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(Paper No. 4351.) 

“ Reinforced  Concrete for Ship-Construction.” 
By  Professor  THOMAS BERTRAWD ABELL, O.B.E., M.Eng. 

IN connection  with  the  adoption by the  Admiralty of reinforced 
concrete  for  the  construction of ships,  tests  and  experiments were 
made  during 1917-18 by the  department of the  Controller  General 
of Merchant  Shipbuilding,  and also by contractors engaged in  the 
construction of these ships, acting on their own initiative.  The 
fact  that  much of this  information was accumulated a t  public 
expense  furnishes a special  reason  why  the  department  should 
make it generally available. With  the  sanction of the  Controller 
General of Merchant  Shipbuilding  this  Paper  has  therefore been 
prepared, to  place before  the  engineering profession the  results of 
tests  carried  out  with  the  object of securing  a  satisfactory  concreto 
for use in the  construction of ships, to which  purpose, under  the 
exceptional  conditions  brought  about  by  the  war, it had been 
decided to  apply  reinforced concrete. 

At  the  time  reinforced-concrete  ship-construction was commenced 
in this  country  there was already  much  information a t  hand 
relating  to  the  manufacture  and  properties of concrete, but t,he 
bulk of the  published  matter  had  reference  to  questions connected 
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particularly  \vith  building  construction, r:tther than problems arising 
in  ship-construction. 

The  essential  requirements of a material  for  ships  may be stated 
as follows :- 

(l) It shall  have  known,  sensibly  uniform,  and  reliable 
mechanical  properties, comprised under  the compre- 
hensive  terms  strength  and  elasticity. 

(2)  It shall  have a known  and  sensibly  uniform  density. 
(3) It shall be water-excluding in  all  circumstances. 

The  higher  the  mechanical  properties,  the  more  suitable will the 

.lVaterials of Construction : Concrete.-Experience has shown that 
concretes  varying  greatly  in  quality  result  from  the use of the  same 
cement  and  the  same  aggregate in different  proportions.  Again, 
mixtures  having  the  same  proportions  give  differing  results if the 
nature, size, and  shape of the  aggregate be modified, or if the  nature 
and size of the  cement  particles  be  altered.  Care  in  proportioning  thus 
becomes of great  importance  in  order  to  secure  the  results  desired. 

The  material in a  steel  ship is manufactured  away  from  the 
construction-yard,  and  is  tested  before  leaving  the steel-mills. 
I n  a concrete  ship  the  material of construction-khe concrete-is 
manufactured  on  the  site  immediately  before  incorporation in the 
work,  and  can be tested  only  when it is  part of the  ship.  The 
mixture  to be used  needs, therefore,  to be very  carefully  determined 
in advance. It has  to  be  remembered  that  after placing the  concrete 
complete  hydration  is  only  ensured  by a suficiency of water. 
Close attention is required  to  ensure  this. 

Cement.-It was decided to use Portland  cement,  the  only  cement 
manufactured  on a large scale. It is  a  materid which, if care- 
fully  prepared,  has  reliable  properties. 

Cement  being  the  active  agent  providing  tensile  and compressive 
strength,  and  watertightness, it was essential  that  the  mixtures 
should  be " rich " in ,  cement,  with  an excess over that  required  to 
fill the voids. The specification of the  concrete used required that 
there  should be at least 35 per  cent. of cement  by volume in  the 
finished concrete.  This proved sufficient  to  ensure  watertightness 
in  the  test slabs under  a  pressure of 30 lbs. per  square  inch,  and 
in the vessels under  working  conditions.  Cement of somewhat 
increased  strength  is  obtained  by  finer  grinding,  and some  con- 
tractors  on  their  own  initiative  required a higher  degree of fineness 
than  that specified. 

Aggregnte.-The type of aggregate used in the  construction of 
the ships depended upon the geological formation  in  -the  neighbour- 

material be. 
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hood of the  shipyard. In  the  southern  and  south-eastern  district 
the  aggregate used was beach- or  river-gravel,  mainly of flinty 
character.  That  in  the  north  and  north-western  districts was of 
igneous rock, granite  or  trap. I n  one case beach-gravel consisting 
mainly of igneous  rock was to  have  been used. 

The size of the  aggregate was governed  by  the  minimum cover 
of the  reinforcement,  namely, $ inch ; it W R Y  required  to pass a 
screen with :-inch square mesh or  one  having  $-inch  round holes, 
whichever W M  preferred  by  the  contractor.  Granite  or  whin 
chips have been  used equally  with  crushed  and  uncrushed  gravel. 
Concrete  made  with  either was able to  fulfil the  requirements 
of the specification. It had been believed, and mmy experiments 
supported  the view, that a  large  aggregate of broken  stone would 
yield better  crushing  results  than  rounded  gravel.  With  aggreglte 
of the size specified, very  rounded  gravel,'  such as that  from  the 
Chesil  Beach,  gave results  certainly  not  inferior  to  those of any 
concrete specimens tested.  Indeed by far  the  best  crushing  strengths 
lmve been obtained  with such a  gravel,  reaching 4,750 lbs. per  square, 
inch a t  7 days, and  over 7,000 lbs. a t  28 days, using 4-inch  cubes for 
test-pieces. 

There  are,  indeed,  many good reasons  for  adopting a beach-gravel 
for  ship-construction : it is  generally clean, the  softer  elements 
of the basic rock  have  usually been  removed, and-most important- 
it is generally  better  graded  than an artificially  prepared  aggregate. 
Concrete  with a rounded  aggregate is also easier  to place within 
confined moulds than  an  angular  aggregate, which is liable to catcl1 
on the  reinforcement  and  create voids. 

.It  nlust  not be inferred  that  no difiiculty was experienced by  the 
use of natural gravel. This was not  the case. It is,  however, 
true  that  no  dificnlty wits found  where  beach-gravel was  used, 
because it can be obtained clean and  free  from  vegetable  matter. No 
distinction  has  here been drawn  between coarse and fine aggregate. 

The  aggregates were in all cases practically  impervious to  water. 
They comprised  Chesil  Beach gravel,  Shoreham gravel, Whitby 
Beach gravel,  Thames  Ballast, Halm River ballast, granite- 
Aberdeen, Afalvern, Threlkeld-Stranraer gravel, whin chips, and 
sands  both of siliceous and  granitic  origin. 

Wuter.-The proportion of water was not specified, not because 
i t  was believed to be unimportant,  but because it was thought  that 
the  proportion  to be used might  very well be left  to  the  engineer  in 
charge. It would have been difficult to specify a proportion which 
could have been used in  all cases, because of the  different  methods 
of construction :itiolketl. This  must be particularly so in  a  ship 

Q 2  
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which is  constructed of thin slabs. For example, R far stiffer 
concrete  can be used in placing  a  concrete deck than in placing :L 

bulkhead.  The  proportion of water  to be used depends  upon  the 
type of construction,  and  the  position of the  slab  to be cast. The 
degree of fluidity  desired in the  concrete for the  type of construction 
being decided, it was  then possible to  determine  the  amount of 
water  necessary  to  ensure  this. 

Proportions.-The mixtures used generally  ranged  around :- 

l part of cement : l& part of sand : 2% parts of aggregate ; or, 
conveniently, a 1 : 3 * 375 mixture. 

The  richest  mixture  used  was 1 : 2.67, the  poorest 1 : 3.66.  It does 
not follow that  the  richest  mixture,  using  the  volumetric  method of 
proportioning,  contains  the  greatest volume of cement  per cubic 
foot of the  finished  concrete.  The  percentage  quantity of cement 
will depend  upon  the  grading  and  type of the  aggregate. 

Density.-The weight  per cubic foot of the concrete  (unreinforced), 
under  similar  conditions as to  age  and  dryness,  ranged  from 142 5 lbs. 
per cubic foot  to  152.5 lbs. per  cubic  foot.  This was a very wide 
variation,  necessitating in some types of vessel a careful  considera- 
tion of the  dimensions of the vessel, particularly  where it is  one of 
“constant  draught,’’ i.e., where  the  variable  load  carried  is sm:tll, 
and  where  there is no  large  reservoir of cargo  deadweight  capacity 
to  draw  upon in the  event of the  concrete  hull  weight exceeding the 
estimate.  This  variation  cannot be properly compared to  the  rolling 
margin on steel  plates,  since i t   is  largely  due  to  the  digerent  types 
of aggregate used. There  is,  however,in  concrete  ship-construction  a 
variation in concrete  prepared  from  the  same  aggregate, which may be 
compared to  the  rolling  margin.  This  variation  is  not  large,  though 
it may  amount  to 4 lbs. or 5 lbs. per  cubic  foot,  and is due  to  the 
want of strict  uniformity  in  concrete  mixed by the  volumetric  method 
of proportioning,  in which the  water is a very  variable  quantity. 

A ‘‘ weight ” method of proportioning,  using  dry  materials  or  mate- 
rials containing  known  proportions of moisture,  should overcome 
this difficulty and  secure  greater  uniformity  in  density. It would, 
however, involve  very  tedious  mixing, because in concrete vessels, 
generally  speaking,  the  quant.ities of concrete  to be mixed  and 
placed at one  time  are small. 

Absorption of water  after  launchicg  adds sensibly to  the  weight 
of the  ship,  and  may  amount  to 2 per  cent. of the  light  weight of 
the  concrete  hull. 

Steps were taken  by  individual  builders  to  make an artificial 
aggregate  much  lighter  than  natural  aggregate.  Some  samples 
show that  the  crushing-strength of the  concrete  thus  prepared  is 
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certainly  not  inferior  to  the  best so far  obtained,  but  the  aggregate 
Izsed was porous. 

C~us7~ing-Strength.--The minimum permissible crushing-strength 
at 7 days  was specified to be 1,600 Ibs. per square  inch,  and at 
28 days  not less than 3,200 lbs. per  square  inch. Of the samples 
prepared  and  submitted  to  test,  the  crushing-strength  determined by 
4-inch  cubes cast in  metal moulds ranged  from 1,450 lbs. per  square 
inch  to 4,750 lbs. per  square  inch a t  7 days, and  from 3,000 lbs. per 
square  inch  to 7,000 lbs. per 
square  inch a t  28 days. 
The figures given  are  the 
means of three specimens 
all  prepared  from h tches  of 
concrete  to be actually used 
i n   t h e   c o n s t r u c t i o n  of 
vessels. This  variation in 
strength  wts considerable ; 
but a percentage  variation of 
equal  amount  in  the  elastic 
limit of steel  used  in  ship 
constructionis  not  unknown. 

A further  series of tests -i ! 1 (0 

were  made  with beams 3 I 
having sufficient reinforce- 
ment  on  the  tension  side E D 

to  ensure  failure  taking Q 

place by crushing of the p 
concrete, in order to  deter- 
mine  whether  there  was  any 
appreciable difference in  the 
stress at  f:tilure in bend- 
ing  or  uniform compression 
a s  in  c u b e   t e s t s .   T h e  
method of test,  the  particu- 
lars of the beams, and  the 
load-deflection diagrams  are 
shown in Figs. 1,  2, and 3 .  
The load-curve KO. 5 shows 
the effect of releasing  the load  before fracture  and  reapplying  it. 
The  concrete consisted of 1 part  cement  and 3 parts of sand  and 
Thames  ballast mixed. 

The  strength of concrete of speci6ed age  being  dependent  upou 
so many  factors,  and so variable, it was not possible to  take  advan- 
bage to  tlle fullest extent of t,he results of concrete  tests. For 

W 
t- 

l&. 
0 

0 
I 
c 
W 
E 

Downloaded by [ Purdue Univ Lib TSS] on [19/09/16]. Copyright © ICE Publishing, all rights reserved.



"0 ABELL ON REINFORCED CONCRETE FOR [Minutes of 

example,  with  concrete possessing a  crushing-strength of 7,000 lbs. 
a t  28 days, it should be practicable to  design a vessel using 
1,400 Ibs. as  the  working-stress if this  crushing-strength could 
be maintained  throughout  the  main  portions of the  structure. A 
little carelessness in  using  or placing a bntch of concrete,  or  in- 
attention  during  the  first  period of maturing,  might  very well 
reduce  the  ultimate  strength of the  concrete  to 4,000 lbs., for which 
a m-orking-stress of 1,400 lbs. would be inadmi~sible.~ 

The  best compressive results were obtained  with a 1 : 2 . 9  mixture, 
whilst  the poorest  were obtained  with a 1 : 3 . 4 5  mixture.  Both of 
these  mixtures  are  within  the  extreme  limits  mentioned before. 
The  poorness of the  result  in  the  latter  mixture  was  found  to  be due 

S E C T I O N  OF B E A M .  

aggregate  is  marked,  the  latter  being 

to  one of the commonest 
causes of failure of concrete 
(" dirty " aggregate), which 
can  readily be avoided by 
examination :md ordinary 
c u e ;   b u t  these  results  em- 
phasized the necessity of 
caution in selection of 
aggregate,  and  in  the  pre- 
paration of the concrete. 

Detailed  particulars of 
some experiments c:trrietl 
out  upon a natural  gravel, 
and a crushed  stone  from 
the  same  parent  rock of 
igneous  origin,  are given in 
Table I (Appendix).  The 
d i f f e r e n c e   i n   c r u s h i n g -  
s t ~ e n g t h   b e t w e e n   t h e  
washed and unwnshed gr:tvel 

the  stronger  by  16 t o  18 per 
~~ ~ - 

cent.  This  state of affairs  was  revcwed  when  the co:trse aggregate 
consisted of equal  parts of gravel  and  crushed grnvel. The washed 
aggregate was then  definitely  the  better by 2 to 15 per cent. It is 
unfortunate  that a comparison was not  made  with  crushed  gravel 
stone  alone as the coarse aggregate,  for  it is reasonable to  suppose 
that   the  advantage of washing would have been much  more 
marked, because of the  resulting  large  quantity of fine  powder, 
removable by washing. 

~~~~ ~ ~~ . ~ ~ ~. 

It is understood that the UniLed States Shipping Board  proposed a pcr- 
minsillle stress for design purposcs of 1,500 Ibs. per qua re  inell in comprrs- 
+l11 for concrete ]laying on ultiulate crusllipa-strenb.111 of -1,000 1Ls. a t  28 c l a p .  
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T e d e  Str.ength.-Thc general  practice in  the  design of land 
structures is to  neglect  concrete  in  tension,  though  in some land 
structures  subject  to  rapidly  applied  loads a limit  is  put  upon  the 
computed  value of the  tensile  stress. A t  a very  early  stage  in  the 

consideration of reinforced-concrete  ship-construction i t  was realized 
that  the  tensile  strength of concrete could not be ignored  entirely, 
and in the case of self-propelled reinforced-concrete vessels it was 
also thought  advisable to  impose such a limit. In the absence of 
;my  special  information on the sullject, it was consitleled that LL limit 

Downloaded by [ Purdue Univ Lib TSS] on [19/09/16]. Copyright © ICE Publishing, all rights reserved.



232 ABELL ON REINFORCED CONCRETE  FOR [Minutes of 

approaching  the  breaking-strength of the  unreinforced  concrete a t  
28 days would be reasonable, having  regard  to  the  experimental 
knowledge that concrete  when reinforcecl does  develop a cornputetl 
tensile  strength  greater  than  unreinforced concrete. The permissible 
computed  tensile  stress was limited provisionally to 325 lbs. per 
square inch. I n  actual cases it amounted  to 350 lbs. per  square  inch. 

Experiments Were made to determine  the  tensile  strength of COW 

Crete, both  plain  and  reinforced. In  the  former,  pure  tensile  tests 
were  made  with  specimens G inches by 3 inches in cross section, 
in  order  to  get a test  representative of the  shell  slab of the  vessd. 
I n  connection  with  these  tests  the  tensile  and  otller  properties of 
the cement, actually used in  making  the  concrete  were also deter- 
mined.  Full  particulas  we  given  in  Table 11 (Appendix). 

The  tensile  strength of the  cement at 28 days, indicated by 
I -inch-square  test-pieces, was 756 lbs. per  square  inch  with  a  varin- 
tion of 3 per  cent.  up ancl 5 per  cent. down. The  strength of the con- 
crete at  31 days was very  uncertain,  the  maximum  stress at   rupture 
reaching 316 lbs. per  square  inch.  There was, .therefore, n large 
variirtion wllich is  not easily explained,  since  the  concrete was a very 
rich  mixture, 1 : 3.67,  and made of fine  aggregate (8  inch or  less). 
The  diEerences n-ere greater  than would be expected  from  fortuitous 
10cd  accumulations of  aggreg:tte at  the place of fracture. A further 
test (see bottom of Table 11) on three specimens using  the  same 
aggregate  gave  very  uniform  results,  with n mean of 2886 l b .  per 
square  inch a t  42 da.ys. With smaller specimens it is  quite  probable 
higher  results would be obtained,  hut i t  is  doubtful  whether tt 

smaller  specimen would be  representative. It would appear,  therefore, 
tha t  a rich  concrete  can  certainly  be  made  under  practical  conditions 
to  have a tensile  strength of 250 lbs. per  square  inch  or,  say,  about 
one-tllird of the  strength of the  neat  cement. 

As t+e specimens had  to be transported by rail a long dist,ance, 
some may have been injured  in  tmnsit,  though  the  results do not 
indicate  this as probable. 

XfeeZ.-!I!lle steel used in  construction-was  preferably  in  the  form 
of bars of circular  section  and  generally of the  ordinary mild 
steel  quality  required by the  Ship  Eegistmtion Societies, having 
a tensile  strength of 26 to  33  tons  per  square  inch,  and  with :L 
modulus of elasticity of 13,000  tons  per  square  inch.  Bars of 
2 inches  diameter  have been used, but  the  general specification 
placed a limit of 1 inch on the  diameter,  unless special approval was: 
obtained.  The  above  requirements  applied  to  bars  over j- inch 
diameter.  Bars of smaller  diameter were not 11su:tlly tested,  and 
such bars were sanctioned,  when of shell discard steel,  having  a higher' 
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tensile  strength  and  elastic  limit. Such steel was not  sanctioned  for 
the  principal  reinforcement, because of its unreliability, as i t  was 
desired not  to  introduce  into  the  structure  any  material of im- 
portance  known  to possess unsatisfactory  qualities. 

In certain vessels a twisted  bar  with a section of triangular 
character was  used, where a satisfactory  supply could be  obtained. 
I n  others a ribbed  bar of square  section,  with  circuiar  ribs a t  
frequent  intervals, was adopted.  Expanded  metal  sheeting was 
used for  both  main  and  slab  reinforcement. 

The load is certainly  better  maintained  in  the case of small  than 
with  large  bars,  and  this  fact,  together  with  the supposed difficulty of 
hooking  thick  bars  without  furnacing, seemed snficient  reason  for 
restricting  the size of bars  until  further  experience  had  been  gained. 
Large 2-inch diameter  bars were,  however, successfully hooked cold 
to  an  internal  radius of 32 inches  without much difficulty. 

Reinforced Concrete.-Reinforced concrete owes its success to  two 
important physical properties of cement  and  steel.  These  two 
materiRls have,  for  all  practical purposes, the  same  coefficient of 
heat  expansion,  and,  owing  to  the  fineness of the  cement  particles 
and  to  slight  contraction  on  setting, a very  strong  grip or adhesion 
of the  concrete  to  the  steel is obtained.  This  grip  is believed to  be 
mainly of a mechanical nature,  and  is necessarily dependent  upon 
the  surface  area of the  bars.  The  smaller  the  diameter of the  bar, 
therefore,  the  greater  the adhesion per  unit  area of cross section 
per  unit of length.  Provided  the  two  materials  expand  or  contract 
or change  shape  together, it is reasonable  to  assume  that  the  bond 
will be maintained,  but it will certainly fail when  the  steel 
contrsctd  under  tension  more  rapidly  than  the concrete. It may, 
therefore, be expected that when  the  elastic  limit of the st,eel is 
reached, that  is,  when  definite  contraction  takes place, the bond 
will fail,  and  smooth  round  bars will pull  out  from  the  concrete 
mass unless their  ends  are hooked or  otherwise  anchored.  Even if 
the  bars  are  anchored  the  bond will be  destroyed  and will not be 
renewed on relieving the stress.  There is, therefore, a limiting 
stress-that  corresponding to  the elastic limit-beyond which round 
steel  bars  may  not be used in  reinforced-concrete  structures,  particu- 
larly in those  subjected  to  alternating  stresses. 

In   the  design of land  structures,  on  which  the  loading  is  usually 
fairly  definite, a tensile  stress  in  the  steel of 16,000 lbs. per  square 
inch  is  permitted,  assuming  the  steel  to  take the whole of the 
tensile  stress.  Should  this  stress be developed in mild steel  or  other 
material  with  the  same  modulus of elasticity,  the  neighbouring 
concrete will be stressed beyond its  nltimate  stress,  and will fa.il. 
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I n  a  ship,  taking  the  concrete  as capable of resisting  tension, as 
indeed it must  during  the  initial  application of a  load, it will be 
found  that  the  resulting  stress  in  the  concrete  under  the  assumed 
loading  may  very well be less than  that  corresponding  to  rupture 
under  tension. For example, in some reinforced-.concrete tugs, 
neglecting  concrete  for  tension,  the  estimated  tensile  stress  in  the 
hogging  condition  was 9,800 lbs. per  square  inch.  Assuming a 
modular  ratio of 12, and  taking  concrete  into  account for tension, 
the  estimated  stress  in  the  concrete  was 3 2 5  lbs. per  square  inch, 
and  in  the  steel less than 4,000 lbs., or under 2 tons  per  square 
inch.  The  concrete  is  not  likely  to  fail  from  tension at the  stress 
estimated,  and it would at first  sight  appear  reasonable  to  include 
in design  the possibility of concrete  resisting  tension.  But  concrete 
can  only be of such use  provided it is homogeneous and  continuous. 
Immediately a crack occurs, due  to  loading or to  shrinkage,  or t o  
temperature  stresses,  the  resistance of the  concrete  to  tension at the 
crack  is  lost. It is, therefore,  not ‘permissible to  rely  upon  the 
concrete to  take  tension,  to  resist which  sufticient steel  must be 
provided.  Admitting  that  cracks  may occur, the  steel  then 
limits  their  magnitude. 

There  are  clearly  two  distinct  conditions of design :- 

( a )  For R new  ship which is  everywhere  homogeneous  and 

( b )  For a  ship  already  on service in which the concrete  is  not 
intact. 

continuous. 

An  examination of the  conditions  previously  stated  leads  to  the 
following  conclusions :- 

(l)  Concrete of the  kind used can  resist  tension  up  to a h u t  

(2) Under  this  condition  the  steel will not be strcssed  to 

(3) The  steel  must  not  be  stressed  to  the  elastic  limit ; and 
(4) The  bond  on a round  bar will then be maintained,  and  with 

( 5 )  Artificial  bond,  other  than hooked ends or  overlaps, is  not 

325 Ibs. per  square  inch. 

16,000 lbs. per  square  inch  (the  maximum  stress). 

good design  will  be sufficient. 

then  necessary in ship  work. 

It will  be obvious that  in  this case the  steel is not economically 
used, and  that  to  obtain  a  more effective structure as a whole, a 
material  having a higher modul11s of elasticity  than  steel  is 
desirable. 
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Whilst  these conclusions, after an examination of the  problem, 
became almost  self-evident, it was  thought  desirable  to  conduct a 
series of experiments which should  bring  out  the  behaviour of 
concrete used independently,  and  when combined with  steel in a 
reinforced - concrete  structure.  The  series of experiments com- 
prised :- 

(l)  Tests of the  cement  in  direct  tension. 
( 2 )  Tests of the  concrete in direct  tension. 
(3)  Tests of reinforced-concrete  beams  under a steady  bend- 

ing  moment, 
(a )  Using  wire  rope as reinforcement. 
( h )  Using  round  steel  bars as reinf0rcement.l 

(4) Tests of reinforced - concrete  beams  under  alternating 
bending  moment. 

Particulars of (1) and ( 2 )  are given in Table I1 (Appendix)  and 
have  already been summarized (see pp. 229, et seq.) 

The  tests  under (3) comprised tests of beams using  two  different 
types of steel  wire-rope  reinforcement  for  the  purpose of com- 
parison  with  beams  having  plain  steel  rods. It had been  suggested 
that  in  the case of a vessel built  mainly  on  the  precast  unit  system, 
the use of wire  rope would facilitate  the  fabrication of that  part of 
the  work  to  be  formed in situ.  Though  the difficulties of securing 
n flexible rope in  its  correct  position in a restricted space  were 
realized, it was  decided to  put  the proposal  to  the  test. 

The  dimensions of the beams are  shown  in Figs. 4. 
Three  types of beams were made,  the  tensile  reinforcement con- 

sisting of :- 

(l) Three 4-inch diameter  rods. 
( 2 )  Three  lengths of well-used l$-inch galvanized submarine 

cable of seven  strands of seven wires,  each 0 - 053 inch 
diameter. 

(3) Three  lengths of 2-inch flexible steel  wire  rope  consisting 
of six  strands of twenty-four  wires, each 0.035 inch 
diameter. 

Four  specimens were made of types 1 and 2 and  three  only of 
type 3. The  curves of deflection are  the  mean of the  results 
obtained  with each type. 

A  two-point  system of loading was adopted,  to  obtain  uniform 
~ . 

* Thege tests were initiated by i l k ,  E, 0. TVilliams, of IVfessrs, Hill, Rich$& 
: L I ~  Company, 
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bending  over  mid-span.  The load was applied in the  horizontal 
plane, so that  the  weight of the beam  could be neglected. 

An analysis of the  results  appears  to  indicate  that  the  point at 
which  the  concrete ceases to  resist  tension,  and a t  which tensile 
stresses  are  taken wholly by the  steel  reinforcement,  can be deter- 

Figs. d .  ;Tu?$. 
..Y -L.  

a t  

., I l $  

l 
I C..- 5''--.. 
L ___._. . 4 

. - -lA 

mined closely from the  load-strain  diagrams (see Fig. 5. )  The 
strain  curve is closely represented by two  straight  lines whose 
point of intersection  corresponds  to  the  failure of the  concrete 
(failure of the  concrete  commencing st the  extreme fibres and 
extending  towards  the  neutral  axis).  Taking  account of the 
different  moments of resistance of the  different  beams it appears 
t lkt   the  stress  in  the concrete at  failure was about  the  same in the 
beams  reinforced  with  plain rod as  with  those  reinforced  with suh- 
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marine cable, with a slight  advantage  to the former, an  advantage 
more pronounced in comparison  with beams reinforced  with flexible 
steel  wire rope. I n  the  latter each strand of wire  has a hemp 
core, and it is  probable that  the bond  between  the  wire  and  the 
concrete is more  easily  destroyed  by  reason of contraction  under 
tension.  The  particular  rope  in  question was quite new,  thollgh 

Fig. 6. 

thoroughly cleaned, and  the bond may not  have  been so effective 
as in   the old and used submarine cable. The  actual  estimated 
stresses in   the concrete were: 515 lbs.  per  square  inch,  rising  in 
one or two cases to  735 lbs., in   the case of plain-rod beams ; 515 Ibs. 
per  square  inch  in  the case of the  submarine cable  beams ; and 
289 Ibs. in the case of the flexible steel  wire  rope  reinforcement>s. 
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It is  unfortunate  that  these  stresses  cannot  be  compared  with  the 
tensile  strength of the  cement,  since  no  test-pieces were made for. 
its  determination. 

The  experiments  indicate  that  wire  rope  not  containing softicores 
can be successfully  used, but   that  it is inferior  to  circular  steel  rods 
for  reinforcement. 

It should be remarked  that  the  fractures  on  the  tension  side dw:rgs 

B E A M  A 

B E P M  B 

occurred at  the  stirrups  and, so far as could be seen, not  intermedi- 
ately.  This  was  to  be  expected,  and is an indication that in 
estimating  the  moment of inertia  and  position of the  neutral  axis 
of a reinforced-cancrete  girder,  in which the  concrete  can  take 
tension,  allowance  must be made  for  the presence of transverse  steel 
on  the  tension  side. 

Further tests upon  beams were carried  out  in  order  to  determine 
the  behaviour of reinforced c0ncret.e when used for making hollow 
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girders of box section.  The  test beams  were  designed by Mr. E. 0. 
Williams, of Messrs. Hill,  Richards & Co., by whose courtesy  the 
results  are published here.  The  immediate  purpose of the  ex- 
periments was t o  get  information  upon  the  behaviour of concrete 
(1) when  heavily  reinforced  with  steel in the  flanges of a beam in 
which precautions  had been taken  to  ensure  that  the beam should 
not  fail  through  shear ; (2) when,  the flanges still  being  heavily  re- 
inforced,  the beam  was designed  to  fail  by  shear in the webs ; and 
(3) to  obtain some idea of the  watertightness of reinforced  concrete 
under  tension. 

The beams  were of two  types,  shown  in Figs. 6. Those beams ( A  
and B) designed  to  fail by tension  were 8 inches  square  externally 
with 1 &-inch webs and flanges ; those beams (C and D) designed to  
fail by shear were 1 2  inches by 8 inches  externally  with ?-inch webs 
and 2-inch flanges. A central  point  load was applied  in each case 
the  span  between  supports  being 10 feet  and 4 feet respectively. 
Reckoning  the  percentage of steel  on  the  tension  side of the cross 
section of the beam, that of beam A worked cu t   a t  8) per cent., tha t  
of B a t  53 per cent., and  that of beams C and D a t  7-5 per  cent.  in 
both cases. 

The beams  were filled with  water  under  slight  pressure  to give 
evidence of fractures. Load-deflection curves  are  shown  for  beams 
A and B in Fig. 7. Each  curve  appears  to  be  represented by two 
straight lines, the  point of intersection of which probably  indicates 
the load around which failure of the  concrete  under  tension 
occurs. 

On  the  assumption  that  the  modular  ratio of steel  to  concrete is 
13, and  that  the whole of the cross-sectional area of the  girder 
is effective, the  corresponding  tensile  stress  in  the  concrete a t   the  
extreme fibre is 810 lbs. per  square  inch  in beam A, and 800 lbs. 
per  square  inch in beam B. It is probable that  actual  fracture 
began at  an  appreciably lower stress  than  this,  but  far above the 
tensile  strength of plain concrete. 

It is  not suggested that  the presence of reinforcement  has  the 
effect of increasing  the  ultimate  tensile  strength of the  concrete 
qzm concrete. All  that  the  reinforcement does is  to  reduce  the 
probability of local failure  throughout  the  mass  by  limiting  the 
extension of the concrete, and  by  very  gradually  taking a greater 
and  greater  share of the  tensile  stress. 

The  loads  corresponding  to  estimated  and observed fractures  are 
indicated in  the figures, and  also  the load at which leakage occurred. 
It will be noticed that such leakages occur a t  some  considerable  in- 
terval  after  fractures  are observed, indicating  that  fracture does not 
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stress - distribution 
t h r o u g h o u t  the 
section does not 
c  h a n  g  e  suddenly 
from  theconditionin 
which the  concrete 
does resist  tension, 
to  that  in which it, 
does not  resist it. 

No attempt h:ts 
b e e n   m a d e  t o  
deduce  the  modular 
ratio of the  steel 
and  concrete  from 
the deflection es- 
periments. 

A ship  girder  is 
subjected t o  alter- 
nate  and  repeated 
bending  stresses of 
varying  magnitude. 
The  behaviour of 
a reinforced - con- 
crete  girder  under 
similar  stresses was 
at  least  uncertain, 
a n d  b y  s o m e   i t  
was  thought  that, 
i f  t h e   c o n c r e t e  
had been fractured 
on the  tension  side, 
r e p e t i t i o n   a n d  
a l t e r n a t i o n   o f  
b e n d i n g   s t r e s s e s  
might  lead  to dis- 
integration of the 
concrete, particu- 
larly  if, as in the 
case of a ship,  the 
girder was at   the  
same  time  subjected 

to torsional  stresses. To obtain some information  on  the  point, 
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hollow reinforced-concrete  columns (Figs. 8)  were  constructed of 
concrete, the  qualities of which, when 
unreinforced, were known.  The 
columns were erected  vertically  with 
their lower ends fixetl rigidly i n  t l ~ e  
ground,  the lower end of the  column 
being  enlarged  and  shaped so that 
the  position of maximum  stress was 
:hove  ground-level  and in sight of 
the observer. The load was a1)pliwl 
near  the  upper  end  by  two opposed 
hydraulic  cylinders,  with coupled mms 
fitted  with a self-acting  reversing \ E 
valve  which impressed a reversal o f  i \ 

load, with fixed deflection of the beam, 
from  four  to seven times  per  minute. $ 

The  application of the load was inter- : 
rupted occasionally t o  make  adjust- 
ments  to  the valve, and  was  only 
applied  during 10 hours of the  day. 

The columns  were filled with  water 
throughout  the  test,  for  the  pur- 
pose of revealing  cracks  brought 
about  by  the  loading.  Eeforo 

b 
, 

c 

i.f#* L v J I # L  
~~ 

applying  the load it few cracks were  revealed, principally  in  the 
[ T H E  INST. C.E. VOL. CCXI.; R 
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webs of the columns,  and at  the half width of the web face. These 
were  probably  shrinkage cracks, and  did riot extend  to  the flanges 
of the  column.  Under  load  several of these  cracks developed, par- 
ticularly  the lower ones  near  the  positions of maximum  stress,  and 
extended  to  the  edge  and  ultimately  to  the flanges of the column. 
Others of these  initial  cracks  remained  Imaltered.  New  cracks 
commenced at the flanges a n d   g r a d d l y  developed inwards 
 cross the web  faces. The  development of the  cracks  under a 
constant  load  or deflection  was limited,  increasing  only on an 
increme of the load. 

Four  columns  were  constructed,  but  only  two were tested,  the 
arnlistice  intervening  and  rendering it unnecessary  to  spend  further 
money  on  the  tests.  The  first  collmn was subjected  to  100,000 
reversals at a load  estimated  to  create a tensile  stress of 180 lbs. per 
square  inch  in  the  concrete,  on  the :tssumption that  the concrete 
was intact.  During  the  early  stages of the  experiment  tlle  fill^ 
cracks in the web  faces gradually developed and  extended  to  the 
edges. After  8,000  reversals  cracks  began  to develop on the flange 
faces, extending slowly from  the  edge  to  the  middle of those faces. 
The  cracks developed over a region some 3 to 5 feet from the 
position of maximum  stress,  nt  more  or less regular  intervals, 
corresponding to   the spacing of the  stirrups.  Towards  the  end of 
the  experiment  the  cracks became  sealed by a whitish  substance 
deposited in them.  Each  morning, at the  commencement of 
the  test,  the  column wts quite  dry  and  the  cracks  were sealed. 
On  restarting  the  test  the  cracks  generally opened, but  ultimately 
they became quite  sealed,  and  did  not  open  even  under  the  alter- 
nating  load. 

The load on  the  beam was then  increased  to  produce an  estimated 
tensile  stress  in  the  concrete of 360 lbs. per  square  inch, which exceeded 
the possible tensile  strength of the  concrete  alone.  The old cracks 
a t  once  re-opened,  and  new  and  more  extensive cracks appeared. 
These  cracks  after 30,000 reversals  had  not become sealed.  Tile 
load  was  still  further  increased  to give a deflection three  times 
the  original  amount,  to  determine, if practicable,  whether  any  signs 
of rapid  disintegration of the  concrete at  the  cracks would be dis- 
closed. At  this Ioad movement was localizecl chiefly a t   the  lowest 
crack, which dried  under  tension  and became very  wet  under con]- 
pression, the  water  being squeezed out  from  the  crack which h21d 
become full  when  the flange was in  tension. At  the  end of 50,000 
reversals, or 200,000 in  all,  there were no signs of grinding  away of 
the  cement or the  concrete. 

The second  beam wvits tebted in a similar  manner, but the  reversals 

Downloaded by [ Purdue Univ Lib TSS] on [19/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] SHIP-COSSTRUCTION. 243 

a t   the  smaller  loads  were limited  to a comparatively  small  number. 
The  maximum load corresponded to a deflection of 0.4 inch at the 
point of application of the loacl, four  times  that of the  initial 
deflection corresponding  to a concrete  stress of 180 lbs. square inch. 
At   this  load 70,000 reversals were  made, but  here  again  there was 
no  sign of disintegration. All movement was concentrated in the 
lowest  cracks. 

These  experiments  are of both  interest  and value, though  not 
sufficiently extensive  to  enable  general conclusions to be drawn. 
The  column was thin  and,  though  very  carefully  constructed,  had 
cracks in the web of the  girder  before loading. These  initial  cracks 
became in some cases the  ultimately  important cracks. Under it 
small  stress of about 1 ton  per  square  inch  in  the  steel  the cracks 
became sealed,  even under  repeated  bending,  but  with 2 to 3 tons 
per  square  inch  stress  in  the  steel it is  almost  certain  that  cracks 
would be  formed  in  the  concrete  slabs of ships, and  that  they would 
not be sealed sufficiently  to  prevent  interchange of water  between 
the surfaces. 

Particulars of the  tests  and  observations  are  given  in Table IT' 
(Appendix). 

The  experiments were  devised in  conjunction  with Dr. Gulliver, 
and  were  carried  out  under  his  supervision a t  Messrs.  David 
Kirkaldy's  laboratory in Southwark. 

Watertightness.-If each particle of the  aggregate, fine and coarse, 
can be coated with  cement; if the voids can be filled;  and if, 
in  addition,  the  hydration of the  cement be completed before 
disturbing  the concrete, the  resulting  concrete will be  water- 
tight.  There  must,  therefore,  be a minimum of quantity  cement 
for each particular  type  and size of aggregate used. The  pro- 
portion of cement in the finished concrete  should,  provided  proper 
workmanship be employed, be a guarantee of watertightness 
in  the vessel. The specification  provided that  there was to be at 
least 35 per  cent.  by volume of cement  in  the finished  concrete. 
This  percentage  ensures a probability that  the concrete will 
prove  watertight.  Particulars of the  mixtures used are  given in 
Table 111 (Appendix). 

Percolation  tests were carried  out  to  test  the  permeability of the 
mixture.  The  conditions  under which concrete  is placed in a ship 
differing so very much from  those  attending  preparation of test 
specimens, this  test was regarded  rather as B test of the  density or 
compactness of the  mixture,  than as a test of the  watertightness 
tpn  watertightness. It is complementary  to  the  crushing test,. 

I n  making  the specimens no special treatment of the  surface was 
R 2  
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permitted.  The  slabs  were  generally 9 inches  by 9 inches by 
2 inches, and were  cast in  wood moulds with  their  larger  surfaces 
vertical.  Water-pressure at 30 lbs.  per  square  inch was then 
applied to  one of the surfaces.  Some difficulties in  regard  to  the 
permeability  test  were  experienced,  and,  generally  speaking,  where 
the  crushing-strength  has been  low the  concrete  has  failed  to  pass  the 
permeability  test.  Trowelling  bad a marked  influence  on  water- 
tightness. I n  one  set of tests  water  under  pressure  applied t o  the  
trowelled  surface  failed to  permeate a slab 2 inches  thick at 200 lbs. 
per  square  inch,  during  an  application of 2 hours.  When  applied 
to  the  untrowelled  surface  water passed out at the sides  before 
escaping  by  the  trowelled  surface. 

Wuierproofing i7fateria7s.--The general view of the  Department 
was that  the concrete  should  be  made  watertight  without  the 
addition of special  waterproofing  materials. The  result of tests  on 
specimens, and experience to  date  with  those vessels  now in 
service,  certainly  justifies  this view. 

The  question of using  waterproofing  compositions  was  not 
ignored,  and  tests of compositions put before the  Department  have 
been  ca.rried  out.  Generally  speaking the compositions  indicated 
an  ability to reduce  absorption  without  yielding  better  water- 
excluding  results  under  pressure,  and a t   the  cost of a sacrifice in  
crushing-strength.  The  resulting  concrete  had a density  sensibly 
less than  the  concrete of the  same  mixture  gauged  with  water. 
There would appear  to be  some  good reasons  for  using  water- 
proofing  compositions in  cases where  rich  concretes  are  not  essential 
from  strength considerations, but  there'does  not appeaz to  be any 
need for their use in   the construction of ships. 

Surface  treatment  to secure  watertightness  in a concrete  not 
otherwise  watertight  is  considered  inadmissible,  since  cement is su 
readily  abraded. 

Tests  to  determine  the efficacy of waterproofing  material con- 
sisted of pressure  tests  with a hea,d of 10 feet of water  in  cylinders 
2 feet  in  internal  diameter  and 2 feet  high,  with  alternative  thick- 
nesses of 2 inches  and 1 inch (Fig. S), and of absorption  tests  and 
crushing  tests  on  6-inch cubes. The  mixture used  was 1 part of 
cement  to 3 parts of Thames  ballast,  gauged  with  the  proportion 
of water  and of the waterproofing  composition  advised  by  the 
makers,  and  mixed in  accordance with  their  recommendation. 
The cubes, after 28 days in  water,  were  kept  for 14 days in a 
dry place, having  been weighed a t  7, 14, and 28 days  after  immer- 
sion. Wle " water-mixed " specimens  were saturated  in 14 days, the 
'' waterproof-mixed " ir, 28 days, the  former  absorbing  mther more 
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than 4 per cent., ant1 latter  rather less tlml S per cent. of the 
Fig. 9. 
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dry  weight of the cubes. The cylinders  were in all cases quite 
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tight--illustrating  the  fact  that  non-waterproofed  concretc, using 
rich  mixtures,  can  be  made  water-excludiug. 

The  crushing  tests a t  28 days showed a  very  marked  defect of 
strength  when  the  concrete  was gauged with  the  waterproofing 
composition, and  this  defect of strength was more  pronounced  as 
time  went  on,  up  to  the  duration of the  test,  showing  that  the 
waterproofing  mixture  (under  trial delayed hydration of the 
cement.  The  water-gauged  concrete was rather  more  than 4 per 
cent.  the  heavier. 

PeTmeability by Oil.-Quite early  in  the  building  programme  pro- 
posals were put  forward  to  use  concrete  barges  for  the  storage of 
oil, to  be used at  the  Fleet bases for  fuelling  the  smaller  war 
vessels using  oil  fuel,  and  in  order  to release sea-going vessels 
which would otherwise  be  detained a t   t he  base. It was known 
that  mineral oil, such  as  is used for oil fuel  in  marine boilers, 
had  no  appreciable  disintegrating  action  upon  cement, but it was 
not  known  whether it was possible to  construct,  under  practical 
conditions, a vessel of comparatively  small  thickness of concrete 
which  would exclude oil. Experiments  were  therefore  initiated  to 
determine  the  matter. 

Cylinders, 2 feet  in  diameter  and 2 feet  high,  having walls 2 J  
inches  thick,  were  subjected t o  a head of 10 to l 2  feet of oil. 
These  cylinders were constructed by ordinary  workmen  exercising 
no special care,  and  using  concrete of the  proportions 1 of cement 
t o  3 of an aggrepte  consisting of equal  portions of sand  and 
crushed  Thames  ballast.  The  cylinders  were  untreated  in any way 
either  on  the  inner or outer  surface,  but  the  surfaces  were  formed 
against  sheet-metal moulds. 

It was found  that  the  cylinders  retained  the oil quite  satisfac- 
torily.  There were one  or  two places at which  oil appeared 011 the 
outer  surface,  but  there was no flow. The  experiments  demon- 
strated in a satisfactory  manner  that  with  reasonable  care  very 
little  risk would be  involved  in  storing oil of high  flash-point  in  a 
concrete vessel to be used mainly  as a floating  hulk.  Accordingly 
it was decided to  construct  two  barges  for  this purpose. 

The  storage of petrol was quite a different  problem, because of 
its low viscosity and  flash-point.  Further  tests were carried  out 
in a similar  manner  with  the  same  type of apparatus,  but  with  new 
cylinders of the  same  general  dimensions. In   th i s  case the perco- 
lation  was  very  rapid  with only 3 or 3 feet  head,  There were, 
however, patches  in  the walls of the  cylinders  which showed 
no permeation,  indicating  that  it  might  be possible, with special 
care, to  build a tank using ordinnry  Portland-cement  concrete, 
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wllich would retain  petrol ; but  taking  into  account  the difficulties 
of placing concrete in  a  uniform  manner  on a large scale, i t  was 
decided not to use concrete vessels fo r  this purpose, particularly as 
the vessels proposed might  have been required  for  transport  as 
well as  storage. 

Special  types of cement which are petrol-proof are  known  to be 
on the  market,  but  it  was felt  that,  with  the  very  limited  know- 
ledge o f  the  behaviour of concrete vessels a t  sea, i t  would lm 
inadvisable  to  take  the  risk,  even  with the! better  quality  cement. 

I n  addition t o  percolation  tests,  further  tests were made  to 
determine  whether  the  petrol  had  any  ill effect  upon the  crushing- 
strength of the concrete. These  took  the  form of bending  tests 
of the  nature  shown  in Figs. l ,  2 and 3, using beams  which  were 
“ over”  reinforced  for  tension, so as  to  ensure  that  failure  took place 
by crnshing of the concrete. When  the  beams were 7 weeks old 
they were immersed in  petrol  for 9 weeks, to  determine  whether 
the  petrol exercised any serious  action in delaying  the  maturing of 
the  concrete. No action of this  kind wzs revealed, and  generally 
speaking, so fnr  as can be  determined  from a comparatively  small 
nltmber of tests,  the  concrete was slightly  improved by maturing 
in  the  petrol.  The  mixture used  was one  part of cement  to  three 
parts of mixed  aggregate,  consisting of sand  and  Thames  ballast. 
The use of water  in a tank :%S the load  enabled this  to be very 
gradually applied, and  readings of the deflection to be measured at 
frequent  interv:ds. 

Protection qf Concrete.-One great  fault  with  cement, or cement 
concrete,  is  its  inability  to  withstand  abrasion. Cpnsiderable atten- 
tion was necessarily devoted  to  protecting  the  sides  and decks of 
vessels where  they  were specially subject  to  abrading forces. 
Chafing by the  anchor  has been  provided against  by  fitting  steel pro- 
tecting  plates on the vessel’s side  in w ; ) ~  of the hawsepipes. In t.he 
coding-barges  half-round cope irons, flat side  downwards,  have 
been embedded in the deck to  take  the  heavy  wear caused by 
dragging  heavy coal-buckets along  the deck. In   the  s toking flats 
the concrete  has been reinforcecl by  steel  plates,  or by steel  bars 
spaced a t  intervals  and securely anchored in  the deck. Extensive 
fendering was provided in all the vessels, mainly  to  prevent 
abrasion.  On  the  barges  this consisted generally of a heavy  fender 
rubber placed at or  near  the  upper-deck level, and of one  or  more 
rubbers of slighter  scantling  distributed  between  the  light  and load 
lines. On  the  coding-*and oil-barges, which  act as berths for vessels 
fuelling,  both  vertical  and  horizontal  rubbers  were  provided.  On 
the  tugs  a heavy fender was fitted at the  upper-deck level, and, a t  
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the  forward  end,  short Iengt,hs o f  vtlrt8ic.:r.l fender were provided t,o 
't:tke the lleavy wear c:tusetl wllen 1 I r c :  t,ng W:IS hein;: uhed  for 
shouldering  craft of low freeboard. 

I n  some cases the  fentlers  have been made of concrete,  but  in  the 
majority of ewes of wood. No extensive  experience  has  yet been 
obtained  with  the  concrete  fenders, which were  sanctioned  mainly 
on account of the clifliculty anticipated  in  making  efficitv~t  attach- 
ments  for  the wood fenders, an anticipation  justified by experience. 
The  concrete  fender  is  not so yielding,  is heavy, is  more  ex- 
pensive to  construct  and  to fit, and  in  practice  is  liable  to 
chip.  On  the  other  hand  it  can  be  securely attnclled t o  the  hull, 
and  can be readily  repaired  and  protected. 

The  protection of reinforced  concrete  in it ship  from  the  action of 
seawater  is difficult. IChe two  factors  to  be considered are  protection 
against  fouling  by  animal nntl vegetable  growth,  and,  more  im- 
portant,  protection  against  the corrosive action of tkle seawater  upon 
the  steel  reinforcement.  Experience  with dock and  harbour  work 
indicates  that  no special covering t o  the  under-water  portion of the 
hull  is  needed  to  prevent  growth. !rhe fouling of concrete by weed 
and  animal  growth does not  appear  to be any  more  rapid  than  that 
of iron  or wood, and  since  the  mere  adhesion of these  growths does 
not  appear  to  have  any  deteriorating  or  wasting effect on  the 
concrete, it was decided not  to  coat  the vessels with  an  anti-fouling 
paint. 

The  suggestion of coating  the  outside of the vessel to  assist  the 
concrete in excluding  water was repeatedly pressed by the  ship- 
builders, but  after  taking  various  opinions it was  thought  that  on 
the whole the  facts which experience disclosed suggested that it wav 
not  necessary to coat  the  exterior  in  any way. An  examirlation 
of harbour  works showed  on the  one  hand  that it was possible for 
very serious  corrosion  and  deterioration  to occur, but, on the  other 
hand,  that it was possible to  prevent such  corrosion. I n  harbour 
works  heavy  corrosion has been experiencect in those  portions of 
the  structure  which :we in  the  neighbourhood of high-water level 
and especially a few  feet  above th:Lt level, whereas  other  portions, 
particularly  those  submerged,  are  tluite unaffected if the concrete 
is of a rich and well-graded  mixture. I n   t h e  portions  aEected it 
would appear  that  the  corrosion  is  due t o  R continual  renewal of 
oxygen  in  the  interior of the  concrete by the  alternate  wetting  and 
drying of the  concrete by water  carrying dissolved oxygen,  and  that 
where no such  renewal  takes place, as in  the  portions of the  concrete 
always submerged,  or a t  least  always  saturated in the  neighbourhood 
uf the  reinforcement, corrosion  does not occur. I n  a  concrete  ship, 
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o n  acconnt of the  presswe of the  water on one  side of the shell slab, 
there  is  an  unbalanced  pressure  tending  to force the  water  through  the 
slab. Even if there be no  cracks  in  the concrete, it is  very  probable 
that  there will be some penetration,  though  the  inner  surface  may 
by  evaporation  appear  quite  dry ; and  notwithstanding  this  apparent 
dryness  there  may be n continuous  interchange of i a t e r   i n   t he  
body of the  concrete,  and a renewal of oxygen  and of magnesium 
chloride which, under  favourable  conditions,  has a very  rapid 
corrosive effect upon  steel.  The  first necessity, then, seemed to  be 
to  secure a rich  and well-graded concrete in which there  should  be 
a surplus of cement,  causing  all  the  aggregate  to be well coated, 
and  the voids  completely filled. Strength  considerations  fortunately 
ensured  this  condition  being  met.  The second need  seemed to  be 
to  prevent  evaporation  from  the  inner  surface, so that  when once the 
concrete  had become saturated  with  seawater i n d  the  small  amount 
of its  contained  oxygen  had  been used up by the  steel,  no  further 
interchange of water  and  renewal of oxygen would take place. 
Coating  the  interior of the vessel with  a  suitable  material,  rather 
than  the  exterior, seemed t o  be the  correct  treatment  to  adopt, 
because the  exterior was always  more  liable  to  abrasion  than  the 
interior.  The  interior, too,  could always be made good a t  a time 
when it would not be possible to attend  to  the exterior.1 

Arrangements were made to  carry  out a series of experiments  to 
test a number of materials  promising  to  meet  these  conditions  and 
others which might  arise in the self-propelled vessels, where it was 
feared that bilge-water  might  have some softening or corrosive 
etfect upon  the concrete. Bilge-water  contains  not  only  mineral  but 
also vegetable oils, which are  known  to  have a deleterious effect upon 
concrete. The  materials chosen for  experimental purposes were  the 
inert  substances paraffin  wax and  bitumen,  but  since  experiments 
with  them would  involve a considerable lapse of time, i t  was  decided 
to  apply  immediately  to  the bilges a  coating of *' supercement" (a 
Portland  cement,  in  the  manufacture of which the colloidal sub- 
stance  tannin is used in  order  to  secure  more  uniform  and complete 
hydration of the  cement). 

The  preliminary  tests were confined to  coating  the  surfaces of 
concrete slabs, 9 inches by 9 inches  by 2 inches  thick,  with paraffin 
wax and  bitumen  by  various  methods.  These slabs  were prepared, 
without  any  special care, from  the  concrete  mixture used in the 
construction of one of the vessels, the  surface  to which the  coating 

* The Deputruent wits iudebtd t u  Mr. Arnold Philip,  the Admirdty Chetrli*t, 
for this  explanation, 

Downloaded by [ Purdue Univ Lib TSS] on [19/09/16]. Copyright © ICE Publishing, all rights reserved.



2.50 ABELL ON REINFORCED CONCRETE FOR [1\tinut'es o f  

materid was to be applied  representing  the  surface of a concrete 
vessel constructed  by  the  monolithic  method.  These  slabs were 
tested  for  percolation by applying  water-pressure  over a treated 
surface 5 inches in diameter,  for  a period of 14 days,  the  pressure 
being  increased  in  the  following  stages :- 

30 1 1 ~ .  per square incll for a pcriml of 1 (lays 
50 ,) 2 ,, 
T O  ., 

100 11 

2 I ,  

150 ), 2 
200 ) )  1 ,, 

1) ( 1  

Eighteen  slabs  in  all  were made, in  six  groups, each of three 
specimens, one  being an  untreated  concrete  slab  for  comparatiw 
purposes. 

The  particulars of the  tests  are  given in Table V (Appendix). l!he 
coatings  applied  were as follows :- 

( l )  One  coating of paraffin wax  applied  hot  and  subsequently 
melted  with a blow-lamp. 

(2) One  coating of mineral oil applied  hot  with  an  overcoating 
of paraffin wax  subsequently  melted  with a blow-lamp. 

(3) Four  coatings of a 10-per-cent.  solution of paraffin in 
kerosene oil. After  drying  the  waxy  surface was heated 
by blow-lamp. 

(4) As (3) but  a coating of melted  paraffin wax  was applied 
after  the  four coatings of the  10  per  cent.  solution.  The 
wax  coating was melted  with a blow-lamp. 

(5) One  coating  with a solution of bitumen  in  coal-tar  naphtha. 
(6)  One  coating  with a solution of bitumen of another  variety. 

Of the five untreated slabs subjected to test  (one of the  six  having 
proved  defective)  two  satisfactorily  resisted  percolation at  200 lbs. 
per  square  inch,  whilst  the  remainder failed at 30 lbs. per  square 
inch. Of the  twelve  treated slabs all  were successful in  resisting 
the very  high  pressure of 200 lbs. per  square  inch,  showing  that  the 
method of treatment of the  surface would certainly be successful in 
preventing an interchange of oxygen-laden  water  with  the  interior 
of the reinforced-concrete  structure. At   the same  time  the  experi- 
ments showed what  high  water-excluding  powers  can  be realized 
from a concrete  formed of a well-graded  aggregate,  and  having  a 
slight  surplus of cement  over  that  required  to fill the voids. The 
second object of the  experiments-that  relating  to  evaporation  from 
a surface-has not been  nttainecl, the  experiments  having been 
discontinued. 
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The  majority of the  tests of which particulars  are  given above 
were  carried  out by Messrs. David  Kirkaldy  and  Son at   their  
laboratories in  Southwark  Street.  The  Department  had  the 
assistance of the  engineers of the  various  contracting  firms  and  the 
Surveyors of the Classification  Societies supervising  the  construction 
of the vessels. 

The Paper is  accompanied  by t l~ree  sheets of sun-prints,  from 
which the  illustrations  in  the  text  have been prepwed. 

[AI’PESDTS. 
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TABLE II.-PARTICIJLAI~S OF CEMENT AND CONCRETE USED IN CONSTIIUCTION 
ow SPECIIMS FOR TENSILE TESTS OP CONCRETE. 

Cenacnt. 

Piuencss. ' Setting Timewith 24 Per I Tensile Strength at 28 Days 
Cent. Water. ~ Gauged with 24 Per  Cent. Water. 

Residue on sieves, 
76 X 76 180 X 160 

0 .1   10 .9  
per  cent.  per  cent. 

" Initial." Set  hard. 
4 3 .  285 

minutes minutes 

~~~ .~ 

Lbs. Per  Square  Inch. 
795, 753, 796, 703, 788, 783, 
795, 752,  772, 710, 725,  691. 
Average of 12 specimens :- 

756 lbs.  per  square  inch. 

Concrete. 

1 cement, 1 sand, 
inchdownwards } 

-t6- inch  to  inch. 
1; Bridport  gravel 

ou hasis of 30 lhs. 
Cement walghzd 

per  cubic foot , 

' 3.1 x5.86 

( 3 . 0 5 ~ 5 . 8 5  

3 . 0 0 ~ 6 . 9 0  
3 . 0 0 ~ 5 . 8 5  
3 . 0 0 ~ 5 - 5 5  

3 . 0 0 ~ 5 ~ 9 5  
2 . 9 0 ~ 5 . 9 0  
3 . 0 0 ~ 5 . 9 0  
3 . 0 0 ~ 5 - 8 5  

3 . 0 0 ~ 5 . 9 5  
in  transit 

' 31 1 1  3 . 0 0 ~ 5 . 9 5  
3 . 0 0 ~ 5 . 9 0  

1 1  2 . 9 5 ~ 5 ~ 8 5  

36 ! 3 . 1 5 ~ 5 . 9  

Square Inch. 
Llls. Per 

199 
175 } 176 
154 

144 

316 
299 } 290 
255 

138 

242 

Remarks. 

daterial not 
specially 
washed. 

Material 

washed. 
specially 

Each  group of three specimens  were  made  from  one  mixing of concrete. 

Same  mixture  but 

dently of above 
Separately 

aggregate. 

Downloaded by [ Purdue Univ Lib TSS] on [19/09/16]. Copyright © ICE Publishing, all rights reserved.



i -  

1 1.1, m m -t 

0 0  0 0.9 

N Cl M C1 M 

. . . . .  
m c1 
i 

N 

0 

1 .a 
M 

1 0  

m 

3 

0 

I. 
31  

0 0  1 0 0  

c, 0 r-  - -? 
m n CI 01 ca 

. .  . .  0 

,. 
C l  

1 0  

m 
C1 

W, 

I -  
3 

0 ,-l- 0 a w  ? l  0 W 1 0  W 

-5 * C l  Cl 0 0  c1 c1 A ol + 

i in '3 

. . . . . . . . . .  

0 m c 1 0  0 1  A ?  0 0 n 
0 1  

l.-" 
C1 r) 

. . . . . . .  
0 1  , - A  i G l C l  r( 3 A r( 3 

m m o  o 0 0  o o o cl o 
m 

. . . . . . . .  
3 r i 3 3 i 3 3 3 3 i  3 

Downloaded by [ Purdue Univ Lib TSS] on [19/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] SHIP-CONSTRUCTION. 

TAnm IV.-sUNXARY OF RESULTS OF REPEATED AND ALTERNATISG 
BENDING TESTS, 
L'olzLn1rb hT0. 1. 

255 

0.3 f 0.02 

I 1 

.. 
Total 

Total 
Nunrber 

nonble 
of 

Bends. 

100,OFO 6.5 f 1 

50,000 1 7 f 0.5 

After 1,000 reversals the 
existing  cracks,  which 
were  originally  confined 
to middle  pmts of faces, 
had  estentled  towards 
edges of column.  After 

cracks had  reached edges 
2,000 reversals EGIIW 

and  joined  with cracks on 
adjacent faces. After 
8,000 reversals,  cracks 

f l a n g e  f aces .   These  
began to develop  on 

cracks  extended slowly 
from the edges to  the 
lnidllle of the faces. Af- 
tjer 6,000 rerersal~  the 

localized a t  the crack in 
movement was chiefly 

the position of maximum 
stress,  but  all cracks  be- 
came ultimately filled 

ried  through by the 
with white  material  car- 

mater. 

Old cracks  re-opened  al- 
most a t  once and  spread 
somewhat. After  35,000 
reversals  these new  cracks 

I appeared in tapered  part 
~ of base, l 2  t o  15  inches 

and these developed  con- 
llelow change of section, 

siderably  during  next 
10,000 reversals. l ~~~ 

---l 
50,000 7 . 1 0 . 5  After  15,000  reversals 

three new  cracks  devel- 
oped at  intervals between 
3 and 5 feet  from posi- 

localized  chiefly a t   the  
m o v e m e n t   r e m a i n e d  
tion of maximum  stress ; 

fication into the base. 
lower  crack and  its  rami- 

200.000 
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0.1 f 0.01 
Inoli. 

4 f 0.02 

0.3 f 0.04 ~ 0.9 , _ .  24,000 , 5 f 0 . 5  

0.4 f 0.04 
.- 

1.2 ~ .. 1 70,000 6 =k 0.3  

Total . ~ 100,000 
__- 

Column Ca8t 29/ll/lS. 
Esisting  cracks  near base 

and joined  with  cracks 
spread to  edge of colurn11 

on  adjacent fawn. KO 
new cracks  appeared. 

Kew  crack  appeared dix- 
gonally  in  tapered  part 
of haxe after 400 re- 
versals, anotller after 900, 
and another  after  2,500 
reverhals. 

~ ~~~ 

Diagonal  cracks in base 
developed. After 6,000 
rerersals  several new 
cracks  appeared at  inter- 
vals above position of 
nlaximum  stress,  and 
gradually  spread. 

~~ 
~~~~~~~~ 

Movement  becamelocalized 
almost  entirely a t   the  
two  lower  cracks. No 
new cracks  observed. 
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