l s  
o r  p a r t i c u l a r  s t ruc tures ,  should be subjected t o  a dangerous 
l i f t i n g  s t r e s s .  These conditions should be ver i f ied ,  of course, 



under the  most unfavourable condi t ions  with respec t  t o  the  a c t i o n  
of the  dead and acc iden ta l  loads of the  s t ruc tu r e .  

Most of the  methods f o r  determining t he  d i s t r i b u t i o n  of loads 
between the  d i f f e r e n t  rows of p i l e s  (Westergaard, ~gkken tved ,  
Verdeyen, etc.)* - assume t h a t  the  p i l e s  a r e  comparable t o  rods arti- 
cula ted  a t  both ends; they al low f o r  t h e i r  e l a s t i c  deformations. 
Now, i n  r e a l i t y ,  p i l e s  a r e  genera l ly  p a r t i a l l y  f ixed  a t  t h e i r  
crowns and sometimes i n  the s o i l  as well, so  t h a t  they a r e  sub j ec t  
i n  some degree t o  bending moments and shear ing s t r e s s e s .  Neverthe- 
l e s s ,  various conlparative s t ud i e s  appear t o  have demonstrated t h a t  
it is  genera l ly  poss ib le  t o  d is regard  these  i n  the  ca l cu l a t i ons  
provided, however, one does not  come too c lose  t o  t he  l i m i t s  of t he  
s t r eng th  of the  mater ia ls .  

( d )  Er ro rs  i n  execution. The use of too l i g h t  a ram, the  
weight of which is  d e f i n i t e l y  l e s s  than t h a t  of t he  p i l e s  being 
driven,  f a l s i f i e s  t he  app l i ca t i on  of t he  so-cal led " ~ u t c h "  formula 
and leads t o  r e s u l t s  which e r r  by excess, 1.e. i n  the  d i r e c t i o n  of 
a reduct ion of sa fe ty .  

The s t a t i c  formulae a r e  based on the  assumption t h a t  t he  ram 
is appl ied  In f r e e  f a l l ,  a condit ion which it Is wise t o  implement 
a t  l e a s t  f o r  the  last vo l ley  of blows. 

In steam d r ive r s  t he  f i n a l  speed of f a l l  may be reduced by 
too  slow an evacuation of t he  s t e m  o r  by i nco r r ec t  operat ion.  
These reduct ions of speed, which normally amount t o  between 10 and 

20$, may sometimes go as high as 507:. 
F r i c t i o n  aga ins t  the  guide-poles, although genera l ly  s m a l l ,  

must always be taken i n t o  account when the  p i l e s  a r e  dr iven a t  an 

angle. 
The use of an 8 ton d r i v e r  f o r  p i l e s  30 m long and 0.50 m i n  

diameter, weighing 15 tons each, had very s e r i ous  consequences i n  a 
harbour i n s t a l l a t i o n .  

* See: La m6canlque du s o l  e t  fondation, by Verdeyen. 



The appl ica t ion of the  Dutch formula without any allowance 
had led t o  the conclusion t h a t  a l l  the  p i l e s  had found bedrock, as 
the  r e fusa l s  p r a c t i c a l l y  cancelled each o ther  out  a t  the  end of the  
operation. 

Now, a few years l a t e r ,  considerable se t t lements  began and 
borings down t o  bedrock, when compared with the  d r iv ing  records, 
shovred t h a t  a l l  the  p i l e s  were "f loat ing" ,  t h e i r  t i p s  having stop- 
ped some 2 t o  3.50 m shor t  of the  bedrock leve l .  

In a f ac to ry  i n  Nornmdy, p i l e s  had been c a s t  i n  the  s o i l  with 
a metal pipe, the t i p  of which was improperly sealed so  t h a t  when 
the  concrete was introduced i n t o  the  wate r - f i l l ed  pipe it w a s  
washed out; the  bottom of the p i l e  thus became nothing more than a 
w e l l  f i l l e d  with pebbles. 

Under the  load of the bui ld ing the l a t e r a l  pressure of the  

pebbles compressed the  s i l t y  c l a y  through which the  p i l e s  passed 
and the  l a t t e r  gradually subsided v~itliout shocks as they f l a t t e n e d  
out .  After  a year  the bui ld ing had undergone l a t e r a l  warping t o  
the  extent  of 0.26 m, i . e .  there  vras a se t t lement  of 0.04 m on one 

' s ide .and  0.3 m on the  other .  
To remedy the s i t u a t i o n  a completely new foundation had t o  be 

i n s t a l l ed ,  then ' the  s t ruc tu re  had t o  be r a i s ed  with Jacks and 
s t ab i l i zed .  This operation w a s  ca r r ied  out,  moreover, without 
i n t e r rup t ing  the  operat ion of the p l an t  and without any incident  
r e s u l t i n g  from it. 

On an Algerian farm, p i l e s  of the  same type had been made 
using s o f t  chalk as the aggregate vrliich when pulverized i n  the  
rammer vrould not allow the  cement t o  penetra te .  then a p i l e  broke 
in t e s t i n g  before it had received i t s  nornal  load, reinforced con- 
c r e t e  p i l e s  had t o  be driven between the  c a s t  p i l e s  t o  guard 
aga ins t  the l a t t e r ' s  de f ic ienc ies .  

I n  severa l  instances reinforced concrete p i l e s  have quickly 
become use less  e i t h e r  because the cements e~nployed were unstable i n  
the  presence of chemically pure, s a l i n e  o r  sulphated water, o r  
espec ia l ly  because of the lack of compactness on the  p a r t  of the  

concrete o r  because of reinforcements being too c lose  t o  the  



surface. 
I n  t i d a l  r i v e r  po r t s  disaggregation o r  decomposition phenomena 

generally begin t o  show up i n  the t i d a l  zone as a r e s u l t  of the 
mechanical ac t ion  of ebb and flow of the  water which enhance the 
e f f e c t  of acids  o r  o ther  i n d u s t r i a l  products t h a t  r i s e  t o  the  top 
because of t h e i r  low density. 

( e )  Accidents o r  unforeseen circwnstances, In a mining a rea  

the  foundation of a building had been constructed on p i l e s  driven 

i n t o  a f i l l  of poorly quenched slag.  A spontaneous combustion took 
place which reduced the s t rength of the concrete and reinforcements 
t o  the point  where considerable settlement took place within l e s s  
than two years. After shoring up the building the s l a g  had t o  be 
removed by s tages  f o r  a ce r t a in  distance around it down t o  the good 
s o i l ,  then a new foundation w a s  i n s t a l l ed ,  the s l a g  w a s  replaced by 
sand, and f i n a l l y  the s t ruc ture  w a s  ra i sed  and repaired. 

The following r e l a t e s  t o  a foundation on p i l e s  f o r  an indus- 
t r i a l  i n s t a l l a t i o n  i n  a neighbouring country. Due t o  accidental  
circwnstances the superstructure w a s  not b u i l t  u n t i l  several  years 
l a t e r .  Fortunately, before resuming the work the bui lders  had the 
good sense t o  t e s t  a p i l e  by d i r e c t  loading. This showed a 
comparatively small strength.  

What had happened was t h a t  the foundation had been b u i l t  on 
the s i t e  of a former sulphuric acid  fac tory  and the impregnated 
s o i l  had caused the d i s in tegra t ion  of the concrete and reinforce- 
ments of the p i l e s ,  A s  i n  the previous case the p i l e s  and ea r th  
had t o  be removed down t o  normal s o i l ,  protect ion had t o  be pro- 
vided against  neighbouring ground and a f i l l  of sand was necessary 
before proceeding with new foundations. 

It cannot be too strongly emphasized t h a t  one should always 
enquire i n t o  the h i s to ry  of the ground on which a s t ruc tu re  is t o  
be bu i l t .  

In another instance several  reinforced concrete p i l e s  of a 
s t ruc ture  had shown re fusa l  at  lengths considerably l e s s  than those 
of the neighbouring p i l e s  and then had undergone set t lements 



severa l  years l a t e r .  Invest igat ion showed t h a t  these p i l e s  had 
broken i n  the ground during ramming and t h e i r  i n i t i a l  r e s i s t ance  
was due t o  the  lower p a r t  functioning as a d i s t r i b u t i n g  member 
(Fig. 74) .  Their  subsequent f a i l u r e  r e su l t ed  from the  oxidat ion 
and rupture of the  reinforcements joining the  two pieces  a t  r i g h t  
angles t o  the break. 

( f )  A change i n  the  s o i l  p roper t i es  i n  the  course of time. 
Some changes a r e  of an acc iden ta l  nature. Such i s  the  case of a 
foundation executed i n  a normally dry clayey s o i l  where the  l a t e r  
re rou t ing  of a stream f o r  a canal  which was not  s u f f i c i e n t l y  
Impermeable moistened t h i s  s o i l  and a f t e r  a few months produced 
d i sas t rous  set t lements.  Apart from t r u l y  acc iden ta l  cases,  the  
pathology of p i l e  foundations owes a g rea t  dea l  t o  clayey and s i l t y  
s o i l s .  A few examples w i l l  i nd ica te  the  scope: 

Ifhen p i l e s  a r e  being driven i t  i s  sometime8 found t h a t  the  
apparent res i s tance ,  as evaluated by a dynamic formula, gradually 
decreases r i g h t  up t o  the  end of the  operat ion.  After  a shutdown 
of a few days, however, an of ten  s u b s t a n t i a l  increase of res i s tance  
i s  noted. Actually the  adherence of the  s o i l  t o  the  p i l e s ,  p a r t i a l -  
l y  destroyed by dr iv ing  (whipping, v ib ra t ion ,  e t c . )  has been 
rees tabl ished by the  subsequent consolidat ion of the  clay.  The 
increase of f r i c t i o n  res i s tance  i n  c e r t a i n  c lays  may be as much as 
50$ a f t e r  two years.  The reason f o r  t h i s  increase  appears t o  be 
f i r s t  the  consolidat ion of the  s o i l  due t o  the  cen t r i fuga l  motion 
of the  ground water producing an overpressure i n  the  v i c i n i t y  of 
the  p i l e s  and secondly se l f -consol idat ion due t o  thixotropy. 

I n  o ther  cases, however, it has been found t h a t  p i l e s  which 
have shown the des i red  r e f u s a l  subsequently s ink  owing t o  a decom- 
pression of the  s o i l .  

I n  s o i l s  which have not  ye t  been consolidated, f i l l s ,  f o r  
example, set t lement produces negative f r i c t i o n s  agains t  the  s h a f t s  
of the p i l e s  which adds t o  t h e i r  load and can produce se t t lements  
a f t e r  d r iv ing  o r  d r i l l i n g .  

P i l e s  c a s t  without the  use of l o s t  forms sometimes moisten and 

sof ten  the  clay, whereas driven p i l e s  of porous t ex ture  pump water 



from t h e  s o i l  and hasten i t s  consol idat ion.  
Generally speaking these  a r e  instantaneous phenomena, but  some 

of them have r e su l t ed  i n  e r r o r s .  
It may be concluded from what has been s a i d  above t h a t  i t  i s  

always wise i n  t h e  presence of clayey and s i l t y  s o i l s  t o  conduct 
c a r e fu l  l abora to ry  t e s t s  with a view t o  es t ima t ing  t h e  ex t en t  t o  

which se t t lements  may poss ib ly  be aggravated i n  t he  course of time. 
In assess ing  t he  t e s t  r e s u l t s  a count must be taken f o r  t he  method 
of e x t r a c t i n g  bore samples, and whether t he  t i l e s  a r e  t o  be 
i n s t a l l e d  by d r i l l i n g  o r  dr iv ing .  

With cohesive s o i l s  i t  sometimes happens t h a t  some of t he  s o i l  
g e t s  f i rmly  a t t ached  t o  the  p i l e s  dur ing  t he  d r i v ing  opera t ion ,  
thus  inc reas ing  t h e i r  i n e r t i a  and f a l s i f y i n g  t he  r e s u l t s  obtained 
from the  Dutch formula, with a consequent reduct ion  of s a f e ty .  
Severa l  s e r i ous  e r r o r s  have been t r aced  t o  t h i s  cause. 

( g )  Spec ia l  p i l e s .  Anchored p i l e s  which a r e  sub j ec t  t o  t e n s i l e  
s t r e s s e s  a t  top and bottom have given way i n  s eve ra l  cases  because 
t h e i r  s t r eng th  had been overestimated. Some bu i l de r s  have assumed, 
In f a c t ,  t h a t  the  r e s i s t ance  of a p i l e  t o  withdrawal i s  a cons tant  
f r a c t i o n  of I ts  r e s i s t a n c e  t o  s inking.  This hypothesis  may be 
reasonable f o r  p i l e s  f o r  which t h e  l a t t e r  value i s  due s o l e l y  t o  
f r i c t i o n  aga in s t  the  sha f t ,  i . e .  where the  t i p  r e s t s  i n  a l aye r  of 
low r e l a t i v e  s t r eng th .  However, one need only po in t  t o  the  case of  
p i l e s  r e s t i n g  a t  the  t i p  on bedrock covered with l i q u i d  mud, Here 
t he  r e s i s t ance  t o  withdrawal would s ca r ce ly  exceed t he  weight of 
t h e  p i l e  i t s e l f .  It i s  obvious, the re fo re ,  t h a t  the  assumption of 
a cons tant  r e l a t i o n s h i p  between withdrawal and s ink ing  cannot be 
general ized.  Di rec t  t e s t s  o r  adequate inspec t ion  of  t he  s o i l  a r e  
indispensable i n  a l l  cases.  

A number of engineers  recommend the  use of cone-shaped p i l e s  
i n  order  t o  ob ta in  r e s u l t s  supe r io r  t o  those of c y l i n d r i c a l  p i l e s .  
Model t e s t s  c a r r i ed  out  by t he  author  on var ious  substances repre-  
s en t i ng  a homogeneous s o i l ,  sometimes powdery and sometimes 



cohesive, have l ed  t o  the  fol lowing conclusions* ( ~ i g .  75). 
The r e s i s t a n c e  t o  s ink ing  of c o n i c a l  p i l e s  i s  l e s s  than t h a t  

of c y l i n d r i c a l  ones of equal  volume. In no case d i d  it exceed t h a t  
of c y l i n d r i c a l  p i l e s  of equal  con tac t  a rea .  

If a p i l e  of any shape be joined t o  a su r face  s l ab ,  t h e  same 
t e s t s  have shown t h a t  t h e  t o t a l  s t r e n g t h  of t h e  assembly i s  l e s s  
than t h e  sum of the  two p a r t s  considered s e p a r a t e l y .  

Screw p i l e s ,  which e x i s t  i n  var ious  types both i n  metal  and 

re inforced  concrete ,  a r e  p a r t i c u l a r l y  advantageous f o r  f l o a t i n g  
foundations o r  anchorages. 

In many cases  disappointment could c e r t a i n l y  have been avoided 

by the  use of d i r e c t  o r  model t e s t s .  

( h )  Improper a p p l i c a t i o n  of the  methods of c a l c u l a t i n g  the  
s t r e n g t h  of p i l e s .  Whether p i l e s  a r e  i n s t a l l e d  by d r i l l ,  by screw 
jacks, p i l e  d r i v e r  o r  screwing t h e r e  is  no method of c a l c u l a t i n g  
t h e i r  s t r e n g t h  which g ives  accura te  r e s u l t s  i n  a l l  cases .  In  
p r a c t i c e ,  s o i l s  t h a t  remain homogeneous over the  e n t i r e  depth 
involved a r e  very r a r e  and ground water l e v e l s  a r e  almost always 
va r i ab le .  

In our  opinion t h e  b e s t  s o  c a l l e d  s t a t i c  formulae can be 
s a f e l y  appl ied  only i n  s o i l s  which a r e  s t a b l e  over a pe r iod  of time 
and the  r e s u l t s  of d i r e c t  t e s t s  can be ex t rapo la ted  only  t o  very 
similar cases .  

I n  the  absence of these  t e s t s ,  obtained by d i r e c t  loading and 
extended u n t i l  p r a c t i c a l  s t a b i l i z a t i o n  of se t t l ement s ,  these  
formulae must only  be appl ied  as es t ima tes  i n  pre l iminary  p lanning  
o r  f o r  the  purpose of determining t h e  i n i t i a l  length  t o  be given t o  

t h e  t e s t  p i l e s .  
The "dynamic" formulae from the  o u t s e t  appear more t rus twor thy  

because they take c e r t a i n  experimental  f a c t o r s  i n t o  account, Never- 
t h e l e s s  they, too, must be app l i ed  with d i s c r e t i o n  and t h e  f i n a l  

* See Le Ge'nie C i v i l  of  12th  September 1932, "Inf luence de la forme 
s u r  la r e s i s t a n c e  des pieux f l o t t a n t s "  ( ~ f f e c t i v e  shape on t h e  
s t r e n g t h  of f r i c t i o n  p i l e s ) ,  by Henry Loss ier .  



t a l l i e s  of blows must always be r e a l i z e d  with f r e e  f a l l  of  t he  ram, 
as d e t a i l e d  above, 

Some r e a l  progress  has been made, o r  is  on t he  po in t  of being 
made, i n  taking i n t o  account the  e l a s t i c  and p l a s t i c  r e f u s a l s ,  
measurements of r a t e  of s inking,  e t c .  

In p r i n c i p l e  r e a l  s a f e t y  w i l l  always requ i re  t he  following: 
( 1 )  d i r e c t  loading t e s t s  of s u f f i c i e n t  dura t ion;  ( 2 )  exan~inat ion of 

the  s o i l  below the  t i p  of the  p i l e s  extended over a wide area .  
For r e l a t i v e l y  high, monolithic bui ld ings  of s e v e r a l  s t o r eys  

the  loads tend t o  become d i s t r i b u t e d  over po in t s  where t he  founda- 
t i ons  a r e  s t r onges t  o r  most r i g i d .  This  should be taken i n t o  
account e spec i a l l y  f o r  the  corner  upr ights ,  which by t h i s  reason 
may support loads g r e a t e r  than those r e s u l t i n g  from the  r egu l a r  

ca lcu la t ions .  
F ina l ly ,  the  amplitude of t he  se t t l ements  under normal load 

and e spec i a l l y  the  i n e q u a l i t i e s  of se t t l ement  between various p i l e s  
must be taken i n t o  account without any optimism i n  s tudying the  
s t r u c t u r e s  t o  be supported. 

In many cases  the  ques t ion  of shocks t ransmit ted  t o  bu i ld ings  
c lose  t o  the  s i t e s  of p i l e  d r i v ing  opera t ions  w i l l  a r i s e  i n  c e r t a i n  
s o i l s .  Precautions must then be taken t o  avoid u n j u s t i f i e d  claims 
on the  p a r t  of the  owners of these  bui ld ings .  F i r s t  of a l l ,  before 
s t a r t i n g  the  d r i v ing  opera t ions ,  t he  s t a t e  of these  bui ld ings  
should be examined f o r  e x i s t i n g  cracks,  e t c .  Secondly, the  
i n t e n s i t y  of s o i l  v ib ra t ions  should be measured a t  var ious  d i s -  
tances from the  po in t  a t  which a t e s t e d  p i l e  i s  driven.  

In the  v i c i n i t y  of Bordeaux we made measurements of t h i s  kind 
with a s p e c i a l l y  designed Ph i l i p s  electromagnet ic  v ib r a t i o n  t e s t e r  
enabl ing  us t o  measure the  amplitude and frequency of the  
v ib ra t ions .  In  o rde r  t o  ob t a in  a q u a n t i t a t i v e  es t imate  of t h e  
danger from the  v ib r a t i ons  f o r  nearby bu i ld ings  we resor ted ,  i n  t he  
absence of a French documentation, t o  the  p lan  l a i d  down by 
Schultze-Muhs*, by which w e  were ab l e  t o  de f ine  t he  zone i n  which 

- 

* See Bodenuntersuchungen ffir Ingenieur  Bauten, Page 48. 



bui ld ings  were endangered, where we then proceeded t o  i n s t a l l  p i l e s  

by d r i l l i n g  ins tead  of dr iv ing ,  o r  t o  take  s p e c i a l  precaut ions .  

3. Compressed A i r  Foundations 

Accidents occurr ing i n  compressed a i r  foundations a r e  compari- 

t i v e l y  r a r e  because these  s t r u c t u r e s  a r e  almost always executed by 

spec ia l i zed  and experienced f i r m s  . The following, however, have 

occurred: 
T i l t i n g  and even over turning of ca issons ,  e i t h e r  due t o  poor 

workmanship o r  t o  inadequate s tudy of the  s t a b i l i t y  condi t ions  i n  

t he  course of various phases of s inking,  t ak ing  i n t o  account the  

e f f e c t  of sh ips  passing; sudden drops on pass ing  through a s o f t  o r  

muddy layer;  t i l t i n g  o r  displacement i n  t he  course of se rv ice ,  e t c .  

We s h a l l  the re fo re  c i t e  t he  case of a type of ca isson used, 

where a l l  precaut ions were success fu l ly  taken i n  order  t o  avoid 

these  various dangers. The problem w a s  t o  l a y  f i v e  p i e r s  which 

would support  the  ra i l  of  a very long gant ry  on the  banks of t h e  

Seine. From top  t o  bottom the  s o i l  composition w a s  as follows: 
5 metres of f i l l ;  

11 metres of more o r  l e s s  l i q u i d  mud; 

3 rnetres of sand and gravel ;  

4  metres of f i s s u r e d  chalk; 

23 metres of  compact chalk.  

The fol lowing measures were taken ( ~ i g ,  76) :  

( a )  To prevent  t he  crumbling of t he  fill towards the  r i v e r ,  

which had a l ready occurred near  t he  i n s t a l l a t i o n ,  from s h i f t i n g  t h e  
p i e r s ,  the  width of the  l a t t e r  w a s  reduced t o  2.50 m i n  the  

unstable ,  muddy zones so  as t o  perform tlie funct ion  of a c u t t i n g  

blade where t he  need arose ,  Furthermore, t he  foundation, compris- 
ing  a caisson of 8 m . 14 rn base w a s  cu t  away i n  the  d i r e c t i o n  of 

t he  r i v e r .  
( b )  To enable t he  workmen t o  take  cover i n  t he  case of a 

sudden co l l apse  dur ing  the  s inking,  the  s p e c i a l l y  designed ca isson 

(l?ig. 77)  w a s  given an i n s ide  he ight  i n  i t s  c e n t r a l  p a r t  of 5.60 m. 



( c )  Above the  c u t t e r  of t he  ca isson a hor izonta l ,  open framing 

was provided, the  entrances t o  which could be closed independently 

of each o the r  by movable, re inforced concrete  t i l e s .  By t h i s  means 

i t  w a s  poss ib le  t o  vary the  r e s i s t ance  of the s o i l  from one s i d e  t o  

the  o the r  s o  a s  t o  co r r ec t  any leaning of the  p i e r  i n  the course of 

i t s  descent.  

( d )  In  o rder  t o  l i m i t  the p o s s i b i l i t i e s  of sudden se t t l ements  
dur ing passage through the muddy layers  the  i n i t i a l  weight of the  

caisson w a s  reduced t o  a  minimum by the use of a double w a l l  
cons t ruct ion ,  

The space between these  walls was f i l l e d  with re inforced 

concrete  as soon as the f i rm layers  were encountered, so  as t o  

increase  the  s t reng th  of the  worl.cing compartment. 



F _ FZINFORCEYINT OF STRUCTURES 

We s h a l l  exanline success ive ly ,  with examples, the  follovning 

i tems : 
mass concrete  p l a t e s ;  

f l o o r  beams; 
t r u s s e s  (a rches  and t ie -bean~s  ); 
upr igh t s ;  
c i r c u l a r  r e s e r v o i r s ;  
br idges;  
underpinnings. 

Mass concrete  p l a t e s .  Generally spealcing, acc iden t s  due t o  
t h e  rupture  of mass concrete  p l a t e s  a r e  r a r e ,  s i n c e  these  elements 
have t h e  b e n e f i t  of both l a r g e  s e c t i o n s  and reinforcements  of 
comparatively srnall diameter.  This tends t o  p r o t e c t  them a g a i n s t  
danger from excessive beam and bond s t r e s s e s .  

3-1 case of weakness they can be re in fo rced  e i t h e r  by a c o a t i n g  

of concrete  with rneans of jo in ing  the  two concretes ,  o r ,  i f  one 
does no t  wish t o  increase  t h e i r  weight too  much, with t h e  a i d  of 
a d d i t i o n a l  r i b s .  

F loor  beams. The r e i n f o r c i n g  devices  d i f f e r ,  depending on 
whether t h e  rieakness comes from t h e  l o n g i t u d i n a l  rods, t h e  s t i r r u p s ,  
t h e  concrete  o r  from s e v e r a l  of these  elements a t  once. 

3-1 t he  case of t h e  long i tud ina l  rods only, the  method of cut-  

t i n g  ou t  t h e  concrete  so  as t o  . introduce a d d i t i o n a l  rods a longs ide  
those a l r eady  the re ,  followed by reconcret ing,  can s c a r c e l y  be 
recommended unless  the  s t r u c t u r e  i s  first unloaded with t h e  a i d  o f  
jacks dur ing  the  hardening process  and h igh ly  expansive cements a r e  
employed i n  o rde r  t o  r e c o n s t i t u t e  more o r  l e s s  the  normal i n i t i a l  

s t a t e .  
It i s  a l s o  p o s s i b l e  t o  introduce a r t i f i c i a l  s t r e s s e s  opposing 

the  r e g u l a r  ones by us ing  hard s t e e l  wires  s t r e s s e d  with t h e  a i d  of 

jacks, keys o r  by any equiva lent  procedures ( ~ i g .  78). 
In an e a s t e r n  i n d u s t r i a l  i n s t a l l a t i o n  where only  the  s t i r r u p s  

were weakened we f i t t e d  t h e  beams with frames vrhich were placed 



under t ens ion  with t h e  a i d  of threaded b o l t s  (Fig.  79). T e s t s  t o  

rupture  on a re in fo rced  beam completely j u s t i f i e d  t h i s  procedure,  
Where t h e  concrete  alone i s  concerned we g e n e r a l l y  have 

recourse t o  a r t i f i c i a l  p r e s t r e s s i n g  by means of elements p r e s s i n g  

a g a i n s t  the  f ace  under tens ion ,  o r  by p u l l i n g  on t h e  oppos i te  face,  

o r  by e x t e r n a l  hooping. 
F ina l ly ,  i f  t h e  weakness is  due t o  s e v e r a l  of these  causes a t  

once a p o s t - s t r e s s i n g  device can be used comprising obl ique rods 

producing an a r t i f i c i a l  d e f l e c t i o n  i n  t h e  sense oppos i te  t o  t h a t  
of t h e  normal d e f l e c t i o n  of t h e  s t r u c t u r e ,  as explained i n  t h e  
s e c t i o n  on br idges.  Obviously, of course,  it  is  a l s o  p o s s i b l e  t o  

add more beans, bu t  g e n e r a l l y  speaking t h i s  i s  an ine legan t  

so lu t ion .  
In cases  where looms o r  v i b r a t i n g  machines produce resonance 

phenomena even when shock absorbers  a r e  employed (cork,  rubber, 

spr ings,  e t c . ) ,  sometimes only  a s l i g h t  modif ica t ion  of the  f l o o r s  

o r  upr igh t s  i s  s u f f i c i e n t  t o  suppress these,  f o r  example by t h e  

a d d i t i o n  of  a few cross-braces,  t h e  b o l t i n g  down of a j o i n t ,  e t c .  
In  more s e r i o u s  cases  i n c l i n e d  s t r u t s  may be needed t o  

counterac t  the  h o r i z o n t a l  displacements.  
Trusses.  The arches  o r  upper chords of t h e  t r u s s e s  of  arched 

roofs  a r e  usua l ly  r e in fo rced  hooping with metal  frames placed 
a r t i f i c i a l l y  under tension,  o r  by encasing i n  r e in fo rced  concrete  
h~hich e i t h e r  completely o r  p a r t i a l l y  envelopes them, o r  by i n t e r i o r  

sheathing, o r  f i n a l l y  by adding an a u x i l i a r y  f l ange  A (J?ig. 80). 
The use of an expansive concre te  cement i s  recommended here  i n  

o r d e r  t o  compensate i n  whole o r  i n  p a r t  f o r  shrinkage dur ing  

hardening. 
Tie-beams, l i k e  braces,  a r e  g e n e r a l l y  r e in fo rced  by wires  

p r e s t r e s s e d  with the  a i d  of keys o r  jacks on t h e  tie-beams o r  s i d e  
faces .  

We may c i t e  the  case of t h e  tie-beam of a bow-s t r ing t russ  

of wide span the  l o n g i t u d i n a l  re inforcements  of which had been 
erroneously sec t ioned a t  r i g h t  angles  t o  t h e  f a c i n g  of t h e  main 



supporting upr ights  without being bent back so as t o  provide an 

anchorage (Fig.  81) .  
The concrete had t o  be dug ou t  f o r  about 6 cm, then the  end 

of each rod w a s  threaded, i r o n  support ing p l a t e s  were i n se r t ed  and 
screwed dorm with nuts .  

I n  t he  case of Vierendeel beams i n  which e i t h e r  the  c ross  ba rs  
o r  s i de  bars a r e  inadequately re inforced aga in s t  bending, it i s  
sometimes poss ib le  t o  add compression diagonals  loaded with the  a i d  
of f l a t  jacks o r  expansive cement keys E (Fig.  82) .  

Uprifqhts. Uprights o f t en  have t o  be re inforced when addi t ion-  
a l  height  is  added t o  a bu i ld ing  t h a t  had not  been provided f o r  i n  
the  o r i g i n a l  plans.  It i s  almost always ca r r i ed  out  by hooping 
with s t e e l  hoops placed a r t i f i c i a l l y  under t ens ion  and then covered 
with a coat ing  o r  with a complete re inforced concrete  encasement, 
which. o f f e r s  the  double advantage of adding i t s  own s t r eng th  while 
a t  the  same time inc reas ing  t h a t  of the  o r i g i n a l  upr ight  by t he  
o v e r a l l  - hooping e f f e c t  (Fig.  83) .  

C i rcu la r  r ese rvo i r s .  V e r t i c a l  cracks i n  s t r e s sed  zones a r e  
genera l ly  due t o  excessive s t r e s s e s  i n  curved reinforcements, 
which o f t en  may aggravate the  shrinkage. Concrete can then be 
i n j ec t ed  i n t o  the  cracks from the  outs ide  while t he  r e se rvo i r  i s  
under load in order  t o  open them up, o r  added ex t e rna l  hoops can be 
placed under tens ion on the  s t r u c t u r e  o r  an i n t e r i o r  p l a s t i c  
coat ing  can be applied.  Cer ta in  s p e c i a l  coat ings,  which give 
exce l l en t  r e s u l t s  on thick-walled, r i g i d  r e se rvo i r s  a r e  not  so  
e f f e c t i v e  on comparatively e l a s t i c  s t r u c t u r e s  because of the  com- 
pa ra t i ve  b r i t t l e n e s s  of these  coat ings.  

Horizontal  cracks may be due e i t h e r  t o  shrinkage, incomplete 
f i l l i n g  of a r e se rvo i r  o r  t he  e f f e c t  of the  f l o o r  which prevents  
the  defornlations t h a t  the  walls would otherwise undergo. 

Pos t -s t ress ing i n  t he  ' v e r t i c a l  d i r e c t i o n  i s  poss ib le ,  but  
sometimes d i f f i c u l t  t o  r e a l i z e .  

Generally speaking, a f t e r  i n j e c t i o n  of the  cracks t h e  s t ruc -  
t u r e  is  protec ted  by means of a f i l l  aga in s t  t he  e f f e c t s  of ou t s ide  



va r i a t i ons  of temperature and t he  o f t en  more s e r i ous  e f f e c t  of 
s o l a r  r ad ia t ion ,  which tends t o  p u l l  it  i n t o  an oval  shape, thereby 
s e t t i n g  up secondary s t r e s s e s  i n  the  v i c i n i t y  of t he  f l o o r .  

In hot  coun t r i e s  re inf roced concrete  r e s e rvo i r s  a r e  o f t en  pro- 
t e c t ed  aga in s t  t he  d i r e c t  e f f e c t  of the  sun by the  provis ion  of a 
b r i c k  facing, leaving a small  space between t he  two walls. 

Bridges. Massive arches  can sometimes be re inforced by con- 
s t r u c t i o n  of a new a rch  aga in s t  the  i n t r ados  and p lac lng  the  
l a t t e r  under a r t i f i c i a l  compressive s t r e s s  with the  a i d  of screw 
jacks o r  expanding keys (Fig.  84) .  Caisson arches a r e  r e in fo rced  
i n  the  same manner, except t h a t  here  the  new s t r u c t u r e  i s  placed 
Ins ide  the  ca issons  and i s  the re fo re  i n v i s i b l e  from the  ou t s ide  

(Fig.  85). The funct ioning of some arches has been inlproved with 
t he  a i d  of compensating keys placed under load by means of jacks 
o r  by expansion a t  t he  key and a t  the  abutments, i n  the  manner 
ind ica ted  In Fig.  86. 

An opera t ion  of t h i s  type w a s  r e a l i z e d  f o r  a  ca isson a rch  of 
100 m span (Fig.  87 a and b ) ,  where one p i e r  of the  a rch  had been 
acc iden t a l l y  displaced before the  keying, and t h i s  r e s u l t e d  i n  a 
wide crack a t  r i g h t  angles  t o  one of t he  roo t s .  By the  c a r e f u l  
i n s e r t i o n  of ari expansive cement key t he  normal funct ioning of the  
s t r u c t u r e  w a s  completely rees tab l i shed .  

Bow-strine, comprising arches,  tie-beams and braces,  a r e  d e a l t  
with i n  the same manner as the  t r u s s e s  of arched roofs .  

Box beam br idges  of cons tant  o r  va r i ab l e  he ight ,  w i t h  one o r  
*more spans, genera l ly  lend themselves we l l  t o  einforcement based on 
ad jus tab le  pos t -s t ress ing ,  a p r i n c i p l e  which we appl ied ,  f o r  
example, i n  the  recons t ruc t ion  of the  br idge over  t he  Seine a t  
Villeneuve-Saint-Georges (Fig .  88). Tnis c o n s i s t s  i n  p lac ing  sus-  
pension bridge cab les  i n s ide  the  ca issons  and loading them by means 
of screw jacks. They a r e  arranged so  as t o  reduce o r  completely 
annul the  bending moment and shear ing  s t r e s s e s  due t o  t he  dead load 
( ~ i g .  89 and 90) .  Reinforced concrete  o r  c a s t  s t e e l  rods take up 
a l l  t he  f r i c t i o n  s t r e s s e s  produced dur ing  t he  tens ioning of the  



cable (Fig, 91). These devices a r e  permanently accessible t o  
Inspection and adjustment, so t h a t  any aggravation due t o  increases 
of useful  lo.ad, as sometimes happens on our roads and railways on 
account of the use of continuously heavier vehicles, can be taken 
in to  account, 



G. REPAIR OF WAR-DAblAGZD STRUCTUXES 

The problem of repa i r ing  breaches caused by bombs, s h e l l s  o r  
mines general ly means rees tab l i sh ing  the  former s t a t e  of s t r e s s  i n  
the  elements which have t o  be r e b u i l t .  

Obviously, with ordinary s t ruc tu re s  t h i s  can be done by 
pu t t i ng  .the e n t i r e  construct ion under center ing and balancing i t s  

own weight completely with the  a i d  of jacks so t h a t  it can be 
repaired i n  the  absence of a l l  i n i t i a l  s t r e s s .  This, however, i s  

sometimes a d i f f i c u l t  and expensive procedure. 
For s t ruc tu re s  of reinforced o r  non-reinforced concrete the  

problem i s  more complex, f o r  here it i s  a question of rees tab l i sh-  

ing the  o r i g i n a l  s t r e s s e s  i n  the  p a r t s  t h a t  were formerly compres- 
sed and a t  the  same time taking i n t o  account the  hardening shrink- 
age of the  new concrete.  

Among the  various poss ible  so lu t ions  - f i l l i n g  up of jo in t s ,  
screw jacks, e t c .  - the  use of expansive cement seems p a r t i c u l a r l y  
well  su i ted  t o  the  purpose because i t  requires  no spec i a l  mechani- 
c a l  equipment, but only the  ac t ion  of the  mater ia l  i t s e l f .  

From among the  various cases d e a l t  with by t h i s  method, we 
s h a l l  describe .two typ ica l  examples : 

( 1 )  The r epa i r  of the  ipinay-sur-seine bridge of the S.N.C.F., 
a masonry s t ruc tu re  with e l . l ip t i ca1  vaul ts .  

( 2 )  Repair of the Moscou bridge near T4ontereau (S.N.C.F. ), a 
reinforced concrete beam with one-piece spans and caisson sect ions .  

A l l  these cases were d e a l t  with using e i t h e r  s l i g h t l y  expan- 
s ive  o r  very expansive cements, o r  Jacks, o r  both sinultaneously.  

Repair of the  Ginay-sur-seine bridge (S .N.C .F., northern 

sec tor ) .  The masonry bridge f o r  standard double t rack  crosses the  
navigable arm of the  Seine between Gennevil l iers  and ip inay  on the 
l i n e  from Saint-Ouen t o  Ermont. It has three  spans with in t rados  
e l l i p t i c a l  arches of 38.50 m open span and 1.35 m thiclmess a t  the  

key. 
During the a e r i a l  bombardments of 1944-1945 the  bridge was h i t  

severa l  times as shown i n  Fig. 92 and 93. I n  addi t ion t o  various 



damage of a minor nature requ i r ing  no spec i a l  r e p a i r  measures, 

the  span on the Gemevi l l i e r s  s ide  was pierced by a bomb about 6 m 
from the  key i n  the d i r ec t ion  of kpinay and approximately 1.50 m 

on the  upstream s ide  of the  ax i s  of the  s t ruc tu re ,  The breach was 
small on the extrados but  widened out  toward the  in t rados  where i t s  
apparent diameter vras of the  order  of 4 m. 

Taking i n t o  account the  d i s loca t ion  zones surrounding the  
breach, it appeared t h a t  the  vaul t  was p r a c t i c a l l y  s l i c e d  through 
over more than ha l f  i t s  width on the  upstream s ide ,  Since the  

navigation conditions were unfavourable f o r  the  construct ion of a 
temporary scaffolding i n  mid-river In order  t o  ca r ry  out  the 
necessary repa i r s ,  the  e rec t ion  of an upper scaffolding supported 
by the  extrados of the  arch i t s e l f  from which the  working platform 
could be suspended, had t o  be adopted (Fig. 94). 

The two problems t ~ h i c h  presented themselves were then the 
a t a b i l i t y  of the  arch during the  r e p a i r  operat ion and the  method of 

repa i r ing  the  breach. 
S t a b i l i t y  of the  arch. The use of an arch which had been 

s l i c e d  through over more than ha l f  i t s  width as a support f o r  the  
r e p a i r  operations might have been successful  provided the various 
p a r t s  of the  masonry were s t rong enough t o  r e s i s t  the  s t r e s s  d i s -  
locat ions  due t o  the  presence of the breach. I n  view of the  
uncer ta in ty  of t h i s ,  however, the re  bras a ser ious  r i s k  involved 
and t h i s  so lu t ion  had t o  be abandoned. 

It was therefore  decided t o  begin by p a r t i a l l y  rees tab l i sh ing  
the s t a t i c  cont inui ty  of the arch a t  r i g h t  angles t o  the  breach by 
furnishing i t  wlth three  p a r t i a l ,  temporary, lower arches of re in-  

forced concrete which had been subjected t o  precon~pression and 
which transnlitted t h e i r  t h rus t  i n t o  the i n t e r i o r  of the  arch on 
both s ides  of the  damaged zone. 

A s  Fig, 95 and 96 show, these temporary arches have severa l  
r a d i i  of curvature and a re  placed a t  i n t e r v a l s  of 1.75 m from a x i s  
t o  ax i s .  They a r e  about 22 m i n  length, 0,50 m wide and t h e i r  
height  var ies  from 0.50 m i n  the  centre  t o  0.70 m i n  t h e i r  embedded 

sect ions .  They a r e  placed 0.10 m below the  in t rados  t o  the  r i g h t  



of t h e  breach, i n  o rde r  t o  provide room f o r  planks and shims, and 

by reason of t h e i r  shape they  t a i l  i n t o  the  br idge a r c h  g radua l ly  

at  e i t h e r  end. Thei r  reinforcements a r e  s t rengthened i n  t h e  

v i c i n i t y  of the  breach i n  o r d e r  t o  take  account of  my upward 

t h r u s t s  t h a t  might occur t h e r e  as t h e  r e s u l t  of t h e  preconlpression, 

Anchorages A, which a r e  l o n g i t u d i n a l l y  e l a s t i c ,  prevent  l a t e r a l  

buckl ing of t h e  arches.  The loading of each of the  arches,  tfnich 

might have t o  be var ied  i n  i n t e n s i t y  dur inz  the  r e p a i r  opera t ion ,  

was accomplished with the  a i d  of a screvi jack having a minimum of 

100 t fo rce  a c t i n s  i n  the  d i r e c t i o n  of the  key of t h e  br idge  arch  

and which of n e c e s s i t y  remained under s t r e s s  u n t i l  t h e  r e p a i r s  

were completed. If t he  t h r u s t  t o  be exe r t ed  had been cons tant ,  t h e  

use of expansive concrete  would have been t h e  s i ~ n p l e s t  s o l u t i o n .  

The repa.irin,.; of' t h e  breach. 1,i"nen t h e  t h r e e  p a r t i a l ,  temnpo- 

r a r y  arches  had been i n s t a l l e d  and placed under load, t h e  breach 

r e p a i r s  were c a r r i e d  o u t  i n  p r i n c i p l e  by t h e  method app l i ed  t o  the  

Poix viaduct ,  t h a t  i s  t o  say by successive execut ion of f i v e  r i n g s  

1 m wide each, c a r r i e d  out  i n  the  o rde r  ind ica ted  i n  Fig,  96. The 

keys of expansive cement concrete  measured 0.60 m t o  0.70 m long 
and were separa ted  by temporary j o i n t s  about 10 mn wide, whereas 

t h e  r i n g s  were 'Jointed a t  t h c i r  central .  p a r t s .  

Fig.  97 shorn 'the r e p a i r  concrete ,  the  expansive lcey and t h e  

device f o r  wet t ing  t h e  l a t t e r .  
The r e p a l r i n g  of t h e  IIoscou s u r  llYonne br idge  near  Montereau 

(S.N.C.F., southeas t  s e c t i o n ) .  This s t r u c t u r e  was p u t  up i n  lgh1. 

S i t u a t e d  on the  l i n e  from F la~ lbo in  t o  Ieiontereau, i t  suppor ts  a 
s tandard  double traclc and crosses  the  Yonnc by f o u r  spans of 26 m 

and 26.11 rn from a x i s  t o  a x i s  of the p i e r s .  Each t r a c k  r e s t s  on a 

h a l f  deck of r e in fo rced  concrete  of s i n g l e  span and having a box 
s e c t i o n  of v a r i a b l e  he igh t .  

During t h e i r  r e t r e a t  I n  191~4 t h e  Germans t r i e d  t o  d e s t o r y  t h i s  

br idge with charges placed i n  the  upper p a r t  of t h e  deck on the  

f i r s t  s p m  2nd above the  f i r s t  p i e r  a t  the  l e f t  bank and above the  

c e n t r a l  p i e r .  Ser ious  da~ilage occurred, bu t  the  deck he ld  ( ~ i g .  98). 
The damage was of two types:  



( 1 )  In  the  l e f t  bank span: breaches i n  t h e  concrete  deck 

beneath the  t rack;  breaches i n  t he  lower concre te  deck; exposure 

and deformation of upper rods ( ~ i g .  99); exposure of lower rods  

beneath t he  completely dislodged concrete;  

( 2 )  Above the  p i e r s :  breach i n  t h e  concrete  deck below the  

t r ack ;  upper rods exposed and deformed (Fig .  100); c racks  i n  t h e  

r i b s  and support ing devices ( s t r u t s ) .  

F ina l ly ,  p a r t  of the  overhanging sidewalk was demolished. 

The methods of r e p a i r s .  The var ious  p a r t s  of t he  s t r u c t u r e  

were repa i red  i n  the  fol lowing fashion:  

For the  breaches i n  the  concrete  decks and var ious  cracks  t he  

edges were r ecu t  i n  o rde r  t o  remove d i s l oca t ed  p a r t s  from them and 
then the  reinforcements were s t r a igh tened  o r  complemented and the  

missing s ec t i on  w a s  r e s t o r ed  with ordinary  concrete  o r  expansive 

cement concrete,  depending on t he  ind iv idua l  case.  The f i r s t  

method w a s  appl ied  t o  t he  downstream h a l f  deck, the  second being 

used on c e r t a i n  p a r t s  of the  upstream deck. Nide cracks were 

drawn toge the r  and s m a l l  ones f i l l e d  by i n j e c t i o n  e i t h e r  with 

ordinary  cement o r  expansive cement. There s t i l l  remained the  

exposed, deformed reinforcements.  The l ong i t ud ina l  deck re in fo rce -  

ments consisted. of  rods 40 nun i n  diameter no t  hooked and uncrossed, 

i . e .  with end-to-end j o in t s ,  the  number of rods  conforming t o  t h e  

requirements of t h i s  method of achieving con t inu i ty .  These rods 

had been bedded i n  the  th ree  0.50 m r i b s  and t he  0.65 m one (br idge  

s i d e ) ,  t h e i r  bas ic  a x i a l  i n t e r v a l  being 80 ~ n m  i n  both d i r e c t i o n s  

( ~ i g .  101). 

These reinforcements were disposed a t  f i v e  l e v e l s  over  the  

in t rados  of t he  shore span, and f i v e  and t h r ee  l e v e l s  over  the  

extrados,  r e spec t ive ly ,  on t he  l a t e r a l  and c e n t r a l  p i e r s .  

Two d i f f i c u l t i e s  rierc encountered. On t he  one hand Lhere w a s  
t h e  p r a c t i c a l  d i f f i c u l t y  of s t r a i gh t en ing  the  p a r t s  of t he  40 rnrn 
rods which were severe ly  deformed by the  explosiolz of t he  charges 

and which had been subjected t o  a p a r t i a l  halm~ier hardening. 

Secondly the re  w a s  t he  inadequacy of the  space ava i l ab l e  between 

t he  e x i s t i n g  rods f o r  t he  i n s e r t i o n  of a d d i t i o n a l  reinforcements 



under normal condit ions.  
Noreover, the  c u t t i n g  and renloval of the  bent  p a r t s  of rods 

and t he  r e s t o r a t i o n  of t h e i r  con t inu i ty  by the  i n s e r t i o n  of welded 

s ec t i ons  was a d e l i c a t e  and precar ious  opera t ion  under the  

circwnstances.  
F ina l ly ,  the  p lan  of r e i n fo r c ing  the  deck by rneans of cables  

i n s ide  the  box decks, which were then t o  be pu t  under a va r iab le  

s t r e s s  by means of screw jaclcs, had t o  be discarded a p r i o r i  not  

only because of t he  r e l a t i v e l y  high overloads,  but  a l s o  because of 

the  excessive delays which would hzve occurred i n  wai t ing  f o r  t he  

s p e c i a l  p a r t s  requi red  f o r  t h i s  so lu t ion .  
The s implest  method, therefore ,  was t o  take advantage of t h e  

f a c t  t h a t  each h a l f  deck had a ca isson s ec t i on  f o r  the  accomoda- 

t i o n  of add i t i ona l  reinforcements between the  r i b s ,  t h a t  i s  t o  say  

i n  t he  extrados and in t rados  p l a t e s ,  which were re inforced as 

requi red  f o r  t h i s  purpose. 

Natural ly,  of course, t he  concrete  s l a b  s ec t i ons  were given 

a s u f f i c i e n t  thickness of concrete  t o  ensure p e r f e c t  c ladding of 

the  added long i tud ina l  rods. Furthermore, t r ansverse  rods of 
s u i t a b l e  shape were placed i n  such a way as t o  t ransmit  t he  

s t r e s s e s  of the  long i tud ina l  rods t o  t he  r i b s  ( ~ 1 ~ .  101).  

The ques t ion  arose as t o  what importance should be given t o  

the  i n s t a l l a t i o n  of  new long i tud ina l  rods with reference  t o  t he  

deformed reinforcements t h a t  they were intended t o  assist. The 

complete removal of the  l a t t e r  seemed, on the  evidence, t o  be 

unnecessary i n  view of t he  f a c t  t h a t  they  had a l ready  withstood t he  

dead load of the  br idge.  

Further~nore,  the  various poss ib le  t h e o r e t i c a l  cons idera t ions  

were a l l  more o r  l e s s  quest ionable.  The so lu t i on  which w a s  

adopted, the re fo re ,  was simply t o  a t t r i b u t e  t o  the  added rods the  

t o t a l  nlaximwn t e n s i l e  s t r e s s ,  bu t  asswning a u n i t  s t r e s s  t h a t  would 
exceed 25% of the  s tandard o f f i c i a l  s t r e s s .  There could c e r t a i n l y  

be no danger involved here.  

T ies  and s t i r r u p s  were added i n  o rde r  t o  balance t he  s t r e s s e s  

pass ing  t o  the  ou t s ide  from the  r e t a ined  rods a t  r i g h t  angles  t o  



t h e i r  deformations. 
The work schedule. Traf f ic  w a s  f i r s t  reestablished on a 

s ingle  t rack on the upstream half  deck over which metal beams were 
l a i d  d i r e c t l y  on a temporary p i e r  beneath the left-bank span while 
the deck i t s e l f  supported the t rack  over the other spans. The 
repa i r  work was then begun on the downstream half  deck, which was 
p a r t i a l l y  shored up by the same p ier ,  while the measures described 
above were being applied. 

For the sake of appearance the repair ing of the damaged p a r t  
of the pedestrian walk on the overhang required brackets without 
extensions embedded i n  the i n t e r i o r  of the concrete deck. 
Anchorages of various types, several  of which involved the use of 
expansive cement, were employed. 



H. UNDERPINNING 

We s h a l l  consider  the  fol lowing two examples: The Palais 

Rihour a t  L i l l e ,  and the  Ministkre des Colonies in P a r i s ,  both of 

which involved t he  use of expanisve cements. 
Palais Rihour. This involved r epa i r i ng  t h e  w a l l  of an 

h i s t o r i c  bui ld ing ,  t h e  Palais Rihour a t  L i l l e ,  t he  foundations of 

which were showing signs of weakness. The system se l ec t ed  was the  

M6ga p i l e  designed by the  Frank1 Company. 

It w i l l  be r e ca l l ed  t h a t  t h i s  p i l e  c o n s i s t s  of p r eca s t  r e i n -  

forced concrete  elements which a r e  assembled a t  the  s i t e .  They a r e  

sunk with a jack. The d i f f i c u l t  p a r t  of t he  opera t ion  a f t e r  t he  

p i l e  has been sunk t o  t he  proper  depth, i s  t o  p lace  it under load 

beneath t he  w a l l  i n  such a way as t o  assure  i t s  f u l l  con tac t  with 

the  w a l l .  This is  genera l ly  accomplished by us ing  a s p e c i a l  U- 

shaped piece,  a jack, shimming devices and f i n a l l y  by shimming with 

t he  caulking c h i s e l  below t h e  beam. 

The use of expansive cement considerably s impl i f i ed  t h i s  

operat ion.  

A removable metal mould M was placed on top of t he  last sec-  

t i o n  of each M6ga p i l e  (Fig.  102).  The mould w a s  f i t t e d  with a 
hopper E, f o r  pouring in the  concrete ,  and with a v i b r a t o r  V. 

Af te r  a l i g h t  reinforcement had been placed i n  t h e  mould t he  

l a t t e r  w a s  f i l l e d  and v ib ra ted  u n t i l  t h e  laitamce of the  concrete  

flowed out  between the  mould and t he  beam. Af te r  s e t t i n g  and 

removing t he  form the  poured s ec t i on  w a s  kept  wet f o r  t h e  number of 

days requi red  i n  order  t o  ob t a in  the  i n i t i a l  des i red  t h r u s t  a g a i n s t  

t he  w a l l  of approximately 20 tons p e r  p i l e .  

This method, compared t o  t he  f i r s t  one, enabled us  t o  ob t a in  

g r e a t e r  s o l i d a r i t y  between t he  crown and t he  body of the  p i l e  and 

t o  r e a l i z e  a saving of about 20 kg of very i n t r i c a t e  reinforcement 

p e r  element. 

Fig.  103, 104 and 105 show the  var ious  phases of the  operat ion.  



The holes  v i s i b l e  i n  Fig.  105 permit the  wet t ing  water t o  

pene t ra te  i n t o  t h e  i n t e r i o r  of the  expansive concrete.  Actually,  

the re  i s  no expansion u n t i l  the  wet t ing  i s  begun a few hours a f t e r  

t he  s e t t i n g  of the  cement. 

I f  t h i s  wet t ing  i s  suddenly stopped i n  the  course of expansion, 

the  expansion i t s e l f  w i l l  cease a l t oge the r  i n  twenty-four t o  f o r t y -  

e i gh t  hours, a f t e r  a 10 to- 40% elongat ion,  beyond the  value a l ready  

reached, depending on t he  q u a n t i t i e s  employed. Thus t he  termina- 

t i o n  of wet t ing  i s  a simple and e f f e c t i v e  means of con t ro l l i ng  t he  

expansion a t  t he  s i t e .  

The Ministhre des Colonies. Fig.  106 is  a diagram represent -  

i ng  the  underpinning of a w a l l .  

On top of every foo t i ng  of non-reinforced concrete  we b u i l t  a 

crown of expansive concrete  1 m i n  he ight .  Wetting holes  A, B and 

C, each 30 m i n  diameter,  placed a t  20 cm i n t e r v a l s ,  were made 

with t he  a i d  of temporary s t e e l  bnrs  placed i n  the  concrete  and 

withdrawn a t  t he  time of s e t t i n g .  Tiey were connected up t o  a 

supply of water maintained by means of a simple f i l l e t  gu t t e r .  The 

fo rce  of expansion assured the  loading of the  wel ls  under the  w a l l  

without the  a i d  of jacks. 

It may be noted i n  pass in% t h a t  t he r e  a r e  many poss ib le  

app l i c a t i ons  of these p r i n c i p l e s  i n  mining cons t ruc t ion  i n  f i l l i n g  

around the  v a u l t s  of g a l l e r i e s  and tunnels .  



I. RULES FOR TI-IE USE OF FZUUORCED CONCP3ZTE 

Generally speaking, r u l e s  a r e  no t  t h e  p rogen i to r s  of progress ,  

On the  o t h e r  hand, they  cannot be charged with having caused 

acc idents .  Thei r  purpose i s  t o  avoid e r r o r s  of doc t r ine  and t h e i r  

e f f e c t  i s  t o  s t a b i l i z e  f o r  the  ~ioment t h e  r u l e s  of a p p l i c a t i o n  of 

a m a t e r i a l  u n t i l  another  r u l e  can be formulated which w i l l  take 

i n t o  account any progress  t h a t  has been made s i n c e  .the preceding 

one was d r a m  up. 

Now, i f  a r u l e  remains i n  fo rce  f o r  a long time and t he  pro- 

g ress  of a sc ience  i s  rapid,  t h e  r e s u l t  niay be a  more o r  l e s s  

s e r i o u s  l a g  i n  the  p r a c t i c a l  a p p l i c a t i o n  of t h e  new knowledge, 

This  is  t h e  pa tho log ica l  s i d e  of t h e  quest ion.  

There a r e  two poss ib le  so lu t ions .  On the  one hand t h e r e  may 

be f requent  r e v i s i o n  of t h e  r u l e s  i n  o rde r  t o  keep them cons tan t ly  

up t o  da te ,  o r  on the  o t h e r  hand they  can be r a t h e r  l i b e r a l l y  

formulated t o  enable b u i l d e r s  t o  keep up with t e c h n i c a l  progress .  

The f i r s t  of these  two s o l u t i o n s  has been genera l ly  adopted 

abroad. The second one, on t h e  o t h e r  hand, i n s p i r e d  t h e  " C l r c u l a i r e  

f ranpaise"  of 1906 vihich was no t  replaced u n t i l  1934, i . e .  twenty- 

e i g h t  years  af terwards.  Since it author ized  s t r e s s  values trhich 

were no longer  f ixed ,  bu t  were p ropor t iona l  t o  the  r e a l  cha rac te r -  

i s t i c s  of t h e  ma te r i a l s ,  b u i l d e r s  and i n d u s t r i a l i s t s  were thus  

encouraged t o  search  f o r  products  of h igher  q u a l i t y ,  and hence 

towards t h e  r e a l i z a t i o n  of bolder  s t r u c t u r e s ,  It is  due i n  p a r t  t o  

t h e  l i b e r a l  c h a r a c t e r  of t h e  C i r c u l a i r e  of 1906, insp i red  by t h e  

genius of Consid&re, t h a t  French b u i l d e r s  have f o r  m a y  yea r s  he ld  

a d i s t i n c t  lead  over  some of t h e i r  f o r e i g n  col leagues who were too  

narrowly r e s t r i c t e d  by more r i g i d  r u l e s .  Although knorm and pro- 

posed almost f i f t y  years  ago, t h e  use of b a r s  with a su r face  

opposing t h e i r  s l ippage  i n  the  concrete  has i n  p a r t i c u l a r  been 

abandoned f o r  s e v e r a l  yea r s  s o l e l y  because c e r t a i n  r u l e s  d i d  no t  

permit b u i l d e r s  t o  take advantage of them even though conclusive 

t e s t s  had made these  apparent ,  



While any good r u l e  may help  t o  prevent  imprudent procedure, 

i t  should never be allowed t o  d e t r a c t  from the  i n i t i a t i v e  of a 
good bu i l de r  o r  t o  impede progress .  

F ina l ly ,  i n  any country the  s i t u a t i o n  should be avoided where 

d i f f e r e n t  adminis t ra t ions  each adopt a r u l e  which while good i n  

i t s e l f  agrees only p a r t i a l l y  with genera l  p r e s c r i p t i o ~ l s  l a i d  down 

i n  o the r  similar ru les .  

Present-day knowledge enables  us, broadly speaking, t o  b r i n g  

t he  conceptions of various admin i s t ra t ive  d iv i s i ons  of a s i n g l e  
country i n t o  harmony with each o ther .  The same should apply t o  

the  r u l e s  appl ied  i n  d i f f e r e n t  coun t r i e s  where the  au thor iz ing  

committees too  o f t en  work i n  i s o l a t i o n  and i n  more o r  l e s s  complete 

ignorance of what i s  going on i n  neighbouring countr ies .  



J. A FEW E:UlI.IPIS;:S OF FALSE REASONING 

( a )  Calculat ion of s t i r r u p s .  Some engineers  a ss ign  t o  the  

s t i r r u p s  only the excess of the shear ing  s t r e s s ,  or more exac t l y  

the t e n s i l e  s t r e s s ,  which t he  concrete  i s  ab l e  t o  balance. I n  

r e a l i t y ,  however, v e r t i c a l  s t i r r u p s  r e a l l y  become e f f e c t i v e  only 

a f t e r  the  concrete  has cracked. They rnust the re fo re  be capable of 

completely replac ing  the  concr?te,  r e s i s t i n g ,  by tension,  a l l  t he  

t e n s i l e  s t r e s s e s  of the  concrete  a c t i n g  over the  e n t i r e  a r e a  

occupied by a given craclc. 

( b )  Consideration of  concrete  under t e n s i l e  s t r e s s .  In 

s p e c i a l  cases s t r u c t u r e s  which a r e  executed without shrinlcage 
j o in t s  and which always funct ion  i n  i s o l a t i o n  t he  t e n s i l e  s t r eng th  

of the  concrete  may be talcen i n t o  account, but  t h i s  must always be 

done with g r e a t  caut ion.  

In o the r  cases where shrinlcage j o in t s  may be e~nployed, o r  

where t he r e  a r e  l i a i s o n  s t r e s s e s  with o the r  p a r t s ,  ( s h r i n l ~ a ~ e ,  

temperature, f i t t i n g  s t r e s s e s ,  e t c .  ) t h e  reinforcement rnust be 

capable by i t s e l f  of absorbing a l l  the  t e n s i l e  s t r e s s e s .  
To a c t  otherwise involves t he  r i s k  of reducing the  margin of 

s a f e t y  of a s t r u c t u r e  by increa.sing the  s t r e s s  on t he  s t e e l  i n  

zones where the  t e n s i l e  s t r eng th  of the  concrete  is p a r t i a l l y  o r  

completely absorbed by t he  ac t i on  of secondary s t r e s s e s  o r  by t h e  

e f f e c t  of con t inu i ty  so lu t ions .  

( c  ) Shearing s t r eng th  of the  concrete.  So-called "shear ing  

cracks" i n  concrete  a r e  a c t u a l l y  t e n s i l e  cracks.  

Sonie bu i lde r s  be l i eve  t h a t  i f  the  secondary reinforcement i s  

capable of balancing the  shear ing  s t r e s s ,  t he  shear ing  s t r eng th  of 

the  concrete  i s  of no importance from t h e  po in t  of view of t h e  

t o t a l  s t r eng th .  I n  r e a l i t y ,  the  opening up of a l l  cracks shou3.d be 

r e s t r i c t e d  so  as t o  avoid oxidat ion  of the  reinforcements by out- 

s i d e  agents.  

V e r t i c a l  s t i r r u p s  a r e  of l i t t l e  help i n  prevent ing craclcs. 



So as t o  be a b l e  t o  assume "s t r eng th  values" which c e r t a i n  
r u l e s  f i x  a t  up t o  h a l f  the  value of t h e  compression i n  var ious  
cases  where obl ique rods a r e  employed, t h e  spac ing  of these  rods 
should be l imi ted  a s  a func t ion  both of t h e  he igh t  of  t h e  beams 
and of t h e  diameter of t h e  rods themselves, sometinles even i n  
abso lu te  values.  

Spec ia l  measures may be considered i n  zones where maximum 
bending moments and shear ing  s t r e s s e s  occur s imultaneously,  They 
must always be based on the  r e s u l t s  of r e a l l y  conclusive exper i -  
mental d a t a  and n o t  on ques t ionable  t h e o r e t i c a l  cons idera t ions .  



K. FIRST STEPS TO BE TAKEN I N  INVESTIGATING 

AN ACCIDENT TO A STRUCTURE 

The most urgent mat ters  confront ing an exper t  i n  t he  case of 

an acc ident  a r e  the  i n t e r roga t i on  of witnesses and the  examination 

of t he  ru ins .  

( a )  In te r roga t ion  of witnesses.  Anyone who has ever  i n t e r r o -  

gated the  witnesses t o  any event w i l l  know t h a t  each one sees  i t  
from a d i f f e r e n t  po in t  of view. 

They w i l l  a l s o  know t h a t  between a f i r s t  depos i t ion  and 

fol lowing ones given by t he  same witness d i f fe rences  w i l l  a r i s e  

which w i l l  be more o r  l e s s  pronounced depending on whether the  

witness has been subjected i n  the  meantime t o  t he  inf luence  of o the r  

witnesses and poss ib ly ,  indeed, t o  c e r t a i n  p ressures  from ou t s ide ,  

The i n i t i a l  i n t e r roga t i ons  should the re fo re  be begun as far  as 

poss ib le  immediately a f t e r  the  accident ,  a t  l e a s t  as f a r  as t h e  

main po in t s  a r e  concerned. Delays can only h inder  the  a c q u i s i t i o n  
of an exact  p i c t u r e  of the  f a c t s .  

( b )  Examination of ru ins .  I f ,  say, i n  a bu i ld ing  of p o s t  and 

beam const ruc t ion  a given p a r t  i s  brusquely removed so  as t o  pro- 

duce a  p a r t i a l  o r  t o t a l  co l l apse  of t he  s t r u c t u r e ,  then each of the  

o the r  elements w i l l  occupy a d e f i n i t e ,  predetermined pos i t i on  of 

f a l l ,  There i s  thus a d i r e c t  r e l a t i onsh ip  between t he  arrangement 

of the  p a r t s  t h a t  have col lapsed and the  i d e n t i t y  of the  one which 

produced the  f a i l u r e .  
From t h i s  i t  may be concluded i n  p r i n c i p l e  t h a t  t he  examina- 

t i o n  of r u in s  by an experienced exper t  should r evea l  the  elements, 

the  f a i l u r e  of which was responsib le  f o r  the  col lapse  of the  

s t r uc tu r e .  Every exper t ,  the re fo re ,  should f a m i l i a r i z e  himself 

with these  cause and e f f e c t  r e l a t i onsh ip s ,  e spec i a l l y  with the  a i d  

of s u i t a b l e  models. 
In p r ac t i c e ,  however, such s t u d i e s  o f t e n  p resen t  d i f f i c u l t i e s  

and soriletimes even p r ~ b l e m s  impossible of so lu t ion .  For example, 

where the re  have been c a s u a l t i e s  c e r t a i n  p a r t s  may have been d i s -  

placed by the  rescue opera t ions ,  I f  a number of c e i l i n g s  of a 



bui ld ing have collapsed they may be superimposed on each o ther  i n  
such a manner a s  t o  render a l l  examination very hazardous. Final ly,  
reinforced concrete s t ruc tu re s  a r e  i n  general more unf avourable 
from t h i s  point  of view than s t e e l  construct ions because of t h e i r  
fragmentation i n  the case of col lapse.  

Nevertheless, a v i sua l  examination by an expert  of the ru ins  
of a s t ruc ture  w i l l  almost always give him much more valuable 
information than he could obtain from the b e s t  photographs, even a 
grea t  many of them taken i n  s t r a t e g i c a l l y  chosen places.  Such 
photographs a r e  nonetheless indispensable i n  a l l  cases.  

It i s  f o r  these reasons t h a t  t h i s  ca re fu l  personal examination 
appears t o  me t o  be a matter of prime importance. Moreover i t  i s  
one t h a t  f requent ly  goes unrecognized. 

Without wishing t o  minimize the  u t i l i t y  of a l l  the  o ther  
aspects  of a thorough invest igat ion,  i t  may s t i l l  be sa id  t h a t  the 
i n t e l l i g e n t  observation of ru ins  has more than once pointed the  way 
from the  very start t o  the  means of f ind ing  a so lu t ion  f o r  even the  
most complex of problems, 



L. THE MISDEEDS OF CERTAIN ENGINESRR~IG EE'ERTS 

I n  a d d i t i o n  t o  f a i l u r e s  a t t r i b u t a b l e  t o  t h e  e r r o r s  of t h e  

planners  o r  of t h e  c o n t r a c t o r s  on the  one hand, and t o  major fo rces  

on the  o ther ,  we have on more than one occasion had t o  deplore the  

aggravat ion of damage produced by the i n i t i a t i v e ,  and sornetlrries the  

l ack  of i n i t i a t i v e ,  of the  e,uperts c a l l e d  i n  t o  advise  on t h e  

measures t o  be taken i n  order  t o  r e s t r i c t  t h e  damage. 

When the  designated exper t  i s  a s p e c i a l i s t  of incon tes tab le  

r epu ta t ion  who has proven himself and who enjoys coniplete indepen- 

dence frola i n t e r e s t e d  p a r t i e s ,  h i s  i n t e r v e n t i o n  can only  have 

f o r t u n a t e  r e s u l t s .  This i s  genera l ly  the  case.  

It sometimes happens, however, t h a t  i n v e s t i g a t i o n s  a r e  

en t rus ted  t o  inadequately spec ia l i zed  engineers  who, no doubt i n  

good f a i t h ,  be l ieve  themselves capable of so lv ing  any ques t ion  
\ 

whatsoever. 

I a n  sometimes su rp r i sed  a t  the  inadequacy of the  documenta- 

t i o n  placed a t  the  d i s p o s a l  of t h e  o f f i c i a l s  who must choose t h e  

exper t s  and a t  t h e  thoughtlessness  of those among the  l a t t e r  who 

w i l l  accept  a commission which they  a r e  In f a c t  incapable of 

ca r ry ing  out  proper ly .  The r e s u l t s  may be delays o r  e r r o r s  i n  the  

making of dec i s ions ,  the  i n c u r r i n g  of needless  expense, o r  even the  

aggravat ion,  sometiriles i n  a dangerous manner, of the  o r i g i n a l  

daniage . 
In s e v e r a l  pub l i ca t ions  and l e c t u r e s  I have a l r eady  c i t e d  a 

number of examples of t h i s  na ture .  I s h a l l  r e i t e r a t e  here a few 

t y p i c a l  cases ,  which I have d isguised  somewhat s o  a s  not  t o  expose 

the  respons ib le  p a r t i e s .  

( a )  A f a c t o r y  bu i ld ing  had been very s e r i o u s l y  cracked because 
of the  f a i l u r e  of t h e  p i e r s  on which it was founded. The concre te  

of these  p i e r s  had been decomposed by aggress ive  waters from a 

nearby chemical f a c t o r y  which had not  taken t h e  precaut ion  of 

channel l ing  them. Inat d id  the  exper t  do? He ordered t h e  r e s t o r a -  

t i o n  of the  foundations without t zk ing  any s t e p s  t o  remove the  

cause of the  t rouble .  Af te r  t h i s  work had been c a r r i e d  out  by 



underpinning, t h a t  i s  t o  say  under the  most d i f f i c u l t  of condi t ions ,  

he came t o  the  conclusion t h a t  the  bu i ld ing  i t s e l f  would have t o  be 

to rn  down, a p o s s i b i l i t y  t h a t  he had f a i l e d  t o  consider  up u n t i l  

t h a t  time. Thus, due t o  the  in te rven t ion  of "profess ional" ,  s i x  

months and severa l  mi l l ions  of f r ancs  were l o s t  a t  a time when the  

f ranc  s t i l l  stood a t  a high r a t e  of exchange. 

( b )  IJhen the  s t r eng th  of a re inforced concrete  bu i ld ing  i n  t he  

nor th  was questioned by a r i v a l  engineer,  t he  owner becarne worried 

and ca l l ed  i n  a s p e c i a l i s t  - i n  s t r u c t u r a l  s t e e l .  Af te r  examining 
the  plans and making ca l cu l a t i ons  t h i s  exper t  declared t h a t  i t  
would be necessary t o  c a r ry  out  a p a r t i a l  demolit ion of c e r t a i n  

p a r t s  so as t o  add add i t i ona l  reinforcements.  Unaware, no doubt, 

t h a t  r e f i l l i n g  with green concrete  i n  a concrete  t h a t  had a l ready  

hardened i s  rendered l a rge ly  i ne f f ec t i ve  by reason of t he  shrinkage 

( a  phenomenon t h a t  i s  unkown i n  s t r u c t u r a l  s t e e l  work), and de sp i t e  

the  p r o t e s t s  of the  con t rac t ing  a r c h i t e c t  and the  bu i lde r ,  the  

exper t  was t o l d  t o  proceed with these "reinforcements".  A few 

months l a t e r  the s t r uc tu r e ,  having been weakened by the p a r t i a l  

demolit ions of concrete  t o  which it  had been subjected,  cracked 
It  s evere ly  i n  s eve ra l  of these  re inforced"  p a r t s  and had t o  be 

reconsol idated by rnore appropr ia te  methods. 

( c )  An e n t i r e  f a c t o ry  comprising s eve ra l  bul ld ings  b u i l t  on a  

h i l l  became subject; t o  progressive cracking. For f ou r  years  a 
I1 expert" had l o c a l  r e p a i r s  c a r r i ed  out ,  without i n  any way r e t a rd -  
ing  the d i s l oca t i on  processes t o  which the  bui ld ings  were sub jec t .  

Idhen a s p e c i a l i s t  w a s  f i n a l l y  c a l l e d  i n  he discovered t h a t  a sub- 

te r ranean streal11 was underi~lining t he  f o u ~ d a t i o n  s o i l  so  t h a t  the  

l a t t e r  was undergoing a genera l  s l i d i n g  process .  He had the  sp r i ng  

tapped and inlr~lediate l y  the ground began t o  s t a b i l i z e  . However 

during the four  years  of neglec t  the  darnage t o  :ip~!rle of the  bui ld ings  

had gone so  f a r  t h a t  four  of thern had t o  be t o rn  down cornpletely 

and r e b u i l t .  

It would be a l t oge the r  wrong and un jus t  t o  conclude from the  



foregoing t h a t  a l a r g e  nuniber of exper t s  do n o t  know t h e l r  job. 

The g r e a t  major i ty  of them a r e  unquestionably competent and 

conscient ious enough t o  accept  only  conmissions f o r  which they  a r e  

wel l  q u a l i f i e d .  However, j u s t  as t h e r e  a r e  good and bad doc to r s  of 

medicine the re  a r e  a l s o  good and bad engineers  and one must know 

how t o  choose between them. It would no doubt be s u f f i c i e n t  i f  the  
o f f i c i a l s  respons ib le  f o r  s e l e c t i n g  the  exper t s  i n  each p a r t i c u l a r  

case were more f u l l y  cognizant of the  s k i l l  and s p e c i a l i t y  of  each 

i n  o r d e r  t o  avoid i n i t i a l  e r r o r s  of o r i e n t a t i o n  which may be pre- 

j u d i c i a l  both t o  t h e  pub l i c  i n t e r e s t  and t o  t h a t  of t h e  p a r t i e s  
d i r e c t l y  Involved. 



M. - PRESENT OUTLOOK FOR FS3DJBORCED CONCFETE 

The r e a l i z a t i o n  of a world span record f o r  a given t m e  of 

s t r u c t u r e  does not  by i t s e l f  prove t h a t  i t s  des igner  overshadows 

i n  s k i l l  a l l  h i s  o t h e r  col leagues.  In  every country today t h e r e  

a r e  a c e r t a i n  number of technic ians  who, had they been confronted 

with the  problem would under normal condi t ions  have been a b l e  t o  

so lve  it. Very of ten,  i n  f a c t ,  the  choice of a p r o j e c t  and a 

des igner  t o  r e a l i z e  i t  i s  decided on t h e  b a s i s  of c o s t  o r  t i n e .  

Generally speaking, today ' s  world records  a r e  a l r e a d y  f a r  surpassed 

by t h e  a v a i l a b l e  p o s s i b i l i t i e s .  
Only r a r e l y  does the  width of our  r i v e r s  r e q u i r e  spans of the  

o rde r  of more than 250 m, except on t h e  e s t u a r i e s  o r  i n  o r d e r  t o  

c ross  va l l eys  a t  high a l t i t u d e .  
From the  t e c h n i c a l  p o i n t  of view, indeed, the  width of spans 

i s  l imi ted  only  by t h e  dead weight and the  s t r e n g t h  of n la ter ia l s ,  

From t h i s  po in t  of view alone, w e  could contemplate, f o r  example, 

a rches  of approximately 1,500 m and bow-strings of 500 rn open span, 

i . e .  s i x  and f o u r  times, r e spec t ive ly ,  those of the  l a r g e s t  

e x i s t i n g  s t r u c t u r e s  (Fig.  107 ) . 
With regard t o  he igh t s  we may c i t e  t h e  p lan  of a 2,000 nz h igh 

tower presented i n  1935 by t h e  a r c h i t e c t  Faure-Dujarric and the  

author,  represented  i n  Fig. 108 and 109. The body of the  s t r u c t u r e ,  

t o  be executed e n t i r e l y  i n  r e in fo rced  concrete ,  had the  shape of a 

t runcated  cone 40 m i n  d icmeter  at  i t s  peak and 210 ni a t  the  ground 
l eve l .  I ts  th ickness  r a t i o ,  top  t o  bottom was 1 : 12 m. Its 

foundation, r e s t i n g  on chalk,  20 m deep was designed as a c i r c u l a r  

f o o t i n g  400 m i n  diameter.  
This  s t r u c t u r e  supported t h r e e  p la t forms a t  a l t i t u d e s  

r e spec t ive ly  of 600, 1200 and 1800 m from the  ground. The p l a t -  

forms were t o  measure r e s p e c t i v e l y  357, 1;00 an8 1150 n: i n  diameter.  
Each platforr,]  comprised r a d i a t i n g ,  r e t i c u l a t e d  metal  g i r d e r s  which 

a c t  as a framework f o r  the  main f l o o r ,  in termedia te  f l o o r s  and t h e  

roofing,  and sccondly con ica l  v a u l t s  of r e in fo rced  concrete  r e s t i n g  

on metal  g i r d e r s .  The l a t t e r  could a l s o  have been executed i n  



pres t ressed  concrete .  
This design, o r i g i n a l l y  presented a s  a  defence work f o r  P a r i s  

aga in s t  a e r i a l  a t t a ck ,  was l a t e r  considered f o r  pure ly  c i v i l i a n  

uses  ( spo r t s ,  av ia t ion ,  radio,  t e l ev i s i on ,  astronomy, nieteorology, 

ho t e l s ,  sana to r i a ,  e t c . )  i n  co l l abora t ion  with t h e  be s t  q u a l i f i e d  

French and fore ign  exper ts .  
In add i t i on  t o  s tairways and high-speed e l eva to r s  a h e l i c a l  

automobile ramp would lead from the  bottom t o  the  t h r ee  platforms.  

In  round f i g u r e s  t h i s  s t r u c t u r e  would requ i re  5,000,000 m3 of 

sand, gravel  and s tone,  1,200,000 tons of cenent,  300,000 tons  of 
round mild s t e e l  rods,  300,000 tons of s t r u c t u r a l  s t e e l  framing, 

4,200,000 m2 of wood and metal falsework, and 3,000,000 m3 ear th -  
worlcs. The bu i ld ing  time was est imated a t  t h r ee  t o  f ou r  years .  



N. PRESTRESSED, POST-STRESSED AND SEU-STRESSING CONCFETE 

Some readers  may wonder why we have no t  considered the  pathol-  
ogy of p res t ressed ,  pos t -s t ressed  and s e l f - s t r e s s i n g  (expansive 
cements) concrete,  e t c . ,  i n  the  p resen t  work. There a r e  t h r ee  
reasons f o r  t h i s .  

I n  the  f irst  place,  the  app l i c a t i on  of these  mate r i a l s  is 
comparatively new and most of t h e i r  i n i t i a l  d i f f i c u l t i e s  a r e  of  a 
temporary nature.  

Secondly they a r e  s t i l l  being used by, o r  are under the  
con t ro l  of eminent s p e c i a l i s t s  holding pa t en t s  on them, and t h i s  
i n  i t s e l f  i s  a guarantee aga in s t  e r r o r s  due t o  ignorance. 

F ina l ly ,  we must have the  assurance, and only time can give 
us t h i s ,  t h a t  these  conceptions w i l l  no t  have t o  al low f o r  as y e t  
unsuspected processes.  Only then w i l l  i t  be poss ib le  t o  Judge them 
i n  a d e f i n i t i v e  manner. 



CONCLUSION 

Although reinforced concrete has been known f o r  about a 

century, i t s  general  app l ica t ion  da tes  back only about f i f t y  years .  

Nevertheless reinforced concrete is  not  only assured of a p lace  In 

the f i r s t  rank among const ruct ional  mater ia ls ,  but  appears today t o  
be i n  a period of f u l l  evolut ion towards new progress.  

In studying the  pathology of re inforced concrete I had no 

thought of undermining the  f u l l y  j u s t i f i e d  confidence i n  i t  t h a t  

so  many engineers have. On the contrary, I have sought t o  show, 
i n  what i s  perhaps an unusual way, f i r s t  of a l l  t h a t  none of the  

known miscalculat ions which have entered i n t o  c e r t a i n  of i t s  appl i -  

ca t ions  i s  the  r e s u l t  of any fundamental f a u l t  of the mate r ia l  

i t s e l f ,  and secondly t h a t  our  present  knowledge, although s t i l l  
open t o  improvement, i s  a l ready adequate t o  permit any engineer 

possessed of a heal thy logic  and a robust  common sense t o  employ it 
without incurr ing any r i s k s  o the r  than those due t o  major forces ,  

r i s k s  which a r e  inev i tab le  In a l l  f i e l d s  of construct ion.  In 

emphasizing both the  p i t f a l l s  which must be avoided and the  very 

simple means of doing so  with ce r t a in ty ,  I have again affirmed my 

profound f a i t h  i n  t h i s  remarkable mater ia l .  
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(a) Section between supports. (b) Section over supports 
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Legend: 
-Extrados cables 
---Inclined cables --- Intrados cables --- Anchorages 
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V - Present-day possible arch span 
Vf - Actual record to date 

B - Present-day possible bow-string span 
B f  - Actual record to date 
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Model of planned 2000 m high tower 



Fig. 109 

Half cutaway section and elevation of tower 


