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CHAPTER I 

IN'rRODUCTION 

The relatively low tensile strength of concrete is normally 
considered an unavoidable deficiency of the material and ignoring 
this low value , either the tensile stress is carried only by the 
reinforcing steel or cencrete is prestressed in order to cancel 
~ut tensile stresses due to dead load and live load by initial 
compression. 

I,t :,i8 also kno\'.'n that reinforced concrete does not show the 
properties of a two-phase material. There are two phases present, 

,,' namely, concrete and steel but the existence of one phase does 

not improve the basic properties of the other and behavior of the 
composite material is dictated by the individual behavior of each 

phase. In a two-phase material, howeve~, the phase with low' 
modulus of elasticity stretches and deformsunder an applied load 

and stress is transferred to the other phase with high tensile 
strength. The total structure thereby absorbs a loading stress 
that would easily rupture the weaker component. Wood which com­

bines a~high-strength fiber, cellulose, with a plastic matrix, 
lignin and fiberglass in a plastic matrix shovlthe above mentioned 

properties. (1)* 
\ 
\ 

However, two-phase behavior can be attaineij and tensile 
strength can be improved in concrete considera~ly if the average 

distance between ,adjacent reinforcing elements can be reduced be­
Iowa certain value. This fact can best be explained by crack 
arrest mechanism concept (2). According to this concept as a 

micro-crack forms in concrete, displacemects develop in the mat­
erial in the vicinity of the crack,as a result of the stress fielc 

singularity a~ the crack edge. Steel reinforcement) however, 

(*) Numbers in brackets refer to the books listed in Bibliographj 
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with its great ri~idity opposes these displacements and resisting 
forces are developed due to the reinforcement. 

With the help of the equations describing compatibility 
between adjacent points on the reinforcement and concrete, these 
opposing forces can be calculated and applying fracture mechanics 
concept, reduction in forpes causing extension of cracks may be 
determined. It is theoretically shown that the stress required 

-
to extend a crack beyond the area enclosed by adjacent reinforcin 
rods is inversely proportional to the square root of the rod 

~. 

spacing. The effect is not.icable with spacings less than- 0.5" 
and tensile strength increases rapidly with decrease of this value 
Thisi~achieved by reducing t.he spacing of reinforcement but, at 
the same time, decreasing reinforcement diameter in order to main­
tain steel percentage constant. As a result, reinforcing elements 
becume fine wires at effective ~pacings. 

An early suggestion of this idea came from Nervi who made ex­
periments on the behavior of concrete slabs reinforced \"i th close-' 
ly spaced steel' t.'!ire mesh·. . The spacing of the vlires was in the 
orde~ of O.~ in~ Nervi observed that the slabs exhibited great 
flexibility and that ,visible cracks did not occur until the steel 
was stressed nearly to, its yield point. 

Later on, beams with 0ires arranged parallel to one another 

along the direction of· major pr~f'pal stress gave consistent 
results. This was achieved by stringing individual wires through 
pierced plates at the ends of the forms. This had, of course, 
some limitations and difficulties in practical applications. (2) 

Recently, concrete samples with short lengths of wire in 
random orientation but at nearly·uniform 'spacing were tested in 

tension and gave consistent results with the theory. (3) 

The object.of the present thesis work is ttrereforS to study 

th~ effect of average ~pacing of short randomly distributed' closel; 
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spaced v!ires on various properties of concrete such as tensile, 

strength,compressive strength, moo.ulus of elasticity and shrink­
age; and to discuss the theoretical basis for the observed effects 
on the above-mentioned properties. 

Results of several tests .done on concrete indicate a well 
m~rked inrluence of the wires. Tensile and compressive strengths 

are increased about 1.5 times even ~ith a small pe~centa~e of 
wire re·i,nforcement of 2-3 Z. Effect of wires on .shrinkage, also 
follows a definite pattern. Its effect being s~all at the begin­

riing, as concrete hardens,tbwards t~e 21st dai, the sk~inkage of 
concrete samples with wires is in the· orde~ of 50 percent of 

those which are not reinforced. Dynamic modulus· of elasticity 

tests done with the son~meter, how~ver, gi~e'inconsistent results. 
This is mainly attributed· to stress concentrations due to "~fires 

within the concrete mass~ 
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CHAPTER II 

THEORY 

a) FRAC'rURE MECHAlnCS CONCEPT: 

PAGBl!-

The fracture propagation phenomenon is best illustrated 
with a solid material, subjected to tensile stress ,~ and con­
ta~ning ~ disk shaped crac~. A.A. Griffith (4) explained it 
~'ith the elastic energy release concept. Considering an internal' 
crack having a radius a, the condition that assures crack ex­
tension Vias given by 

~\. \ u-V) ::0 (1) 

Where U is the reduction in stored elastic energy due to the 
presence of crack and V is the crack surface energy. In plane 
stress, the reduction in stored elastic energy of a thin plate 
subjected to tens~le stress, is 

u-= (2) 

Where E is the modulus of elasticity. The crack surface energy 
of a brittle material~ on the other hand, is given by 

Vfuere T is the surface tension. Substituting eq. (2) and (3) 

into eq. (1), we obtained 

E 
(4) 

If the rate of releasecof elastic energj is denoted by G , whic 
is a function of loading and geometry; and the work rate require~ 
to extend a crack is represented as Gc ' (a material property), 
then it was postulated by Irwin (5) that the stress perpendicule: 

to the plane of the crack, at a point, at a distance of. r apar 
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the crack, can be expressed 
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Figure 1 
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as: 

ts) 

Whe;t:'e eis th~ angle between radius rand the': x~axis, and K 
is,the -stress concentration factor. :K refers to the summation 
of the 'stress intensities each due to a different ,type of loading 
A direct relationship between K and G was given for plane 
stresses as follo\"s 

(6) 

Applying this analysis to concrete, the critical crack size 
can'be estimated for a given tensile stress. The :decrease in pot 
ent.ial ener"'y of -.a solid medium':;lcquiring a cr.o.ck' of radius a ',_ 

,0, .. ' , 

perpendic.ular to ~he axis, of tensile stress is~,givrn by IoNo 

Sneddon (6) as ( , 1.) '2."3 
U = B 1-,.fA- (J a 

~ E (7) 
". \ 

From definition of G: 

(8) 

'. 
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-----------------------------------------------------------------------~ 

where A is the area of the crack surface. For a circular 
crack of radius a, 

therefore: 

" 2-
A= "IT a 

h 1. /l.lIa 
~=-

(9) 

As mentioned earlier, a crack starts to extend ~hen the value of 
G becomes equal to Gc • Kaplan (7) observed that Gc for con-

. crete varied between 0.1 i",-l~~/r ... " and 0.02 \,,_lb~/; ... t.. Taking 

Poisson I s Ration, r as 0.3 and E as 3 x 106 psi, critical crack 
si~e for a given tensile stress can be determined from eq. (9), 
equating. G to Gc ." For Gc 0.02 i"-Lb~{; .. ~substitut~ng into 
equation (9), critical crack radius is found to be 0.208 in. at 

a tensile stress of 500 psi and 0.052 in. at 1000 psi. It is 
seen that the critical crack radius is quite small and it does 
not differ much from holes and flaws normally present in concret~ 
This could be the reed cause of failure of concrete at lot" ten­
sile stresses. Now the question arises how to. increase the 
tensile strength of concrete. In ordet to achieve this, concretl 
should be as compact "as possible, eliminating internal holes and 
flaws. However, possibility of having a single crack, and pro­
pagation of it throughout the tension zone is a factor that 
should not be underestimated. Then, there remains the alternate 
way of increasing tensile strength. Assuming an internal crack 
has formed in concrete, propagation of it over the tensioned 
area could be prevented by a method called Fr~cture Arrest 

Mechanism (2), (e) • 
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b) FRACTURE ARRES'r MECHANJSM: 

PAGE? 

The mechanism is described by a concrete mass subjected to 
a tensile stress, ~ (2,8). The reinforcement consisting of a 
rectangular array of steel ".'ires at a spacing s and located 
parallel tc the direction of the tensile stress. 

o o <> 

o~ 
o <> 

o '" 

lb) 

Figure 2 
An internal flaw in the form of a circular crack is assumed 

in the concrete as shov.rn. in Fig. 2. The crack is centrally loca­
ted between four adjacent wires and the diameter of the crack is 
taken equal to wire spacing, s~,' In the absence of a c~ack, the 
steel rods and the concrete vlill be stretched equally ~nd there 
will be no tendency for one to move relative tp the other. In 
the presence of a crack, however, the local concrete displacement 
caused by the extensional strains will be resisted by stiffer 
steel wire. The bond stress distribution will be as shown in 
Fig 2-b. In the plane of the crack the bondstress will be zero, 
it will increase to a maximum, and then decrease with increasing 
distance from the crack edge as the local displacements diminish. 

, , 

The developed bond stresses will act on 'the concrete as pinching 
forces)will produce a stress iritensity factor Kf , which will 
have an opposite sense to the stress intensity factor due to . 
different types of loading,·definedcearlier. Thus, the total 

~t:T'P~~ intensity fact-or will be given by , 
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-----------------------.----------~---~.------------------------~ 

::: K - K 
IJ F 

(10) 

The spacing and cross-~ection of the reinforcing wires for 

effective crack control must be so chosen that the magnitude of 

Kf will be sufficient enough to cause reduction in Kt and per­

mit larger over-all tensile stress. An additional provision for , . 

effective crack arrest, ~ill be the fact that distr{but~d forces 

should not exceed the bond strength between concrete and steel 

wires. 

J 
~ 
V 
~ 400 

w 
ri 
o 
W 
~ 1,00 

o 

~I -~ i 'M ~ 

~~ ~ s:~~ __ 

~~"-=-
; 

o o·lt O'b o·B \.0 \.<. I.Lj 

WIRE ~I"AC.IN. G, I,.e\l"!. 

Figure 3 - Cracking stress as a function 

of wire spucing (G~-=. o. o'Z. ;".- U, f<r :.t·;,,·) (6) 

Theoretical solutions for a variety of reinforcement spacings 

and percenta~esof steel have been determined by",Sneddon(6) for an 
experimentally (ietei'mined Gc va.lue and summarized in'Fi~Q3oIt is a 

plot of theoretical tensile cracking strength as a function of 

reinforcement spacing for several percentages of steel. 

Figure 3 is significant in that it indicates true two-phase, 

behavior at smaller sp.acin5s. For any percentage of steel, the 
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smaller the spacing, the higher is the cracking stress. The knee 

is at a spacing of about 0.5 in. , ---and a substantial increase in 

tensile strength occurs v,ri th smaller values of . s. It should be 

further noted that this increase in strength iS'in proportion to 

the inverse square root of spacing s. 
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c) AVERAGE SPAC INS- BET'NSSr.; RANtOMLY tIS'rRIBUTEt SHOR'r LENG'rHS OF 

WIRE 

The analysis will be given by assuming a uniform distribution 
of steel wires throughout the concrete mass. The ve.lidity of 

this assumption may be questidnable but, since we make crude as­
sumptions in treating concrete,such as homogeneity and isotropy, 

the above assumption is acceptable. 

The assumption of· unifor~ distribution of wires gives rise 
to another questicn, the efficiency of wires in crack control. 
Since wires are oriented randomly, only those wires which are 

parallel to, and those which make an angle less tha~ 9~ with 
the direction of tensile stress are stressed. This can be for~ 

mulated in several ways. As an approximate solution, it can. be 

assumed that only one-third of the wires are effective b~cause 
there are three principal axes, tensile stress being parallel to 

- . 
one of these; or those wires having a component along the direc-
tion oithe tensile stress are effective in crack control. The 

latter assumption employed by Romualdi and Mandel (3) forms the 

basis of the following analysis. 

Taking a wire of length L , oriented in space making an 

angle 9 with the x-y plane and ¢ with the x-axis, the proj ec-
tion of it in the x-direction is' tL~oseco~~ • If there 

a~e N wires uniformly distributed, the average length of the 
wires effective in the x-direction will be calculated as 

J 
tTl'!.. (tr/'!.. 

N ) _ L co!o e c.o $ cp J 9 J <p 
o 0 . :: o. 41 L (11) 

N r r~9 j cjJ 
o 0 

It follows that only 41 percent of the total amount of reinforce­

ment is effective along each principal axis and with tensile 
stress parallel to one of these, 0.41 is th~ pr~per correction 

fa6tor that vrill be required. The average distanre between the 

I 
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centroids of the ' . .:ires ":ill be given by 

PAGE 

(12) 

Whe-re N is the number of "'ires in a vclume V. Since 41 per­

cent of the wires are effective only, the spacing bet~een the 

centroids of effective wires will be 

(13) 

If there are n centroids per unit area, then 

(14) 

Assuming that the length of wires, L is gr~ater than the 

effective wire sp~cing Sef , there will be overlapping of wires 

which vli11 increase the number of "'ires through a cross section. 

The number of t"ires per uni t area \"i11 become 

(15) 

Substituting eQi(13)into eq. (15), the avera3e spacin~ of the 

wires will now be: 

(16) 

111 
1 

I 

Design...1. ting the percent::.tgG of' steel asp ~ ~Tolume of steel V sand 

volume of reinforced concrete Vc ' 

Vs x. 100 :::: f 

" 
(17) ... 
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Expressing the volume of each steel wire of length L and dia­

meter d as: 

'l.. 

\\" J L (18) 
4 

The number of wires, N will be: 

'"' \/ S I~: __ :::: :::: ( 19) 

'. 

and substituting eq. (19) into eq. (16) the spacing will become: 

(2.0 ) 

which expresses the spacing in terms of wire diameter and per­

. centage by volume. 

I 
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CHAFfER 111 

EXPERIMENTAL ANALYSIS 

PAGE 13 

a) MATEHIALS 

lao 

1) Aggregates: 

The aggregate used for concrete fer determination 
of shrinkage and dynamic modulus of elasticity, Vlas local sand 

passing a No.4 sieve, arrd that~used for determination of ten­
sile and cempressive strengths was composed of sand and gravel 

with a maximum size of 1.0 inch. The gradation of each is re­
presented in Fig. 4 and tables below. 

, 

~ 
I~ 

, I 
\\1----

-- t---- ".1 
-

! 
\------1-------- ['\ i -----

--- ~ I 1 
! 

I I 

Co~r~e I rs: \ 0 ----- --~ 
: 

A~sr ~ .. I:.'" F;".. -- ~ \ i 
P-"Iv.,H,<- I -

F: .... e .. L_ ~ l\ 1 -
l"\o)~t~\: _<.- 2.~ \ I 

"" \ 
-"- \ 'I' -o 

",\)0 ~ lOO 10_10"""""" ti8 

'GCZAlr{ - sr~E I 

Figure 4 - Gradation curve of fine and 
) 

coarse aggregates. 

Si e.."e. No 4 8 16 30 50 100 

% F i .... er \ 00 '14 So 52.' \ 6 3 

I 



THESIS 
ROBERT COLLEGE GRADUATE SCHOOL 

BEBEK. tSTA~BUL PAGE 14 
_____ r~~~~~' ........... O ~~_~.IUI!C'IiIi. 

Coarse Aggregate: 

5 i e..\J e. 
1/ 3/4 /1 3/S 

" No \ # 4 

io Fio'\e,; 8'3 So 5"0 0 

Sand and gravel was mixed with a 1 to 1 ratio by wei~ht 
and gave the follor'ing gradation: 
Mixed Aggre~ate' . 

Sie.",e. No \ 
1/ 3/4" '3/S" #Lt Ii 8 tt 16 ~ 30 " So ~ -100 

% Fio'\er ~s ~o 75 50 41 4 0 . '2.6 ~ \. S" 

2) Cement 
Concrete was prepared with a normal portland 

cement produced by Ankara Qimen~o Sanayi T. A. $'. 

/ '3) Steel Wire 

/ The wire used, VIas cold dra'!Jn, bright finish 
(but untreated surfac~) high strength steel wire of· 0~50 mm 
diam~ter. Se~eral tensile tests were run and a tensile strengtti 
of 284000 psi was recorded on samples of 50 mm length. The aver 

age l~ngth of wires mixed with concrete was 1.0 inch. (See Fig.5) 

b) MIX PROPORTIONS', MJ::O:\IG', CURr'G AND 'PR~PARAIIION Fon 1't:8'l'lNG 

The proportioning of concrete \"Jas, done accordin;:e;to AC 1 

specifiCation (ACI 6I3~54) (9, 10). Before the actual mix ~"as 

prepared, several trial .batches ~ith varying water-cement ratios 
were prepared in oreer to de~drllillle. r~e sUl~8.ble m~x; SInce 
amount of water had a great effect on successful distribution of 
wires. If the mixtur~~too dry, the wires tended to knit into 

\ 

balls; the same th:ng happened if there was too much water. 
Upon trials, it was decided to use a water-cement ratio of 5.5 

gal per sack. 

Procedure followed in proportioning is given belo~: 
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\ b ') "<) 

..----.- 14 <> Ot> 

., .. 
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V1 

'000 

L.,0oO 
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Figure 5 - Stress-Strain Curve of Steel Wire 

1) W/C.:- 5.5 gal. water per sack of cement (0.49 by 

2) 

3) 
4) 

5) 

6) 

7) 

8) 

9) 

vreight) 
Fineness modulus, of sand: 2.52 
Max. Size of coarse aggregate: 1" 

Bulk volume of dry-rodded coarse aggregate per 
unit volume of concrete 0.69 
Dry unit \~reight: 1.96 gm/cm3 

Entrapped air: 1.5 
Specific gravity of cement: 3.15 

~ 
Sand dry unit ',":eight: 1;65 gm/cm' 

Specific gravity of aggregates: 2.65 
:\ Water per dM of concrete: 0.198 liter 

; 
~ 

I 
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:'For a 1 

poneilt ~sed 
batch of concrete, the amount of each com-

was: 
" ! 

Cement: 0.404 kg. 
Water . 0.198 liter . 
Gravel: 0.875 kg. 
Sand 0.875 kg 

Mixing was done vlith a trowel. The sand, gravel, cement 

and water Vlere first mixed and then wires were subsequently 

added in small increments. No difficulty was encountered in 

"mixi~g, up to a steel percetage of 3.0 by v6,lume,but at higher 

~~:percentages. cencrete lost its wO~kability ,a~d addition of wiresl! 

was not possible anymore.' ':', 
" ':.\." ' 

'" ; \~ 

·1 r \ 
Specimens to be used for~plit-cylinderana. compression 

.: : ~\ ...• ' : . , '! '\ 

tests Vlerep:r:'epared in standard 6" x 12" cyl:iIid\er molds. In 
I' • ~" ,." : - . , J \ I ~ 

order t,o s,e·~"·the effect of placement method on the distribution 

of wires~n the concrete mass ~ some specimens ',were prepared by 

placing coricr-ete in three layers, each layer being rodded 25. 

times \.{i~·h ;a~' tamping rod. Others- were, prep~fed;by. filling til,e , 

molds,' wi th " c'oncrete and' applying electrical ~ib:~\ator afterwards. 
'" ~ , 

The latterirqethod gave better \:'ire distribut~on,' wires orienting, 
. . .' j 

themselves' in a horizontal direction in the .f.,ormer method. i 
l : i " , ,': 

! I 
\ \ . 1. 

Sp'e¢imens for determination of shrinkag.e ,a46. dynamic 

elastic Ino'dulus , '.'fere poured' in standard 2" x 2,';' i~. i'u." prismatic 

molds (ASTM. C157-64 T) and were vibrated for t~d.~/M~nutes on an 

electrical vibrator. , 

" 

: \ ,; . 
1\\ ' 
\ . 

" ' 

.' '.. . \!. ~ : .. ' 
'twenty-four hours after pourl.ng, molds v.,'ere re~ovep and 

spec irileris were immersed in water. Cylinde~s \'Je±\e 'k~J?t)n water 

for twenty-eight days and tested for ~ompressive\an&·" . .sPlit-CYlin 
, ·t ,,; i ~:\ -I'"~ 

der ~trength~. Prisms were cured in water for se~~Q\~~YS and 
, , ; ". 

th~n kept in air at a place free of air movements, 0iiS'an aver-

~~e . temperat~re of 71 F and a relative humidity of 1i,52\ %. 
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!Figure 6-Distribution of 'Wires in a 

"~I 

I 
I 
I 

Sample \vith 3 percent Reinforcement 

, i 

, . ~ 

:li'igure 7-Split C.Ylin~er and Compression 
rrest Samples - " 

PAGE 17 

I 
I 

I 



c) APPARATUS ---

THESIS 
ROBERT COLLEGE Gi"\,\DeATE SCHOOL 

REREK, lSTA'-.;BVL 

The following instruments were employed 
and testing of samples: 

1) Universal Testing Machine: 

PAGE 18 

for the preparation 

Model: Riehl~, Screw type, mechanicai, maximum 
loading capacity of 70,000 1bs. 

2) Cylinder Testing Machinel 

, 

I 
I 

J 

I j 
i 
i 

I 
I i Makers: Soiltest Incor'porated, hydraulic, manually ~ i 

working; maximum loading.capacity of 250,000 lbs.; .. , 

,.,accuracy· of 500 lbs. 
,"" -; . . 

3) Sonometer , Exciter,' Pick~up Set: 

Makers: Soiltest Incorporated, Electro Products 
Laboratories, MOdel 4100, maximum frequency 

of 20,000 cycles. 
4) Dial Micrometer for shrinkage measurements: 

Sensitivity: 0.0001 inches 

5) Dial Gage Set-up: 

Sensitivity: 0.005 inches 
6) Electrical Hand Vibrator 

Model D'q 
Stow Manufacturing Co. 

7) Ele6trical Plane Vibrator 

.Model VP 60 

Makers: Soiltest Incorporated 

8) 6" x 12" cylindrical steel mOl.ds: 
9) 2" x 2" xll" prismatic steel molds ..... 

10) Balance of 0.1 ~~ sensitivity 
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d) TES:.L11NG PROC~rURE 

1. Compression Test: 

PAGE 19, 

Twenty-eight days old water cured specimens were 
·taken out of water, top an~ bottom su~faces wiped dry and 

capped with a sulphur capping, compound. They were ~ept under a 
wet burlap for tV10 hours before they \'lere tested. There t'!ere 
eight 6" x 12" cylinders prepared, with steel perce.qtag~s of 0, 

1,2 and 31, two samples bein~ cast for each mix. 

Cylinders were first tested in a Universal Testing 
. Machine, applying the load at a rate of 400 Ibs/ sec. accordinp; 

to ASTM C39-64 (11). In order to obtain the stress-strain curve 
a dial page set-tip was attached to the samples. Since the 

capacity of the testing machine was not enough to crush these 
~' '. .' . 

spe~imens, load was slowly removed at 60,000 Ibs and crush~ng 
stress and strain ',':ere determined by the hydraulic testing 

mac~ine:. 

j ; .2);,Split-Cylinder Test: 

~.. Four pairs of cvlinders with the above ~entioned 

'st'~el :~ercentages \"ere water cured for 28 days. They v;ere 
,./ 1 .~.'., . , 

pl~ced!hbrizontally under the bearing plate of the Universal 
Testing Machine. Strips of Plyviood about ~/g" thick, 1" wide and. 

l~" long were placed on the upper and lower bearing elements to : 
ehs~re uniform bearing (11). Cylinders were so positioned that 
the' ~enterof their upper bearing element coincided ~ith the 

cen~ier of the upper bearing block of the machine.. The load I:.'as 

applied at a rate of 400 Ibs/sec. 

The splitting tensile strength, T was calculated 

from the '~guation (11)8 

where: 

T=-
2.P 

irDL 

P: maximum load at failure 
t: . length of the cylin~er 

D: diameter of the cylinder 
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Mortar prisms, 2 inch square and 11 inch long 
were cast with the same steel percentages as used above. Mortar 
was obtained by preparing the same mix that was used for the ' 
cylinders and sieving it through No. 4 sieve. The specimens con­
t~~ned a stainless steel gage p1u,g at the centers of each of the. 
ends projecting about 1/8" beyond these ends. Specimens were 
kept in the mold for 24 hours, removed from the molds and water 
cured for seven days. At the end of the seventh day, initial 

. 
lengths of each were recorded with the dial micrometer; and thei 
weights were determined. Samples were then kept in air at .a plac 
free of, air movements. Shrinkage and" weight measurements were 
re~eated at weekly intervals. 

4) Determination of Dynamic Modulus of Elasticity: 

Similar specimens as for shrinkag~ measurements, 
were used for the determination of dynamic moduli ,of elasticity. 

The samples to be~tested were srisp~nded on two 
wires placed at a distance of 1/4 L from each end. The vibration 
Vlere transmitted directly through the driver which was bearing 
on the end part of the sample. These vibrations were detected 
by bhe pick-up which was placed 'againts the other end of the 

speci1men. The vibrational frequency 
was ,read from the sonometer. Damping frequencies were not con­
sidered. Modulus of elasticity was calculated using equation 

(3\) given in Appendix. 
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CHAPTER IV 

_RESULTS 

a) 'l).8NSI 0lL"rES'f & 

, Details of the eight cylinders tested in indirect tension 
are presented in table 1 and relation of streng,th to steel 
perc,~ntage is illustrated in fig 80 

Test Wire 
·Splitti~ 

Load 
Tensile 

t3trengl.il Strength 
No Percent (lbs. ) (psi) Ratio 

1 Plain 38 500 340 } 1 

2 Plain 40 500 358 

3 1.0 56 500 500 1.43 

4 1.0 53 000 468 1.34 

5 2.0 60 000 5.30 1,,52 

6 2.0 59 500 525 1.51 

7 7.0 
.-', 

65 500 580 1$66 
'. 

8 3 .. 0 64· 500 570 1063 

Table l-Summary of Split. Cylinder tests 

I 
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b) aON;PRESSrON TEST. - . 
The datu obtained from compression tests are tabulated 

itl table 2 and corresponding stress-strain curves are given 
in figure 10. 

Percentage of Steel 

P1aln 1 % 2 % 
Strain Stress Strain Stress Strain Stress 
(xIO (psi) (:;c10 (psi) (xlO (psi) 

2.50 288 2.50 398 2.25 300 
\ , . 

:;.75 1+71\ L,l.75 582 5.00 625 \ 

" 

5.00 6jO 6.25 760 7.75 1000 

6.25 a05 7.55 9120 9.'75 1320 

7.50 9;;5 9.75 1220 12 .. 50 1650 

8025 1030 11050 1480 16.00 2300 

10.00 -1290 13050 1720 19.75 2650 

11025 ' Ill,GO 14375 1890 22 .. 50 3050 

14.00 18;,;0 - / 16.25 2090 27025 "550 ;; . 

17 .. 50 ;~170 19.00 2360 32000 3740 

24.25 2420 35.00 '3520 35.00 3600 

37050 2910 \ 1~'7 .50' 3200 
, 

47050 2875 .' 

" 

Table 2~ompression Test Data 

" ,. 
,J 

( 

I ' 

/ 

j % 
Strr-lin Stress 
(}::10 (psiJ 

;..00 45'+ 
" 

j.75 588 

5.50 845 

7.50 11.50 

8.50 1320 

9.jO 1480 

10.00 1650 

11050 ' 1770 

12.50 1990, 

13.50 2120 

29.00 4120 

37050 3850 
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Tc.~t. "',1iet.. 7 Days 14 Days 21 Days 28 

f>crC.t.,h,f We(~\..t c~<.l(s E 1.\0" W~i1l..t c.1 c.le s f."1.\0' \Nei~ t-t. C.Jc,k~ E}\. \0' Wc.i~ L,-t 
No 

('j"'l) l f)\) ( '\ .... ) l?s;·) (. ",) ... ) ( ? ~.) l "l .... ) 

1 Plain 16/+7 1890 3.63 1579 1920 3.54 1569 1940 3. 4 5 1565 

2 Plain 1625 1900 3.36 1557 1970 3. 46 1545 1950 3.36 1544 

"3 1 1667 1920 3.24 1596 .1940 3.20 1583 1930 3.14 1582 

4 1 1674 1920 3.29 1604 1950 3.25 1594 1950 3 .. 23 1592 
I 

5 2 i72.8 1980 3.22 1660 1970 3.22 1648 1950 3.13 1646 

6 2 1711 1980 3.35 1648 2010 3.32 1638 2000 3.27 1635 -

7 3 1730 1940 3.00 1661 1960 3.00 1652 1940 2.93 1648 

8 3 1725 1960 3.12 1661 1960 3.00 1650 1980 3.04 1649 -

TABLE 4 - Summary of Dynamic Elastic Modulus Experiments 

Days 

c'j':' Ln 

1940 

1950 

1920 

1950 

1930 

2000 

1930 
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Tc.s-\:. l"'-l,re. 
7 Days 14 Days 21 Days 28· Days 

N" <'> .- I I CoL -, 
,- ~rc:.e""'-i!J(. --C l'- 10 

(i .. {;- ') 

1 Plain I 49 

2 Plain 43 

3 1 44 

4 1 41 

5 2 39 

6 2 39 

7 3 34 

8· 3 38 

L. 1 ). { \J\/i\ ~ j(. \0" • l... 

l~-:) li .. /';_'> 
Lo U .6{ Wil c.~. ,,' '0-' Loss, -( \i\(~ c.;: .~ ,;' 

l~-) li.d, ... ') l,---> I (,"(i ... ') 

68 71 78 83 82 98 

68 69 80 80 81 95 

70. 65 83 75 84 86 

70 65 80 76 82 88 

68 58 80 66 82 76 

63 59 73 67 76 77 

69 51 78 58 82. 66 

64 54 75 61 76 70 

TABLE 5 - Shrinkage Data 
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(:-;:) Cmst-Strength Rat_lo of Plain .ConCcrete is taken as the base. 
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In the present ~ork, the effect of including short,randomly 
distributed, closely spaced wire reinforcement on properties of 
concrete have been investigated. ,They are 

al fensile strength 
b)' Compressive strength 

'c) Shear strength 

d) Strain at maximum load 
e) Strain energy at maximum load 
f) Static and dynamic moduli of elasticity 
g) Workability and density 
h) Shrinkage 
i) Economy. 

The results have been presented in previous chapt~rs. 

In this chapter, we will discuss these results one by one 
and try to draw conclusions concerning the applicability of 'such 

reinforcement. 

a) TENS ILE S-l'RENGI'H 

Split-cylinder test results summarized in table 1 show a·~ ______ . 
definite 'increase in tensile strength of concrete with theadditim 
of randomly distributed short wires andth,is folloVls a certain 
pattern vihich is a functi~n of wire spacing (Figure 9), in aggree­
ment with the theory stated at the beginning. A question m~y arise 
whether the te~t method employed, that i~~ split-cylinder method, 
repr~sents the:true failure' criteria. It is true that tensile 
strengths obtained from splitting tests are higher than t'he real 
values but it still serves our purpose" as it gives a comparative 

scale. ;. 
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Figure 8 indicates the rate of change of tensile strength 
with th~. addition of 0ires. It is seen that rate of increase in 

. streng:th' being high at the beginning, it flattens out after 2 
percent and reaches, more or less, to an optimum at 3 percent vrire 
reinforcement.iensile strength at this percentage is increased to 
more than 1.5 times as compared t9 ~lain concrete. 

b) COMPRESSIVE STRENGtH 

-

'Iable 3 sho':!s the effect ofvrires on compressive strength of 
concrete. Increase in compressive strength is not as high'as 
increase in-tensile strength but it goes up to141 percent; with a 
wire of 3 percent. Looking at figurell, \"e can conclude that 

increase in strength is high, up to 2 percent, after which, it 
slows down. From the pattern that the curvE: follo1!!s, \'-e can conclua 
that an optimum is reached after 3 percent. 

( 

c) SHEAR STRENGTH 

Shear strength is determined by employing Mohr's envelope 
(figure 13). Figure 8 indicates that shear strength sho'!.'s a simila-L 
behaviour like tensile strength. That'is, 50 percent increase in 
stren~this attained with. 2 percent reinforcement, after which~ 
gain is negligible compared to steel used. 

d) STRAIN AT MAXIMUM LOAt 

Observation of figure 1'2.. shm"s that there is a straight-line 
relationship between amount of wire reinforcement and strain at; 
maximum load. Strain decreases vlith increase in steel perce,ntage. 

This indicates that ductility of concrete decreases with addition 

of wires. 

e) STRAIN ENERGY AT MAXnmM LOAt 

Strain energy {s calculated bv measurin~ the area under the 

t t · rve The behavior of strain energy a:b maximum s ress-s ra~n cu . . . . Wi 12 load wi fih change in steel percentage J.S gl. ven J.n -- go • 
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There is a rapid increase in strain energy with the addition of 
i -

1 percent wire after v/hich, it dO,1s not change much. This shows 
:that toughne?s of concrete is maximum with. 1 percent of \'rire 
'reinforcement, that is, more energy is absorbed before failure 
starts. 

f) STAJ:IG ANt DYNAMIC MeIDLI OF ELAs·rIC 1111',:\ 
':;: '\. \-

Static modulus of elasticity is also affedt,ed by wires. :Sffec 
being negligible' for low percentage of steel';' s'tatic elastic mo­
dulus of concrete with 3 percent reinforcement is 1.3 times as 
much as that of plain concrete., This ~xplains the ;eason why 

, 
ductility and toughness are reduced with higher percentages, as 

, 
stated in previous paragraphs. 

( \, 

\ 

Steel vlires also increase the dynamic elastic mod~lus of 
concrete. Thech~nge is small at low steel percentages, increases 
rapidly after 1 percent and reaching to an optimum between 2 and 
3 percent,' begins to decline (figure 1.4 ). The decrease in dynamic 
modulus of elqsticity for high steel percentages can be explained 
by decrease in v!orkabili ty and density of concrete which will be 
discus~ed,in the following section.' 

However, ,behp.viour of dynamic ~lastic modulus with time is 
rather erratic 'for various percentages of steel (figure,1.5 ). In 

plain concretei dynamic modulus increases for the first tw~ weeks 
after which, i~~decreases gradually, reaching to. its initial 
seventh day value. For the samples with 1 and 2 percent reinforce-

, I 

ments, there isi a gradual decrease in dynamic modulus vJi th time. 
The casa is mo~e complicated for samples of 3 percent reinforcemen 
. , 

since there is :no any definite pattern other than fluctuations. 
,These may be d~e to stress concentrations present in the, concrete 

f ! mass caused by: resistance of \':ires against shrinkage. 

, 

g) 'WORKABILlTiY AND LENSI'rY 
, ,j 

Although~he plain concrete mix was quite workabl~, it was 

observed durin~ mixing that, addition~of wires reduced workability 
~~ ~~~_~ri~ ~v~~"A ~n~ ~ven ~ith ~ oercent of wires. mixing ~as 
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quite difficult. Density measurement~ of fresh concrete also 

reflect this. Unit weight of concrete with 3 percent reinforcement 

was 138 Ibs/cu.ft. whereas, it wai 14~ Ibs/cu.ft. for low percen­
tages of steel (weight and volume of steel are ex61uded for the 
above calculations). 

h) SHRINKAGE 

Measurements done on length changes reveal the effect of wire 

on the shrinkage of concrete. As stated before, first readings 

were taken after a water curing period of 7 days. The effect of 

. wir~s is small during the first week of drying but it beco~es 

effective afterwards. Figure 16 sho'."s that magnitude- of shrinkage 

is decreased considerably with the addition of wires a~d this is 

more defin~d for~nger periods of drying. I 
i) ECONOMY 

Feasibility of the method is investig~ted by making a cost 

analysis and finding out an index for each physical property of 

the concr~te taking plain concrete as the base. Table' summarizes 
the results of calculations given in Appendix, part c. As seen 

from figure 18, it is not possible to find a steel percentage 

which will ~ive a feasable solution with the current prices of 

steel wire. However, this can be attained by using scme suitable 

industrial waste as refnforc~ment, in which case the cost will be 

decreased. 
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CHAFTER Vl· 

CONCLUSlON 

~est results indicate that the two-phase property of wire 

reinforced concrete can be utilized ina large engineering field. 

Crack controlling characteristics suggest applications in flexible 
pavement design, construction of structures which are subjected 

to chemical attack from the surroundings, such as marine construc-

tions and those exposed to sudden, high temperature changes. 

Increase in shear is advantageous for beams reducing shear rein­

forcement necessary. Iue to its lov.; shrinkage., this material can 

be used in highvfay and airfield constructions, v!here width of 

shrinkage jOints is an important problem. 

I 
j 

I I 
J 

i 
I 
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-------------------------------------,~.~------~------------------------~ 

CRAFT SR "11". 

~he results of this thesis work have revealed that the 

material at hand has improved properties ~s bornpared to normal 

concrete, which make it convenient for a wide range of structural 

applicaticns. There are still some questions to be answered. The 

resistance of wire reinforced concrete to impact loading, repeated 
loading, freezing and thawing should be investigated.: Theoretical 

analysis discussed at the beginning suggests that thSse charac­

ter·istics can also be improved by wire· reinforcement. I 
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l~. 7) 2760 ;?:2 0 60 

- .-..- :~7~\O ,', a c "D 
'.:)0 ._~/ "",''''/ • \",i _, 

7 G ~!;; ~~f~(~{) 5,7.00 

, 9075· 11900 95.0D 

~ ... ,i _ ..... 17·:)0:) 1320.)0 .. u .. ':;1..) 
. ~-

., -; ::"10 . _,r 4,..;" 
;:32,)0 13,~. 00 

11.:. 1'1 _ 10 .,J 2'1900 218.J() 

~ ~'1:t 5 c-
(\; .. ) 'L. 953G5 Z. 7510d5 
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- ,~,O.') B CJ"'::. ::: (.S" 
a 

-'I 
£. -:. _5'....,;;4_, S_o_lI._l_o_ :: 6. So )( \; (; 

S . 

<: ., S I-~ . -'1 
'-= to. S1...0 =..8.SllUo 

e 

E = ~·s-4-l3llrz-c»(S.~\) XI;~ 
i-n,BS"- s(e.g\)l. x. 10-" 

6 
l. (,~ x. \0 
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2 % Wire 

-'1 
)(. \; It f.: _'C 

(J 2:.)(. \ 0 cr--.. f.. X \0 l i' 1 ~ ~ i:. li~ 'I I. .. .. 

300 2.25 675 5.10 

625 5.00 3110 25.00 

1000 7075 7750 60.00 

13;~~O 9.75 12900 95000 

1650 12.50 20600 156.00 

2300 16.00 36800 256.00 

2650 19D75 52400 390 0 00 

3050 2:-' 050 68500 493000 

2:. ... ,)00-
.I.r-'-> ..17 L "',- "0 1.;;;; 0::;' L 202835 £:1480010 

() £1. lo-It <r: • t.. j.. \;'1 
\. -'0 z.. 

(r~~ ) l'''' I\~ ') " ' . .. )(. \0 

454 3. 00 1j60 9000 

583 3075 2210 14.10, 

[V+5 5050 4650 30040 
, 

1130 7.50 8500 56010 

J.320 
, 

,g~50 11200 '72.),0 

1480 9~50 14100 9Q'~20 

IGO{) Ii) 0,,)0 16000 100.00 

1770 11000 19500 121000 

L. 9187 L5~3Q75 ~775~O [Z.. 492090 
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\'\0 

E _ 2.0.1..13 - ~ ll(;lo) (n.'}) " \;~ 
- \~ 8.:>.)(.\.;8_ I? (H.'!a)I.x,\;S , 

E:Lct:>xlo' 

E _ l.~S--S lUIj') (l.1S-)x. \;~ 

- it 'no ~ - 9 l'1· "3 ~ J 'l. lC 10- S 

{; . 
E:. 1.ba x. \0 f'h 
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b) DYNAMIC MOJ:ULUS OF ELASTICrry' 

l ' " PAGE. ;.0 

From strenght of materials ~~- deflection of a beam subjected, 
to a moment is given by the differential equation 

where M 
V 

x 
bending moment 

-
'"shearing force 

I : !moment of inertia 

, 2 
Mo-: EI d X 

dy2 

V : dM 
cry 

X' : • 'deflection at the cross-section 

(22) 

(23) 

.. i , 
~istance from origin to the cross-section 1 
~ , . \ . t .. 

If ~e assume,a'sinupoidal deflection along the beain 
" , . 

, 1,,1 
" 

i 

i 

I 

y 

" , 

! 

j 
-, 
: 

(24) 

. -.- (25) 
- " 

.·Z~i 

Assuming mass is'uniformly distributed, being m per unit-length, 

the inertia ~orce\ dF of element dy is given by 
; , 

(26) 

(27) 

J F ' 
Jj is equal to the variation of shearing stress along the beam~ 

Therefore : 

JF d\l JtM 
1j:O d'j :0 V (28) 

from which it folloVls that 
I. 

WI"" _ 0 
--Xo-

~ E1:. ;,_ ' 

The general solution is given by G.W. Santen (l~) as 

" 

x
o

:: A\ S\ ... ~ Pj {- A1..c..-.~ f':l -t,A)~i"fj ~ A'1c.,;.~ f) :\ (29) 

" 

. ; 
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~ 
f~Y -'u 

Constants can be determined from the boundary conditions. 

For a simply supported beam of length 1 

"d:. 

and natural frequencies are 

'fo = 

where n = 1, 2, 3 •.••• 

PAGB !tl 

(30) 

However, this equation does not give reliable answers and 
some corrections should be made for torsional ~fbrations, etc. 

The following formula takes care of the necessary correctio 

where W 

Vo 

C 

where L 

g 

0" 

weight 
natural frequency 

'- 'l 
4,1C L 

~-r",,'i 

length 
gravitational constant 

m a constant which is equal to 4.730 

C is corrected as C:: C' r where 

( 
(' \ 13 I ~ l r It ) ~ _ \ ~ s- ( r /1. \ ~ 

T =- \ t Sl. 1- ~ t) - \ ) 
I t- B l. 0 ~ ("/d 1. 

for and 

1. "'3 
I 4 iT L 

C :::------

(31) 
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c) cos'r ANALYSIS OF CONCRE'I'E 

PAGE l~2 

(the prices are taken from'-the Bill of Quantities, publishe 
by the Ministry of Public Works.) 

vrhere 

1) Cost of plain concrete 
(including cost of materials, 

117.81 T.L./m3 

use of machinary and workmanship) 117.81 T.L. 

2) Concrete "'ith 1 %. reinforcement : 
Cost of plain concrete : 117.81 T ~~ ____ " ,,-

Cost of wires '10 x 7.88 x 3.00236.00 T.L. 

3) 

4-) 

Concrete vii th 
Cost of plain 
Cost of \'lires 

Concrete with 
Cost of 
Cost of 

c" / C. 

$ .. / S. 

plain 
wires 

= 

353.81 T.L. 

2 % reinforcement 
concrete : 117.81 T.L. 

20 x 7.88 x 3.00 472.00 'r.L. 

589.81 -1' .L. 

3' % reinforcement 

concrete : 117.81 T.L. 

30 x 7.88 x 3.00 708.00 T.L. 

825. 81 -1' .L. 

index of concrete with a steel percentage of n. 

Sn strength of concrete 

C
n 

cost of concrete 

So a'nd Co: strength and cost of plain concrete. 
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Calculation of Index Values & 

l )Compress;i va Strengthg 

1% Wire • So/co 1.. ~ I 0 /\\ '1 . 'b \ 
0 

:: 

s./c, :, S"Lo/1.5:'. ~n 

2% Wire 0 
~. Ico 1.. ~ \0 I I \1. ~ I . 

::> 

S,./ c.. 
: 1- ?;t~'al Sg~.~\ 

3% Wire 0 

'::." (c" 1..~\O/I\1.~1 0 

= 
s"3/c. 3 '-t I 10/ ~P-S"" .. BI 

. 
2)Tensile Strength: 

t. •. 

1°' Wire .. So /co '15S /\\1.S1 
,0 D • ::. 

s,/c, Soo /1. 5:LS\ 

2% Wire 0 'So oleo ?,.$"e/\\1.S1 .. ' :: 
S,./cl. 530/ 5""~~.'?I\ 

3% Wire 0' os" Ie. 359/\\1.9\ .. 
:: 

S3/C. 3 S" 8 0 / fP- S"". S I 

3 )Shri nl~D.ge g 

1% Wire .. s. L, ~ t 'I.. "3 S""3 • S \ 
0 = 

So e." ~,.S" )(. 1\1. 16 I 

201 rJire 0 <;1... L1.... 16·S"- X. S"S?l.gl 
;0 " :: 

So c. .. 'H.S""><.IILSI 

'3% Wire g s"J c.3 b" g )C 9 1.. $"". 9 I 
=-

!:.o Co ~,.sx \\t. g I 

PAGE 43 

1 

:i 

= "L.Lj a 

:: "3. ~, 

-::. 'it· '?! s 

:: 'Z.... I b 

Ii 
= "3.38 

:: 4·1...S"" 

-=- Lb 8 

- :L ~ 0 

4. ~ 0 
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~ __ ~ __ W_._E __ ~ ____ 4 ____ '_; -~~ _________________________________________________ __ 

i 
, I 

DETJ!l'J,lINLTIOn OF \'fIlm SPAcnm -d) 

.Tii0 &.verage spacing of wires in the concrete maSS 

for differGut wire percentages was calculated according to 
equat;ion(~~O) giv'en in chapter 1I1o 

1% Wire : 

s: \'3,.16 )( o. o So 

1+ ~ .... G,.l£-~ ::: o.2..-=!-1.. 
'-.S'~ -

2% Wir.::: .. 
Q 

S=. 
13.'6 'f.. o. oSo if .-i .... "'\.e.~ -:=. o. \ ~ it 

L.St, 

3% Wire : 

s=. \3.S ~ 0.050 

the 
r 
I 

I 
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