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ABSTRACT

The strength properties of fiber concrete ghve ré—
ceived much_attention in ﬁhe-pasi with little emphasis
being piaced on the workability of the composite in its
fresh state. Both field and laboratpry studies have iden-
tified workability of the composite as a potential pft;blem
due to fiber addition resu}tiné in field;streééths lower h
than those obtained in the laboratory. Therefore, in addi-
tion to studying s;rength properties such as fatique, the
workability of fiber concrete was considered in.detail;

Ta 6btain an optimum mix in terms of strength and
workability, fiber length and concgntration aré of consider—
able importance. In the initial stages of the study, direct
%ull—out tests were completed to determine the optimum.fiber

_length i.e. the fiber length just sufficient to ailow full
bond development under ideal conditions. The theoretical
critical fiber length (1.8 cm) was found to correspond |
closely with the experimentql optimum ;ength'of 1.27 to

‘1.91 cm. -

éﬁphasis was placed on the static and fatigue flex-
ural sttengths which are important properties required for

~rigid pavement design. Compression, split_cyfinder and im-

pact resistance strengths were also considered. The tests

iii




1 .
indicated the importance of adequate workability with respect
to obtaining improved strength performance with fiber addi-
tion. An increase in fiber length and/or ‘concentration, ~
decreased the workability of the composite resulting in an
increased number of flaws decreased conpactlon and decreased
uniformity of fiber distribution. The relatzve streng:h
increase or decrease was dependent on the predomlnant in-
fluence; i.e. strength loss due to increased flaw generation
‘or strength increase due to the fiber addition. The only
sxgnxfzcant factor 1nfluenc1ng workablllty besides adjusting

the fiber length and/or content was with the use of super-

plasticizersh

iv
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. CHAPTER 1

INTRODUCTION .

1.1 7 FIBER CONCRETE

E;ber concrete is a composite material consisting
of a hydgaulic cement binder, with or without aggregates of
various sizes, énd a dispersion of natural or'syh;hetic
fibers. To ensure volumetric stabilityﬂpbst_concrete‘com—

~posites contain some aggregate with the possible exception
. M " - )
of asbestos cement products [Rilem, 1977 ]. _In this study,

the term fibez/coqcrete is restricted to'a composite incor-

porating a mo
* -3

éifed concreté mix with randemly dispersed
fibers. PR

Until recently, practically all fiber reinforced
cement materials were proauced wi%h asbestos for clad&ing,
water tanks, pipes and fire resistant ;omponents. However,
since the 1950's there has been a dramatic increase in the
use of fiber reinforced plastics that ‘has also lead to inten-
sive research in the devgiopment of fiber reinforced concrete
E@éCurrich and Adams, 19737]. A summary Af‘soﬁe typical fibers
and fiber properties wﬁich.ﬁave\seen considered for reinforec-

ing concrete is given in Table 1l.l1. Steel fiber, given much

emphasis-in the past few years, is investigated herein due

-



b ' - - e, = uni .
. . AW 0T = ,UM/NXT,
, _ vt £-1 ., 002 B°L- 005-5 erereereres (0938 v
“. K moﬂl-N VIN ! om . W...Nl m.ﬂlm -.-.-c-..-.o.o- mmw.ﬂw £
I + . . ' .
. 1 . , . ... MI . . m-o . ...l ! m..ﬂ cmlonﬁ LI TR T T S T R R ] Hmm.ﬂm
‘ 0¥ 62 <69 by T Z1 srere gz QA () s
A 9'z  6°T v EET Sh°T 0T- “eert ey qud (e) '
‘ : ¢ : , :xeTA9Y
R x ST- 6°0 v ¥ PTT b< **(gpz @dAr) uoTAN
! 02. 5:0 .S ' 60 00z-0z  * ' sudrkdoxdAiod.
. .. , k) . . iy ,
, - N 9°e (] X4 06°T . .6 Trer 11 8dAL (9)
SR . gUo. 8°T. 08¢, 06°T £ \*t+ I odAL (e)
S . : . . ruoqaIe)d
., . £~Z S'E 96T LE"€ 0Z- T°0 ** @3TTOPTo0aD (q) ¢ .
. . €-2 T°€ poT $6°¢ 0z-z0'0 ' oTT3oskiyd (e) \
- o B N ) A o,
) $80389(SY
..._. ' _ . .
. (%) (Funn/NY) o gwut/NY) G 3
jeaxq e :um:muum .wzﬁsvoé ( Emwuwoﬂ ' wmﬁw_mwao . 2IqTd
. -uoyjebuord  oTTsULY g,bunox ~3IFEURA S30UET
4 4 . . . ‘4 R . N
c [LL6T 'woTTd] SATINAJONd AMEId TVOIdAL T°T 218Vl 4
.. ' ) . . ) . 1)
.oc . r. ] '
1 - ‘ L[4 . N ”
+ - . 4
v A 2 .
.\1



>

to the many potential applications that have been identified,

some of which are discussed in the hext section.

1.2 APPLICATIONS OF STEEL FIBER REINFORCED CONCRETE

Since the studies completed by Romauldi and Baston
(1963), -and Romauldi and Mandel (1964), steel fiber rein-
forced cpnérete has. been transformed from a mere laboratory
development into a proven constructxon material. .The com-
posxte has not only performed well in the laboratory. but
.also in the field showing superior mechanical properties;

i.e. lmproved static and fatigue flexural strengths, wear

and  impact resxstance, thermal and shock resistance, and good
serviceability. ‘Unlike piain concrete, steel fiber reinforced
concrete can carry loeads efter_crackiﬁg.
Much eméhasie has Seen placed on using steel fiber .
reinﬁorced_eonqrete as a subetitute foricoﬁventional plain
_concrete andeesphalt pavemeets. Several ﬁield,.ekperimenys
‘have been»designed to study comparatively such veriables as
concrete-mlx design, flber type and quallty, joint spacing aed
design averlay thlckness, and type of bonding to old surfaces

(pavement,qve;lays). Thinner slab and ove:lay placement has’

.' been possible with: the use ef fiber concfete'thap_previous;y
with plain ceeérete due tq‘increasédnfirst éraek ;¥(ength,‘
_spall resistance'}nd the ability te‘ca%ry feads\aftér crack-
"ing. Field placeégnt studies have also Ehewn.ghet relativeiy

-

o
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large masses of fiber concrete can be produced ,and placed

-

using current technology withput_much-difficulty [ see, e.g.,
Lankard and Walker, 1975]. :

Besides p e;ent applications, steel fiber reinforced

concrete has algo been used in other areas including:

1. repair of high velocity water passagés such as
sluices and spillways for dams when‘wear and
formation of cracks must be controlled‘[éee, e.g;,
Schrader and Munch, 19763;

2. tunﬁel Lﬁng and slope stabilization - although
there are variéhs means of placement, shotcretting
of fiber conqrete.onto rock surfacés either for
tunnel liners or slope stabilization has received
muéh‘attention. Fiberous shotcrete has been sﬁowq

.. to Sg two'tipes‘as strong as the non-reinforced
material [ see, e.g., Kaden, 19741 ;

3. concref® pipes - large concrete pipes using steel
fibers havé not performed as wéll as concrete
pipes gs;ng conventional w&re reinforcement with
regards to dollar value or volume of steel used.
However, -load :equiremenfs can be met with suffi-

cient fiber content and ‘decreased wall thickness

to allow: the structural element to behave as a

..flexible culyert which would permit soil arching

~



to be developed Esee, e.gl, Gray, 1972; and Henry,
197375 . - R : |

-

rctory and warehouse floor slabs - due ﬁd'ﬁiéhé&
Aflrst crack strength and ductlllty, the slab thick-
ness can be reduced. In addition, the material's
abiiity to\resist considerable strain while retain-
ing strength and structural integrity can reduce
maintenance and prolong service‘life [(see, e.9.,
Battelle, 19757]; and i

5. refactory linings - the fibers help overcome the

cracking strains induced by thermal gradients

[Gray, 19727].

1.3 ECONOMICS

It is dlfflcult to access the economic value of the

'compOSLte on the basis of material costs alone. Improved
performance and reduction in size (e.g., thlnner pavement
overlay thickness) must -also taken into account. In addition
the current cost of flbers produced in small quantities is

'not necessarlly 1ndlcat1ve of long term productlon costs

[Swamy and Kent, 197371. However,-eny gain in englneerlng
properties has, of yet, not been sufficient to offset economic .
con51deratlons to a degree where large scale use of such a

product is feaseable except for a few exceptional cases such

as repair of sluiceways (see, e.g., Schrader and;Munch, 1976].
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1.4 PROBLEMS WITH STEEL FIBER REINFORCED CONCRETE

Although steel fiber reinforced concrete has been
shown to be an alternative construction material with much

potentral, various problems have been encountered in the field

_due to poor control of concrete quallty and reduced work—

ability. The lack of workabrllty which causes lnadequate gon}

crete compaction and non-uniform fiber dispersion has been

attributed to the fiber geometry; i.e., length and diameter.‘

?ye flber geometry has also been responsrble for the_ formatron

_flow between the fibers. Fiber balling, inadequate compaction .

of -fiber clumps (balllng) whlch do not allow the matrix to
and non-uniform fiber dispersion have Lead-to-lower mechanical

properties in the field thanAobservea'infthe laboratory.

1Y

1.5 . , SUMMARY OF OBJECTIVES

The trend in the paét'has:been-to use fibers 2.54 cm

{1 inch) long or longer to develop sufficient fiber-matrix

‘bond strength in order to full? utilize the fibers' tensile

- strength. However, longer fiber lengths decrease concrete

compactlon and uniformity of fiber dlstrlbutlon due to de-
creased workability, resultlng in lower strength propertles
in the field than initially anticipated from laboratory data.’
Therefore, this study has beer directed towards investigating
the influence of_eteel fiber additioh on the workability and
oechanical properties of concrete. More spec}f&cally, the"

RV

-

-



‘onjective of this study is to investigate the following

factors influencing fiber concrete performance:
1. Fiber-matrix bond strength - Direct fiber pull—
out tests were completed to determlne an optrmum

fiber length where fibers just begln to break N
rather than pull-out. A parameter squy to_ o

investigate curing, matrix and fiber characteristicsﬁ“
was also.completed to determine the sensitivity

. of bond strength. - e 0s

2. Static and fatzgue flexural strengths -.S8ince the

use of steel flber-relnforced concrete has. great

potentlal for pavement structures, the statlc
and fatigue flexural strengths were - the prlme
mechanlcal properties con51dered. This study
tried to determine whether a sufficient increase
in fatigue endurance would be obtained to result
in the design of thinner overlay th;cknesses than
is presently possible using PCA pavement design pro-
cedures for plain concrete. Additicnal mechani-
~'cal properties studied included: compression,
N split cylinder and: lmpact strengths. o -
3. Workablllty - The workablllty of f;ber concrete,
o which has receiveqﬁ;ittle attention_}n the past,

has Been covered in detail by ifnvestigatingithe
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influence of fiber length anafvoluﬁe, workabilit}

additives and minor changes in free paste on_the

o« LT L flow propertles of the com9081te. The workablllty
- f,, a g . not~only affects the mechanlcal properties as =

R dlscussed prev1ously, but also influences the

Tem, W -t ..b

- ment which - 1s :eflected in the cost. -

_ : Flher—matrlx bond strength mechanlcal p:opertles and -
[} b R <.
X workablllty are covered separately in chapters two,-three and

. . " four, respectively. Each of these chapters contaln a brlef"

. f”introduct;pn and literature review in addition to the details
of thefexperiﬁental,programs and discussion of experimental

o

.. results. A summary of the experimental flndlngs and toplcs
- " requiring further study or extens;on is given in Chapter 5.
. - : -
w, - -
. . -
. = “_
e ’ a -
~ . R '

amount of labour requlred for productlon and place—‘
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The effect “that fibers have,on 1mprov1ng a concrete s

mechanlcal propertses ls relaté! to the eff1c1ency of the

4

flber in sharlng the load 1nduced tensile stress ln terms of

— ™ e

the flber s. own tenszle strength. The observed dlfference

,between theoretlcal and exper;mental strengths is generallv

attrlbuted £o" lnablllty to fully utlllze fiber ten511e strength
due to- low bond strength between flbers-and matrix [Tattersall

and Urbanowlcz, 1874; Naaman and .Shah, 1975; and Maage 1977]

~

Therefore, 1t is apparent that the flber—matrrx_lnterface is

-

' of prlme concern as- it governs. the actual stress transfer.

. - ] -
~ P

lthough the‘importance-of a.strong interface fiber-x-

-

matrlx bond strength cannot be overemphaSLzed no direct

correlatlon has been.shown to exist between Increased bond

-

strength as measured by single pull-out tests and’ 1mproved

_compoSLte behav;our [Swamy, 1973; Tattersall and Urbanowicz,

P
-

1974; and P;nchln and-Pabor, 197BB] In v1ew of this, the
minimum: flber length requlred to‘deVelop suff;cxent bond
‘ strength to fully’utlllze the tenSLle.strength of the fiber;
Ld.e. crltxcal.fzber length was, the maln parameter oi concern

in.the study.. The importance Of-mlnllelng the fiber length

(TR



A

L

== *is_not sigmwificantly influenced by the post cracking strengtﬁ

- ' 10

is-reflected in fiber handling costs and workability of:~
. &

the qpmposite which will be discussed in;following chapters.

Addition £axnrs lnfluenclng bond strength whlch have been

covered include: basic matrix propertles (sand type and' T =

S-

water-cement ratio):_fiber tensile strength; and curing.

2.2 EFFECT OF FIBERS ON CONCRETE

L

Unlike plaln concrete, the first crack and ultlmate

P.,,

do not necessarlly correspond to the same - po;nt on a load-
deflection curve for fiber reinforced concrete, due to the
régdomly dis;ributed fibers. For Iow fiber concentrations,
first erack and ultimate occur simultaneously.as anticipated.

Figures 12.1(a) and (b) illustrate’the influence of fibers on ..

Ystatic flexural locad-deflection properties of fiber reinforced

4

o
paste beams.

In addition to factors such as fiber volume, stiffness
and orientation discussed in the next chapter, the load-deflec~
tion behavio;r of the fiber composite is strongiy dependent
on the bond strength and frictional stress transfer at the

fiber-matrix interface [see, e.g., Swamy et al., 1973; and -

. Pinchin and Tabox, 1978CJ]. .The increased ductility due to

“the frictional strength can be of considerable importance

with regard to impact resistance and factors of safety for

the static flexural strength. Howevery fatigue resistance

I
i

-t

"
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(b) Load-central deflection curves for Beamns P2-P5 and P10 '
showing maximum crack widths—in miflineires—ar different stages of

loading.
Volume Fibre (diameter X length)
Bram Fraction mm
Pl [+
| 1% | e
P3 1-0% Hooked 0-36 % 41 -
P3 20% Ditto
. PS5 0% Ditto
P6 2-0%, Duocform 0-64 X 59 W
A~ P7 2:0% Crimped 0-59 x 49
P8 2:0% Crimped 0-79 x 97
P - 2-0% Polypropylene 12 000 denier, 1:50 {bulk) x 51
'1° “rio 2-13% 14 No. 6-2 mm dia, bars arranged in two columns cach of
7 bars, and unilermly spaced by two U-stirrups.

FIGURE 2.1

Flexural Load-deflection Curves for Cement

Puste Beams (Hughes and Fattuhi, 1976)
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as 1nd1cated by progosed mechanisms for fatlgue failure glven
in- the next chapter._ -key part of the study was a comparlson
of the theoret1cal crltlcal flber length to the crltlcal flber

length obtalned experimentally ln pull-out tests.

2.3 FACTORS INFLUENCING THE FIBER-MATRIX INTERFACE

-

2.3.1 INTERFACE PROPERTIES ~ : IR

A common consensus in the technical_literature with
respeet to'nhe fiber-matrix innerface is that surface treat-
ments have a limited influence on the pdll-oun load of fibers.
~This lack of influence is.largely due to the nature of the
surface which is:very rough,Nand nhe process ef pulling which
1s very damaglng to the fiber surface [see, e.g., Maage, 1977;
and Pinchin and Tabor, 978C] Tattersall and Urbanowicz

[
[1974] have also indicated that surface treatments showing

nsiderable increases in bond strength at 7 days do not seem

-

the same promise at 28 days. In spite of the larée
amount of experimental work showing the ineffectiveness of
surface treatments, some technical reports do indicate improve-
ments with the application of the.treatments [see, e.g.,
Manield and Zellys, 1973;‘and Naaman and Shah, }9733.

Plnchln and Tabor. [1978c] have shown that increased
fiber roughness has a tendency to increase thé debonding load,
i.e. bond strength, but has no real iﬁfluence on the.frictional

stress transfer after debonaing; Therefore, for improved

-

e "
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composite properties with regard to post cracking *behaviour,
any increase in bond strength only slightly affects the fric-
tional stress transfer. This is believed to be related to

the bréékgown of the matrix structure immediately adjacent.to
the fibers that decreases the normal applied stress and con-
sequent friction development. To improve the frictional stress
transfer, the fiber "misfit" needs to be considered. This con- °
cept of misfit is best illustrated through the use of the dia-
gram in Figure 2.2. An increase in fiber misfit, i.e. an

increase in confining pressure, increases both the debonding

load and subequent frictional stress transfer. Pinchin and

“Tabor also showed that the frictional stress transfer decreased

'considerably with an increase in wire movement as shown in

Figure 2. 3.
It has been shown that fibers with positive anchorages

along, or at the end of the fiber, show superior bond strength

compared to plain straight-ﬁibers [see, e.g., Tattersall and

Urbanowicz, 1974;.Hughes and Fattahi, l§75; and Hughes and
Fattuhi, 1976]. ‘The anchorages are particularly beneficial
for sho;; fibers where the development lengtﬁ would otherwise
be too.short to obtain full use 6f fiber tensile strength.
However, this study is restricté@ to.plain steel fibers for
which most of the available theory has been developed, and
there has.been most Canadian interest (Stelco,haé considered

. . 3
manufacture, for instance). , - f@gi

o
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. FIGURE 2.3l The Influence of Confining\Pressure and Wire

Movement on Pull-out Load (Pinchin and Taboer, 1978 C)
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2.3.2 INFLUENCE OF CURING

o The technical literature givesgconflictiné results
concerning the dependence of pﬁll-out load on‘duration of
curing. Pinchin ané Tabor [lQ?BA] in their experlmental work
have shown that the fiber-matrix interface changes very llttle
for curing periods greatg; than one week due to rapid enrich-
ment of the interface with Ca (OH), with Portland cement
pastes. However, earlier investigations indicated that the
effect of cﬁring duration on fiber pull-out isialso influenced
by chemical® surface treatments [Taﬁtérsall and Urbanowicz, 1974].
Therefbre, it is apparent éhat tﬂé influence of curing'duratiOn
on éullJQut load is also dependent in other.factors accoﬁntiﬁg
"for the obsarved differences reported by theé various investi-
gators.

"It is generaily agreed ;hét the type of curing has a

-significant influence on bond strenggh at the fiber-matrix
interface. It has.been éhown that lack of curing (i;e. a dry
atmosphére) can reduqe the pul;~aﬁt load by 50 pércent,‘how-l
-ever, curing under water orxr with high temperature treatment
can increase the p;ll-ont.ldad-by folpercent. The influence-
of curiﬁg method has beén attributed to the.shrinkage or
swell;ng of the cement paste or mortar which affects the flber

mlsflt dlscussed previously and the extent of paste hydratlon

adjacent to the fiber. .Therefqre, in addition to the minimum '
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time requlred for Ca(OH)2 build-up adjacent to the flber,

» eh}
water and aggregate to cement ratios would also contribute

-

to the influence of curing on bond strgnéth [see, e.g.,

Tattersall and Urbanowicz, 1974; Hughes and Fattuhi, 1975; -
and Pinchiresd.Tabo®, 197857. |

It~ should be noted that for polymerlc matrlces in

flber reinforced polymers, large fiber-matrix contact pressures

occur during shrinkage of the gatrix resulting in large im-

creases 'in stress transfer at the interface. Although it has
been auggested that the shrihkage of a cement ﬁatrix'on dryiqg
will also result in improved stress transfer, Plnchln and

Tabor [197SB] lndlcated that spec;mens do not respond uniformly

to shrlnkage or expansion due to curing conditions. Based on

their results (i.e. decreased stress transfer upon shrinkage)

3 -

they expressed doubt about the elastlc behaviour of the spec;-

mens. - They suggested that contractive-stresses due tof matrix .

shrinkage caused microcracking adjacent to the fibers, result-"

-

ing in disruption of the fiber-matrix stress transfer and

.
t

inelastic behaviour.

2.4  CRITICAL FIBER LENGTH

»

2.4.1 CONCEPT

As indicated.previously, it is desirable that the fiber
length be such that the fiber bond strength is just egqual to

the ultimate tensile strength of the fiber. The idealized bond
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stress’ distribution for a fiber having a lepgth greater than
the critical length is shown in Figure 2.4.| The bond stress
is a maximum at the end of the fiber and ten o zero at /2,

where zc'is the .critical fiber length.

-

T ——t— Fiber
Matrix

r

o \ 4
. g = 3 1
/// \\\ |, Og, = Ultimate Fiber

- Fiber Length (&)
N 2e/2 :
\\\ " go= Critical Fiber Length
lACritical Zone T = Fiber-Matrix
! Stress Transfer
— .
) FIGURE 2.4 FIBﬁR-MATRIX_STRESS DISTRIBUTIONS -

For very long fibers, the critical zone .where assumed
cracking of.-the matrix occurs i§ free of shear forces. 1In the
following discussion, the equilib;ium state of interest occurs
when the critical zone reduces to a point. If a crack forms

in the region where the bond stress transfer is developed,

\

modification to tﬁéqﬁerivation that follows is required such
Sl . : : b : . )

that no bond stress transfer occurs across the crack [Swamy,
; <

et al., 19737.

-

2.4.2 THEORETICAL CRITICAL FIBER LENGTH.

A length of fiber is considered as shown in Figure 2.5:

Tensile Strength
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FIGURE 2.5 STRESSES ON 'INCREMENTAL LENGTH OF FIBER

where t is the fiber-matrix bond strength over the length dg,
and ¢ is the tensile stress in the fiber. Force equilibrium
is then applied to the element yielding:“

I

Af 72

= St(q) o (2-1)

where Af is the fiber cross-sectional area and $§ is the fiber
perimeter. It is assumed that the fiber length & ig the only

vérying parameter, therefore Equation 2-1 becomes:

A |
dr  _ £
T — 50D ' (2-2)

after rearranging the terms. At the critical fiber length,
the idealized stress distributions required to solve Equation

2-2 are shown in Figure 2.6.

The integral obtained from Equation 2-2, in;rhich the
fiber length, bond stress distribution and ultimate tensile

stress of the fiber are considered, is

© % Coe L ke/2 ’ .
J do = g [ (pyde - (2-3)
| . - .
0 0




19~

lg;.?= Average Shear
Stress over

% '  Dgngth, &_/2

FIGURE 2.6 IDEALIZED STRESS DISTRIBUTIONS FOR £ =2 o

Integrating Equation 2-3 using the stress distributions givem

in Figure 2.6 yields:

2 .
= I < -— -
ReOe, ST(—T—_) (2-4)
i —h_ .
where 1 is the average shear stress along half the fiber.
For a round fiber with diameter d, this leads to the equation

often given in the technical literature [Swamy et al., 19731:

2
c fu ) -

g— = ——2—_r_—— (2-5)
In this study, cut fibers of roughly rectangular
section providéd by the Steel Company of Canada Limited (Stelco)
~were used. These fibers were idealized as true rectangular

tions as shown in Figure 2.7.

c ._
—a = 1+ ; (2—6)



.= = 2 and tberefore:

-

“where = is the ratio between the largest and smallest lateral

dlmenslons of the assumed flber shape and a, the smallest

dimension.- For the.experlmental work completed in thls study,

.‘E'C__ Gfu :
.a ~; . \

AN

2
z (2—7?

A comparison of theorétical and critical fiber lengths will -

be presented later. T

Actual ' _ ~ Assumed

"FIGURE 2.7 ACTUAL AND ASSUMED FIBER SHAPES

2.5 : PULL-OUT TEST
The simplest method to determine the critical £iber

length is the direct pull-ocut test. _In many previous studies

- concerned with fiber-matrix stress transfer, the bond strength _

was‘found by pulling a single fiber or wire. However, since
the bond strength of the'fiber-matrlx interface tends to be
low,-a more efficient manner of testlng bond strengths developed
by Hughes and Fattuhl [1975] was adqpted for the study. ThlS

apparatus not only allows measurement of single fiber strength



i
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- \' Te {%
but also” group fiber strengths and related f;ber efficiency.

- axc
EN N . .

-

Although much rnformatlon can hes galned from s;ngle 3}

flber pull—out tests, the test” has_been cr1t1c12ed on the w

ey - - v

grounds t\At it cannot, ‘reproduce actual stress fie¥d en- .

S

countered in most composite appllcatlons, and the lack of " W

-

abrllty to adequately‘SLmulate flber—flber lnteractlons which

" .are alsg very 1mportant to the behavrour of steel flber reifi- .

- L

L forced concrete. Naaman and Shah [19753 also Lndlcated tthat

the efficiency of frber groups decreases srgnrflcantly, par—

ticularly when thé fibers are inclined w1th respect to the

~

uappiied stress field. Therefore, an increase in the fiber-- .

matrrx ‘bond strength has not necessarlly givén the ahtrcrpated

-

increase in composrte strength behav1our [see, e.g.., Naaman

- W -

and Shah, 1975; and Plnchln and Tabor, 197833.. Flber—matrlx

T

- .bond strengths from varlous investigatiga;’are“summarlred

!-l‘

in Table 2 1.

2.6

EXPERIMENTAL PROCEDURE AND TESTING

o~ I+ has been indicated previously that the development'

,of.sufficientébond strength is of prime coricern with regard

to the performance of steel fib8r reinforced concrete. Al-

;though many factors influenceftheefiber—métrix stress transfer, . -

’
-

practlcal appllcatlons of~the compos;te have shown that in -
“addition to flber concentratlon, the flber length ls‘bf,con-

s;derable 1mportance due to its effect on,both the mechan;cal

A

- -
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- and rheologlcal propertreS“wh;ch-are dzsdhssed-;n the follow— -

-1ng chapter. To 1ncrease.thedefflcxency‘of the fibers with-

- ' ..respect to~the concrete s strength propertres andiworkablllty, -
the prlme factor consrdered throughout was the optzmum fiber ‘

" . ength ‘belleved to Be. the crrtlcal flber length The in- .
- - -._. /
. fluences of fiber" strength,_paste propertles, aggregate grada- .

-

tion and curang duratlon and method were also or concern.-

. - - R - -
- - . - . - - L=

- 2.6.1 MIXES AND MATERIAI.S =L S - e LT

. “

. Two types of flbers were nrovzded by. Sﬁelco for the

fiber pull-out tests.: These flbers varled*w;th respect to .

-

their strength properties: one havrng_lsotroglc'propertlesf-ﬂ
. . P e N . -: ."' . o '...-
with a tensile strength: of. 380 MN/m2 (55ksi}; and the'other

hav1ng anlsotroplc propertles w1th a tensile strength.of 690 \'

- MEN/m2 (lOOksx). The flbers were supplied 1n 15.24 cm- lengths
: >4

- -

.produced by a prototype-cut sheet process, which could then <

-~ -, »

.be trlmmed to vary—the embedment length, i.e. half the flber -

length The-cross—sectlonal areas of both flber types were ! -

= )

similar; the. dlmen51ons belng 0. 25 mm X 0 51 mm before shear—

%

-

'lng deformatlon durlng the manufacturlng process as shown in
Figure 2. 7. M;crographs of the 380 MN/m fiber. are glven 1n
Figiare 2.8 where varlatlon of roughness along the flber shows_
up clearly. The cut face in Flgures 2.8 (b) and (d) can be_
’- . ea511y dlstlngulshed from the sheet face in Flgures 2.8 (a)'

- and {c). 'The hagher-strength fibers were similar in appearance
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except that the cut face did not appear as rough.
Symbol 10 normal Portland cement supplied by the St.
Lawrence Cement Company was used fﬁroughout. 'Two bags were
sealed ih'plasﬁic in order to retard the hydration of the

cemeént due to moisture in the air, and it is considered that ..

the cement was &f consistent chemistry and quality for the

progfam.‘,The testing was done within a six-month period of

which up to three months were required for curing. T

- L]

Two graduations of silica sand aggregate as g}vén in

Table 2.2 were used:: Barnes 40 sand and ASTM Cl09 silica

sand. _ .
TABLE 2.2 Co-
GRADATION OF BARNES.QO AND ASTM C109 SILICA SANDS

Percent Passing

us SEIVE  Grain Size (mm) °~ Barnes 40 ASTM C109
‘16 1.2 100 . 100
30 0.50 | 89 98 12
40 0.41 20 70 + -5
50 0.29 9 25 % 5
100 | 0.15 ) 2+ 2

-

The Barnds 40 silica sand was used in order to com-

pare the current test results with tests completed the pre-

vious-year by W. Scott. The only difference between the



-
- —

two test series was the curing method a&oﬁted:'moist curing

by Scott and curing under water in the current study. The

ASTM Cl109 silica sand was used for the remaining tests }in

order to comply with the usual test methods given in the °

technical literature. .

Tﬁe water-cement ;atio ko.IS) and the sand-cement
ratio (2.0).wére kept constant throughout the testing prégrah ‘
excep£ for Series A (testing the influence of the curing.metHod
using Barnes 40 siliéa'sana};Series_G {(testing the influeﬁce
of paste) and Series H (testing ﬁhe iﬁfluenée of‘water-cémenﬁ
ratio). The mixe; and curing processes adopted for each mix

are summarized in Table 2.3.

2.6.2 PREPARATION AND TESTING OF SPECIMENS

The test seguence for detefmining the optimum fiber
length is shown pictorially in Figufe 2.9 and a more detailed
schematic flow chart is given in Figure 2.10. The initial
tests conducted in Series A consisted of specimens using
Barnes 40 silica sand as aggéégate and a water-cement éatio
of 0.50. The specimens were cured for 28 days in a lime
water bath. The variable considered in Series A was Fmbed-
ment length, however, comparisons were also made with Scott's
results, given in Aﬁpendix 1, to determine the influence of
curing method on embedment length. Details for test Series
B through I can be developed in a siﬁilar way from the de-

. . - ?
scriptions given in Tables 2.3 and 2.4.
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Pictorial Representation of Testing Procedure
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. TABLE 2:4 ~ L '

DETAIL OF CURING

‘Curing Curing’.Environment Temperature "Curing Period -
(cC) . -
Water Bath Hydrated lime - 21 - 28 days
‘ solution ) .
oven ' Specimens sealed . 41 7 days R

in plastic bag
containing some
water to
saturate
environment

Moist Room Saturated water 21 28 days
vapour
environment

Autoclave . Saturated water 182 4 hours
vapour énviron-
ment pressurlzed
at 1.0 MN/m2
Y (150psi)

[ 4

While each of the various curing processes have been
mentioned, further details of each curing process should be
given here. All specimens were initially placed in the moist

room for one day after casting of the matrix. This allowed

strength gain adequate for each of the specimens to be removed

f¥om their molds and curing was then completed in the various

environments described in Table 2.4.

All mlxlng operatlons were in accordance with ASTM

Cl09. The initial stage shown in Flgure 2. 9 represents the
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casting of the specimeﬂs which involved ﬁhe éollgwi@glsteps;
1. Casting fibers-cut‘éo a-p%edegé;mined gmbedmeﬁt'
- length into 2 plaster plug conéigtiﬁg'of~sandf
and hydrostone. The plug held 9 fibers all
aligned parallel to.one aﬂother;and spaced'at'
7.94 mm centers on a 3 x 3 grid. . Nine fibefsj
were_used as previous -research indicated that
this number gives a fééresentitive guantity of
pull-outs o? breakages along with a :eassdéblé
strength level which could be reéorded by the
Hounsfield Tensometer; ‘

2. Placing a film of 'paper adjacent to the-hydro—'
stone plug after the plug hardened in order that
no“bonding would occur between the plug and matrix;
and ‘

3. Casting the matrix around ﬁhe fibers. The plugs
holding the fibers were centered and orientated
along the axis of the mold. The mortax mixéd in
Hobart mixer was then placed in two layers and
compacted manually. The specimens were then B
cured as described above.

In the final stage,.the pullout tests were éompleted

using the modified Hounsfield Tensometer shown in Figure 2.11.

The daﬁping device shown in Figure 2.12 was advanced until

- Ay



FIGURE 2.11 Modified Hounsfield Tensometer Used for Pull-out
) - - Tests

FIGURE 2.12 Closeup of Specimen Clamping-Device and Vertical
Supports

FIGURE 2.13 Parts of a Typical Specimen After Pull-out Failure
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~ each jéw'could grip:19 mm of the specimen which ensured that -
- the_specimen léhgfh dpring'testing remained constant thfqugh—
oﬁﬁ. The Tensometer was operated manually at a displacemént
rate of app;oximately 1;0 mm/min. After failing the séecif.
men the peak load was recorded and the fibers were checkéd
for éigns of corrosioh which might have takén place duriﬂg
the curing process.. The parts of a typicalvépecimen after

‘complete pull-out failure are shown in Figure 2.13.

2.7 .. DISCUSSION OF RESULTS.

~

2.7.1 GENERAL

Several variables were of i#térest in this study,
but due largely to co;rosigﬁ of fibers between the hydro-
stone plug and matrix interface a number of test results
could not be used. Those test'resul£s of interest are sum-
marized in Appendix 2,and.discussed in the following sections. .|
Rusting of fibers dccured'p:imarily in thi-groups whicH were
cured in the moist room, aﬁ atmosphere v )y favourable to
such a process. It was alsc found th{gdziher difficulties
arose in controlling the uﬁiformity oﬁlﬁhe embedment lenéth
which is very important with respect to :%e actual mode 6
failure of the pull-out speciﬁens. Embedment length and

rusting of fibers were considered to be the prime factors

influencing experimental scatter.
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. embedment at which pull-out failure changes to failure of ‘the

~ - . . »*

-

— ‘Several ‘terms which are used. in the discussion will

ow be_defined tc avoid confusion. As indicated previously,
for most of the testing program, the variable of interest was

emBedment length which-allows determination of the critical

fiber in tension. In determining the strength characteristics

of the fiber—matrix interface, locad was ﬁéasured directly
with tﬁe ténéometérﬂ :The load measured before failure re-
flected the development of bond shear strength. At failure,
full bond shear strength can only be developed if all the
fibers pull out rather thag,éracture, and -the loaa at which
this occurs is termed the pull-out load. The "residual -
strength™ measured Ey tﬁg-tensometef éfter failure reflects

frictional shear strength.

2.7.2 INFLUENCE OF FIBER LENGTH

The effect of alterihg the fiber length on pull-out
load was investigated under the conditions given in Table 2.5
for some of the series summdrize@ in'Table 2.3.

The fiber pull-out loads for Series A were-lower than

those recorded in the other series_using the low strength

k]

~ fibers. The change from fiber pull-out to fiber fracture was’

_not sudden as may be noted from the‘gradual.iransitibn in the

_ number of breakages w1th 1ncreased embedment-iength shown in

Figure 2.14. ' The optlmum fiber lehgth fq;*§erles A was between

-~
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: - . TABLE 2.5 S -
“- -DESCRIPTION.OF SERIES. FOR INVESTIGATION

S " OF, OPTIMUM EMBEDMENT LENGTH

‘Series . Aggregate . Fiber Curing
_.Scorr ' Barnes 40“‘ _Lo&'Strength-j Moist Room, 7 days
‘A : \Barnes—QO " Low Strength . Water Bath
B €109 - Low Strength Oven
. E-la_ . C109 _ High Strength Autoclave
~F \—e109 . ' ©Low Strength Moist hoom

1.27 and 1.91 cm. Although'resulfs obtained by Scott were -
similar, hhe pull—out loads recorded by Scott were almost
two times higher than those redorded in the current study.

-

':ﬁ?his indicated that the fibers were either damaged during
casﬁing or not of the same Euality as speci%ied by the manu-
facturer, s;nce close examlnatlon of fractured fibers with
stitable optlcal magnlflcatlon showed llmlted corroslon._

. The oven cured specrmens from Serles B also lndlcated
that the optrmum flber length ranges beeween I 27 and 1.%1 cm.
Bond shear strengths were hlgher than the strengths recorded
1n4Ser1es A, and the change from flber pull—out to fibar
fracture was more pronounced as shown in Figure 2.15. The
“fibers deneloged tensile strengths'close ro-the specified

'n}tinate fiber strength (380 MN/mZ) as anticinated. A
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m;crograPh of a typlcal low strength flber.fracture from’ R -;

- Serles B lndlcatlng llmmted corr051on and ductlle fiber
fallure is shown in Plgure 2 8(a). Close examination of the‘

- results from-bdgh Serles Aand B lndlcated that although not

: monotonlc, the number of fzber breakages 1ncreases WIth
1ncreased fallure_load. :

“ The remalnlng two test serles for the study of cri-
;tioal fiber-}ength, i.e. Serles E anq F, were of llmlted
'valuo-with reéards to determining ap_optimum fibef'%gngth':‘.'

. éu; to the hiéh degreé of fiber corrosion at'the hydrostono_‘
'fplug-matrlx lnterface. -This corrosiot restlted'in pteméture l

E tensile failures. ~Additicnal problems for Series E also
- developed dte to the fibers® lnherent anlsotroplc propertles
. and increased non—ﬁniform compaction'with incrgésed fiber

léngth. If a force component was applled transversely, pre-
mature failure could occur as the flbets were weak in bend—
ing. With increased fiber length, theé mortar could not be

.. properly compacted between the fibers -without causing fiber

damaée which resulted in lower puli-out loads.thon obtained ;
kith shorter fiber lengths. A comparison between Scott's

and the éutoolaveo results (Series E) indicates the influence
of anisotropic propertios ond non;utifbfﬁ compaction on

specimen failure as shown in Figure 2.16.
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2.7.3- INFLUENCE OF .CURING ON PULL-OUT STRENGTE

To determine the effect of curing on puil-out strength,
short—embedment'lengths‘were used to reduce bond development
in order that the bond shear strength could be c0mpafed.
Scatter in test results was believed to stem from two causes:
the f;bers were not all equally efficien? aué td‘non—gniform
embedmeﬂt length; and the fibers themselves éontained-imper—
fections due to‘corrosion, damage while casting or- non- .
uniform quality as manufactured. Due to the experimental
scatter, many of the test results were difficult to interpreti

A comparison of different curing environménts indi-
cated-that the autoclaved'specimens had the lowest pull-out
loads (bond shear strengths) no matter which.aggrégate was
' used as shown in Table 2.6. In addition to having lower pull-
oué loads the autoclaved specimens did not respond as drama-
tically to the transition from bond shear sé;ength to fric-
tional shear strength as shown_in Figure 2.17. Altﬁough the
curve for autoclaved specimens shows a decrease in load upon
“bond.railure", calculations indicated that the frictional
shear strength subsequent to debonding cohtinued to increase
with decreased fiber embedment. This would suggest that
severe surface disruptions océurred ét the fiber-matr*x

interface during curing and the initial locad build-up was

due to friction rather than bond strength.
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. A comparison of oven and moist curved specimens in-

dicated that for specimens in which 9 fibers pulled out,

the oven cured specimens had higher bond shear strengfhsf
However, it should be noted that the results given in Table
2.6 only show p@ll—oué loads for 100 percent pull-out; other.
specimens in which fiber failure occured showed similar bond

strengths for the two curing environments. One further com-

parison between water and moist room cured specimens (Scott)

indicated that water curing tended to reduce the pull-out
load. This would suggest that curing-extremes, i.e. auto-
claving or water cufing,‘decreases bond sheér strength. ]
The influence of curing time on éull—out load shown

iﬁ Table 2.7 _indicates that the bond shear strength.initially.
developed by 28 days decreased between ga'and 90 days for the -
0.64 cm fiber gmbedment length. However, for the longer fibers
{0.95 cm embedment length) the bond shear strength appeared

to increse slightly with curing time. This would suggest
(that the curing length does influence the bond strenéth,
however, the relationship between boﬂd‘strength increase or
decrease cannot be determined due to incomplete data result-
ing from the corrosion and high bond'strength developed over

the 0.64 cm embedment length.
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2.7.4 INFLUENCB OF ALTERING MATRIX COHPONENTS

-

One of the necessary requirements to-optlmize:bond

. .
~

T

j.shear strqutﬁ is that sufficientapastg be present for com- -
plete coating of the'fibeﬁs. Series G ané;H were completed |

- —

to eiémlne the influence of changing the aggregate gradatlon,

»

* sand-cement ratlo and water-cement ratio on pull-out load. .
Each of these varzanes lnfluenges the‘amodht.of péste present
which coats the fibers. Table 2.8 summarizes the results .
from Appendix 2 which are airecély relateé to‘chahges in -
-these variables. . : |

The change in gradatlon was achleved by using the
two different silica sands, Baxnes 40 and ASTM Cl09, for thé
pull-out tests. Barnes 40 sand is cocarser as §ndiqated in- -
Table 2.2, therefore it was expéc%ed ﬁhat more . free paste
would be present for the coatiﬂg of fibers than with ASTM Cl09
silica‘sand. Since the flow of mortar is also dependeqﬁ on
~the amount of free paste, flow table tests were made in
accordance with ASTM €230. The flow for Barnes 40 sand S
ranged between llS‘and 113, whereas the ASTM 8109 sand ;aﬁgeé
between 112 and 116 which confirmed, the paste availability
trend. By comparing Serie; Gl and G2, the results show that
ASTM Cl09 specimens had higher pull-out loads, thus indicat-
ing higher bond shear strength. This is the opposi}é of the

expected behaéﬁour, which would suggest that although sufficient

free paste is required to coat fibers, too much free paste
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will reduce the bond shear strength. Similar observétiohs
"\ werelmade_by_ﬁugﬁés and Fattuhi [1975] when they showed that

mortar specimens had higher puli-Out loads than cement paste

~

specimens. . . R

-
a o

.. - N
A decrease in the sand-cement rdatio also increases -

the free paste Evailable to coat the fibers. From Series A

and H, ‘the resullts indicate that a“sharp decrease’ ' in sand-

cement ratio, i.e. 2/30f the conﬁrol_mix, reduces the pull-
out load by 50 percent. However; small decreases or increases

P

"in sand content, i.e. by 10 pércent, resuit in small increases
or dééreases'respectively in the pull—dﬁt load of the fibér

as recorded in Series G2, G3 .and G4. With regards to pull-
out load, the optimum mix for pull-out tests occurred with

a sand-cement ratio of 1.8. |

A further comparison made between Series G2 and GS

in which the water-cement ratio was varied, indicated that

an increase in water content reduces the bond shear strength.
THe water-sand ratio in Series G5 was the same as in Series

G3 where optimum mix design occurred, therefore suggesting
~that the strength decrease was due to decreased paste quality.
From thé tests conducted in Series G, it ié dbparent that

the pull-out strength is not significantly influenced by
minor changes in the sand-cement ratio, however, the paste

quality and aggregate gradation are important with regards

to obtaining adequaﬁond- shear strength.

-
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2.7.5 EFFECT OF HIGH AND LOW STRENGTH FIBERS ON PULLOUT

A mlnlmal number of tests were completed to deter-~ -
mine the influence of different flbers on the pull-out load. .
The results given ir Table 2.9 inéicate that the high'. |
) strength flbers had greater bond strengths. This Observa-
tlon is contrary to what was expected since the lower
strength fibers had rougher surfaces.. This fiber rough-
ness occure at the microscopic level, iﬂe., a magnification
of AX. However, during the manufacturer's shearing of'the'
15.25 cm_long fibers, they-are twisted. This twist along
the fiberx may have a more pronounced influence on the pull-
out load for the high strength fibers than the low strength
fibers. In addition the lateral deformation of the fiber
due to anisotropy may not be es great for’thelhigher
strength fiber which would also account for the higher pull-

out loads, i.e. fiber misfit not reduced as rmuch.

TABLE 2.9

EFFECT OF FIBER STRENGTH ON PULL-OUT LOAD

. Embedment Number Number  Pull-out Load
Series Length . of Fiber of '
{cm} Tests Fibgr (N)
. Pulled
E 0.64 3 High 9 232.88
' Strength . ’ -7
G2 0.64 3 Low 9 97.67

Strength

"
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_ With the higher étréngth fibérs, 5 larger seléctioh.
6f embedment lengths could Eé'testgd. ‘The results for the
éull-ouf tésés with these fibers are shown i 'Fiéure 2.18.
The strength of specimens increase up -to” the 1.39 cm fiber
embedménﬁ length, and then fall off. This decrease in
specimen strength is hglievéd-to result from’insufficient
éompactibiiity of the matrix around tﬁe fibers.; The speéi—
_men_strgngth here refers to failure by‘kull—oui or fracture
of the fiberé. It is also be%ievedAthag as the lehgth-of
the fibers goes up, moreiﬁiﬁgr‘damage occurs which also
reduces the specimen_strength;. Scott;also expefienced thé

same trend of decreased specimen strength with iﬁcreasing

fiber length, although he did observe a critical.lengﬁh.“

2.7.6 FIBER BOND STRENGTHS

. ) : ~N
Previous discussfon foigsea on the relative bond"
. 4
shear strengths, i.e. pull-out load, of the various speci-

mens for a number of variables. EmpHasis in this section
is on the variation of shear strength at the £iber-matrix ’
interface. The two mechanisms reponsible  for the dévelopment

of shear strength have already been defined in Section 2.7.1.

They are the bond shear strength? i.e. pull-out load, and

the fricticonal shear strength. .
//,,» A study of the fiber-matrix ﬁtréss transfer for
Barnes 40 sand specimens .indicated that the stress transfer

-
-

-
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bullt-up to -a maximum at the pull—out load, ‘il.e. bond.shear

-

strength, ‘then dropped rapldly releasrng energy after debond-
ing as shown in Figure 2.19. Pinchin and Tabor [197833

erpressed”concern about the 1nterpretatlon of this. energy

- ~

,reléase, partlcularly for-rough flbers where the shearlng .

-

—of,paste.adjacent to the fibers is regurred before relatlve

mOVEment'between the flbers and matrlx occurs; for smooth

.fgflbers the transier from bond to frrctlonal strength lS more

- -

3gradual. They attrlbuted thlS qulck rélease of energy to

the 1nherent flexlblllty of'the testlng apparatus which.can

be - overcome w1th the use: of a st;ffer or servo _controlled

-

testlng system. The rnfluence of the apparatus rlgldlty is -

ar

reflected by the 1n1t1al slope of the load-deflectlon curve
given in Figure 2.2Q. This flexlblllty must*be accounted
ror when calculating the rrictional shear_strength during
pull-out as detailéed.in Appendix 3. - - : .
. - all tests shoﬁed a linear behaviour near the end of
pulllng which reflects the development of a constent fric-
tional shear strength as shown rn.Flgure 2. 19‘ Prnchin and -

Tabor [1978c] also indicated-that the actual-frictional

-

stress transfer lS constant near the end of pulling which

-

-~
was attributed to the rough pulling out process causing

! -

localized failures as discussed previouslyf For~the tests

'reported here, the frictional stress transfer varies between

1.50 and 5.00 N{mmz based on’ computations for several specimens.
3 _ ’ . R - 8

- - -
- . -~ E
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The frlctlonal stress transfer values were 1argely dependent

on_{he curing of speczmens. _ > - SO

'2.7.7 THEORETICAL CRITICEL FIBER LENGTH

FUDNE The dlscu551on so, far has been descrlptlve in - relat-~

ing the  influence: of certain parameters on the bond and
frlctlonal shear strengthsr‘ The optlmum fiber length deter—:
mined experlmentally was found to range between 1.27. and
1.91 cm However, the optlmum length can vary dependlng

upon the fxber, mix and curlng method used. To calculate

L% .

the crltlcal fiber length, the varlables Teu and T was
selected from tests completed in Serres B, for comparlson
with the experimental'optimum length determined in Series B.
= The-uariables'requiredhto determine the critical-
) f:l.ber length using Equat:.onz-?g:.ven in Sectlon 2.4 include:
j‘-: Manlmum flber dlmen51on -/J 25 mm - - ;.f

- . Flber ultlmate strength 380 N/mmz'

Calculated bond strength= 3.55 N/mm2

whigh glves a crltlcal length of 1.8 cm. This compares

well w1th the experlmental results. It should be noted that

fhe water cured or autoclaved specimens which had lower bond

strengths have longer critical fiber lengths.

2.8 . ) SUMMARY
It was shown that for plain fibers, i.e. without

mechanical anchorages, the bond~shear strength is.dependent'on:

E ]
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= 1. £fiber iength — The pull-out load -increases with
| an increase in fiber length. A comparison of
fiber tensile strengths for. fibers from the -
‘same source indicated ‘that the fiber strengths
varied. This wvariation cégld have resulted
from mechanical damage 6? fibers during the -

_ casting of plugs. -
2&\\matrix.éha;actefisticé —rAlthough suf?iéient‘
free paste is required to coat the fibers, a
change in gradation, sand—ceﬁent ratio or water-
cement ratio which increases the %ree pagté
vavailablé over an adgquate amount to coat the
fibers leads to a decrease in pull-out load.
L__, The optimum mix occurred for éand and water to

cement ratio; of 1.8 and 0.45‘re$pectively:'
3. cufing method adopted - Curing time and en\{iron;
- " ment both 1nflue€ce the fiber.pull—oﬁt load. -
The'oven and moist room cured specimens had
) K\\ 'highér bond strengths than water cured or
avtoclaved specimens.‘ This indicated that
extreme curing could disrupt the fiber-ﬁatrix
interface and lower the bond strength. Although
not conclusive, the bond strengths for moist
room specimens appeared to deciegse for the

specimens having‘a 0.64 cm fiber embedment length.
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‘fiber typé - It was shown that‘cont:ary to sur-
face roughness observations the high strength
flbers had higher bond strengths than the low
strength flbers. This was attrlbuted to the
twist in the fibers due to the manufacturing -
broceés or possibly‘to anisotropy which would
parti;lly inf}uence the lateral defo;mation of
the fibers during pulling.

‘The load—deflection curves for the pull-out tests
as recorded By the Houﬁ;field Tensometer are largely related
to bhe compliance of the testing system which is reflected
by the initial apparent elastic behaviour curve : The rapld
release of eneiﬁy upon @ebonding is also attributab
the Tbility of the tensometer. After accounting fo£
the influence of the testing apparatus, all.tgsts indicated
a constant frictional stress transfer near the end of com-
plete pull-out which is a£tributed to the rough pull-out
process. ¥

It has béen indicated that the development of bond
strength is Gery much dependent on the fib§r mix and curing

method. The theoretical critical fiber length for oven cured

specimens whicﬂ—;§sngg§iéted to be 1.8 cm compares well

_with the experimental optimum 1eng£ﬁ which ranged between

1.27 and 1.91 cm. However, due to lower bond strengths,

. the water cured and autoclaved specimens have longer critical

=

fiber lengths.



CEAPTER 3
' FLEXURAL STRENGTH PERFORMANCE OF
STEEL FIBER REINFORCED CONCRETE

A

3.1 _ INTRODUCTION

Researchers do not currently share the same opinions
with respect to the function of fibers in improving the me-
chanical properties of concrete. Regardless of the function

- --

of the fibers, experimental data do indicate a siEnificant
1
improvement in the static and fatigue flexural strengths

with incréases in fiber conéentration [Snyder and Lankard,

19727.

This study was not intended to investigate the flexural
strengths of fiber concrete in detail, but to compare the per--
formance of 1.27 <em and 2.54 cm long steel fibers. Comparisons
made with respéét to mechanical properties are presented in
this chépéer, and concrete flow properties are discussed in
the.hext chapter. The static and féiigue flexural tests were
cargied out on standard double ?reak prisms, 15.25 cm x 15.25 cm
x 105 cm long (6™ x 6" x 42"). 1In addition to these fiexu;al

tests, some compression,split—-cylinder and impact tests were

completed.

55



Y

-—

3.2 . INFLUENCE OF STEEL FIBERS ON

THE MECHANICAL PROPERTIES OF CO

. Two simple theories-have been developed to explain
the influence of steel fiber reinforcement on concrete be-

haviour. The crack arrest theory (spacing concept) assumes

that the fibers inhibit the-propogation of cracks. This

theorv makes use of -the criteria that more energy is fequi;ed
for a crack to grow with the inclusion of fibers [Parmi‘and-
Rao, 1973]. The composite theory uses an equilibrium approach
to account for the forces across a éross-séctign, assuming
that the fibers act as normal reinforcement [ Batson et al.,
1973].- More advanced theories using fracture mechanics exist

that will not be given here [see, e.g., Weiss, 1973; Naaman

et al., 1973; and Buckley and Everard,1973].

*

3.2.1 EFFICIENCY OF FIBER REINFORCEMENT

—

The mode of failure for a fiber reinforced composite

is larggly'dependent on its ability to transfer stress between
the fiber and matrix. The desired ﬁode-of failure for steel-
fiber reinforced concrete is by pull-out at the fiber-matrix
interface which usually occugs ag‘the yltimate strength of‘¥\
the concrete [Swamy et al., 1973]. )
Important fachors contributing to.th; efficiency of
the fibers as a reinforcement include: relative stiffness

of the fiber and matrix; strain compatability of the fiber
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and maérix; fiber content} aspect ratio; interfacial bond
strength discussed perviously;-and fiber orientation [Swamy,
et al., 1973]. To optimize the influence of fibers in tensile
or flexural stress fields, the peréerred-orientation is in
the direction of the applied stress-[ﬁannant and Spring, -
- 1374]. However for most practical applications, no défin%te
control of fiber orientation can be made. Instead, the fibers
are assumed to be randomly orieﬂtated and uniformly distributed
" so that the composite can be considered as having similar '
properties in all directions.
‘ Further factors‘influehciﬁg the reinforcing properties
of fibers are related to the fébricatibn and cost of the
fiber reinforced producfs. In many of the current usss -
pavement overlays, tunnel liners, and factory'fioors —-the'
efficiency of fiber reinforcement is often influenced by
technical ability to prepare, place and compact the fiber
cdncrete. The degrée to whith any of the "negative" factors " .
. can be limited is largel dependenthqp the cost allowed for
such applications [see, e-y., Swamy and Kent, 1973; Swamy "
and Stavrides, 1975; Lankard and Walker, 1975; Cunanian and

LY

Kesler, 1976; and Rilem, 1977J].

-
[

3.2.2 EFFECTIVE FIBER LENGTH

In the previous chapter, emphasis was placed on

obtaining the critical fiber length by. applying a direct

L)
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+o the random orientation‘of the fibers in fiber reinforced

concrete, -the full length any fiber may not be effective

in the direction of the stress field. To account for the.

random orientation of all fibers, a statistical average for

-

_ the fiber length in the dirgctign‘of the stress field is
required. This average projébtion is called the effective i
fiber 1éngth; Various proposed projecﬁion factors é{g givgh
in Table 3.1. a

"TABLE 3.1 B

EFEECTIVE LENGTH FACTOR (8)

.

REFERENCE = FACTOR ()
. 5
; - ~ »
Romauldi and Mandel[1964] .405
Krenchel [1975] . T .500

Rarmi and Rao C1973] . 637

3.2.3 CRACK ARREST THEORY (SPACING CONCEPT) . -

The fracture toﬁghness of concrete can be increased
by a decrease in the size of inheren% flows or'a éécrease |
in the intensity factor of the crack tips by the addition
of fibers. Because of the greater elastic modulus at any

composite strain, the steel fibers exert pinching forces

at the crack tips. Romauldi and Batson [1963] showed

EL
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that the pinching forces are a function of fiber spacing
which is valid only up to the first crack strength; there-
after energy is éissipated through fibers pulling. %gfadai-
tion to affecting the mechanical properties, the fiber spac;-
ing also influences the concrete workability during mixing
since the spacing affects the fibers' ability to rotate
[Rrenchel, 19757. .

The spacing concept  (i.e., crack arrest theory)

relates an appareﬂt geometric spacing of no physgéal signifi-

-

céqgg to the-pe;centage'of steel fibers added. Romauldi and
his co—workens _showed both theoreticaliy and experimentally
that the stress reguired to extend a crack beyond the area
enclosed,bf-thg adjacent group of fibers is inversely pro-
portional to the s&ﬁare root of the fiber spacing as shown

in Figure 3.1 [Snyder and Lankard, 1972]. However, the theory
=offers=no unigue theoretlcal means for predlctlng the state

\
of stress at which failure occurs. Since the derivation of

éhe spacing equ&fion proposed by Romauldi and Mandel [1964],
other.sim£1a¥ spacing models have been developed with- various
“ﬁodifiﬁations in the assumptions (see, e.g., Kar and 'pal,

1972; Swamy et. al., 1973; Parm1 and Rao, 1973; and Kren;hel '
1975]. fTable 3 2 gives some of the dlfferent spacxng formulae |
fo¥ the first crack strength;uwhere d is the fiber diameter,

P the percent volume of fibers and 1 the fiber length.

1]

-
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Fig. 3.1-Theoretical and experimental strength ratio as a function of wire spacing
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TABLE 3.2 .

-~ -+ EFFECTIVE SPACING EQUATIONS FOR ROUNR FIBERS

- _REFERENCE B EQUATION
. Romauldi and Mandel [1964] .045 13.8 d/Y o .
Krenchel [1975] . 500 12.5 a// p -
Parmi and Rao [1972] .637 ©11.1 4/Y p
Swamy et al. [1973] .045 27.0¥d/pl

3.274 FATILEGUE MECHANISM (CRACK ARREST APPROACH) . :
astson et al. £1972] proposed that a fatigue failure .

mechanism for concrete or mortar develops in three stages:

initiation of flaws and cracks; slow growth of flaws and
cracks QS a criticél size; and rapid.propogation of flaws or

cracks .of a critical size. “he first stage is an inferent

little control can. be 7
- ) .

exercised. To maintain the concrete's soundness the growth

prdberty of the concrete over whic
of cracks:- (i.e. microcracking) must retarded or inhibited
before development of a critical size.

The\fati%ge of concrete can perhaps best be under-

stood using Qrowan's explanation for the fatigue of metals

:Esee, e.g. Dieter, 1961l]. Concrete is assumed to contain

areas of high stress concentrations due to inherent flaws

which can be treated asiplastic-regions inTan elasted matrix.

-

)
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As a result of repeated load cycles (i.e. at loads less than
those required to cause static failure)'thé plastic regioné
experience progressive lécalized strain hardening wﬁich uses
up ﬁhe coﬁpoéitg's plasticitf resﬁlting in fatigue fracture.
However, with the inclusion of fiber;, the high stress'coqy
ceﬁtrations are reduced by the pinching forces at the crack
tips retarding.crack growth.

In the development of the spacing formulae given
in Table 3.2, the general format for the equatiéns is giﬁen
by Equation 3-1 where:. S is the fiber spacing; A is the _
cross-sectional area; g is the effective length factor: and

p is the percentage fibers by volume.

= A _
s—m,B:p L -y

This ééuation suggests that fiber orientation, éoncentraticn
and cross-sectional area all influence the fibexr spacing and
related fatigue strength of the composite. Equally imporfant
in the development of Egquation 3—1- is the assumption that
the fiber-matrix interface is free of bond shear stress.

This is only true for cases in which the fiber length is ﬁuch
longer than the critical fiber length as shown previously in
Figure 2.4 [Swaﬁy, 1973]. Tﬁerefore, aspectratﬁn bond shear
strength, and fiber tensile strength also inflﬁence the 1

fatigue performance of a fiber reinforced composite.



3.2.5 COMPOSITE MATERIAL CONCEPT

The composite material concept offers

a means of

of the composite

‘where: E/E

predicting a state of stress at which failure
occurs. This concept makes use of the law of mixtures for
long contindcuS'fibere given by Equation 3-2:

) Eg = EgVg + BV N

-

-

£ and E are the elastic moduli bf the composite, fiber

and matrix respectively, Vf is the volume fraction of fibers;

and v is the volume fraction ot the matrix [Baston et ‘al.,
»

1973]. Since short diecrete fibers are used for fibe:Arein—

forced concrete, efficiency factors are required to account

for fiber orientation and discontinuity.

T~ There are several theoreticel approaches available

-

to predict the ihfiuence of fiber S}ientation and fiber-

matrix interface on the elastic properties of the composite.

Swamy and Mangac [1974] developed a combined crack-control-
compoeite materials Eheory for thezflexural strength of
concrete. The general expression for predicting the com-
posite modulus of rupture using aniprienfgtion factor of

.405 is given by Equation 3-3:
9b = Acmbv + 0.82 1 Vf { d ) - (3-3)

- < *

where o, is the composite modulus of .rupture: °ﬁb is the

b

c

matrix modulus of rﬁpture; v

m is the matrix volume fraction:

-

Ve is the .fiber volume fractioh;_tb isia factor reflecting

-
. .
-~ .
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the 1nterfac1al bond stress. 1 15 fiber length d is flber

dlameter, and A is a factor. taklng 1nto account_the relatlon—

ship between flexural and tensile strength for matrix and
composite. '
- ' ‘The-coméosite equations do not-appear to have gained

wide acceptance mainly because little experimentai data is

-available to validate the theoretical approaches. - In addi-

ass; o - . . .

tion, it ls dlfflcult to extend the’ comp031te theory to

account for fatlgue failure.

3.3 : " FLEXURAL TESTS -

Many of the potential uses for steel fiber reinforced
concrete make usé of the composite's flexural strength. For

this reason, much emphasis ih the past has been‘dire;ted

towards"reséarch_in the laboratory and fiel§ on the flexural
strength of fiber reinforced concrete [seé, e.g., Romauldi
and Baston, 1963; Romualdi and Mandel, 1964; Swamy et al.,
1973; and Parker, l§74]. A review of some tends observed by

past investigators is gived in the next section.

3.3.1 STATIC FLEXURAL STRENGTH : - .

“ General trends associated with the static flexural

strength of steel fiber're;pforced concrete can be summarized
} .

-

. ) -
1. Slgn Z cant lncreases in first crack and ultlmate

S can be achleved through increases in

jﬁ.
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i

-

'ing edeqnate-consolidatien--fibe;;distiibution

smm;lar to plaln étncrete EHanna,_lQ??]
' -

'and randam flber orlentat;ons. A decneese-in
‘the fzber d;ameter has ‘also proven to increase
_the flexural strengths

- e

The Ioad—deflection curve is dependent on the

'flber used, however, the fiber has llttle in-

fluence on the elastic modulus. The steel fiber

nelnforcement has a greatexr effect on the ultimate

load’ (and associated deflection)™than on the

first crack load (and associated deflectionl,

increasing'the'ductility substantially with -

increased fiber concentration [Swamy and Mangat,
19751. . & '

. - : ) o ) b " V ’ i )
Beams tend to fail by fiber pullout rather than

: fiber-ftaétufe-[Betson et al., 13753.

IncreaSed‘watechemenF Fatio decreases the
v - . -

flexuial streﬁgths. {The first crack and ultlmate

strengths also depend on the smoothness and size -

~of course- aggregate. lncreased-smoothness and

-,

decreased s;ze-;ncreases flexural strength \

[Swamﬁgind Stavr;des,.lB?S] The strength;age .-

--relatIOnshlp of fzber relnforced concrete 1&

.v_

e
*
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‘H‘.’:

- 5.7 Thé‘ﬁethod of castinqr'i:e;,”horizontai'or
Lt N
.. -1nternal or external._have a definite rnfluence
on the flexural strengths of steel flber rern—'
forced concrete. These factors tend to effect
‘the £iber orlentatlon and Eiber dlstrlbutlon
' [Bannant and Sprlng, 1974 and Swamy and Stavrldes,

-1975].

In earller lnvestlgatlons of the flexural strength
of fiber relnforced concrete (mortar),llmprovements as’ hmgh
as 2-3 times the bendlng strength of plaln concrete (mortar)
were reported‘hs;ng small scale speclmens [see, e. g., Romauldl

and Mandel 1964-'Snyder and Lankard 1972; and Shah and

‘Naaman, 1916].1 However, ‘Swamy and Stawrldes [1975] showed

that the first crack and ultlmate strengths were dependent
~on the- dlmen51ons of the test specimens., In view of thle

the actual lmprovements in flexural stre;Qtnsame less ‘than

'initially expected and ‘therefore the fibers must also be

‘ -

“looked upon as a ductlllty admixture rather ‘than merely a
trength reinforcement [McCurrlch and Adams, 1973; and Emery,
1977]. Halvorsen [1976] indicated that the dpctlllty of a
fiber_concrete mix is very much depéndent on the fiber mate-
rial and the ‘individual fiber failure mode.
. For realistic conditions of fiber size and fiber’

cohcentnation,'the first crack strength may not increase

. -
) .

Vertlcal, and the’ type of v:brat;on, f.el, e
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'significantly. Romauldi and Batson pomnted out that the-
‘-theoret;cal tens;le strength of the composrte may never be .
ached because the allowable bond between the fiber and
‘matrlx is exceeded long before significant fiber tens;le_
strength is developed by the crack arxrest mechanlsm [Batson -
et al., 1972]. In addition, Swamy and Mangat E1975] indi-
cated that a ginimum fiber volume; i.e.0.35 for their study,
was requireé to develop an ultimate strength distinct from
the first crack strehgth. Therefore, it is apparent frem
these factors that the design of a suitable steel fiber
reinforced'concrete mix requires careful consider‘tion; i.e.
the eritical fiber length, critical fiber concentration and
workability muse be established.

-
N

Highway.engineers have long been aware of the need

3.3.2 FATIGUE FLEXURAL STRENGTH

to understand the flexural fatigque behaviour of concrete in
. - -

- connection with pavements and reinforced conerete bridge’

"decks [Norby, 1958]. Much of the previous experience with

fiber reinforced concrete is related to field observations
. ' . . el . N\

on repaired road sections in the United States [see, e.g.}

Gray and Rice, 1972; Adnold and Brown, 1973:_Parker, 1974;

and Lankard and,Nalier,,lé?S]. Field .experience has shown
:_that the stee; fiber reinforced concrete appe:rs fd heve -
great potential for pavement applications,.bur further
1aboratgry inveezggations are required to derelop sufficient



. des;gnhcrlterla, L I Cs
%érF-—‘ - thtie laboratory data is avallable on-the fatlgue
flexuraI strength of plarn and steel fiber relnforced con-
crete. Because of the complexity of testing, no detalled
guidellnes for concrete fatigue tests have been developed,
. : resultlng -in cénszderable variations in testlng procedures.
.with regard to beam elzes, loading condltlons and fatigue
failure critéria. Even under strict control of experimental
procedures, fatigue Eeet reeplts show considerable scatter,
and therefore a large number of test specimens at each stress
level'is required to adequately define tﬁé fatigue ‘strength
(see, e.g., Batson et al., 1973; Rllem, 1977; and Anderson
and Henager, 1378]. .In-view of thls, the behaviour of both
plain and fiber‘reinforeed concrete under cyclic loaéing,
is summarized below:aSSEming that some of the trends observed
for plain concrete are applicable to steel fiber reinforced.
concrete. -
.Although previous investigatione.to determine the
fatigue pexrformance oé‘unreinforced ncrete have been limited,

the more imporfant trends are:

1. Age and curing method have a strong influence

‘“\\_, on the fatigue strength of concrete; lbnger

cured specimens show better fatigue performance.
Figures 3.2(a) and 3.2(b) indicate the influence

. of curing on the fatigue performance'of concrete
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Esee, e.g., Galloway et al., 1979A; and Galloway

k] -

© et al., fa7983. .- | .

3.

" Fatigué strengths decrggse slightly with leaner

»

mixes -and hlgher water—cement ratios.

Rest perlods, for spec;mens undergoxng cyclic

Z‘loadlng with no stress reversals, tend to in~-

4.

-

5.

6.

;little for variations .in the freguency of loadin

~crease the fatigue endurance of concrete. Most

of the permenant deformation takes place in the

~

-

early stag s of loading. The deformation of
the congre::>stops when the. repeated loaé stopsy .
and for §ufficieptly'long rest periods the '
strain recovery is-almost‘complete. )
The stress rangeifor cyclic loading has a signi-
ficant influence on the ratigue llfe of the
concrete, an increased stress range decreases
the fatlgue life. [Murdock and Kesler, 1958]. _
gesler showed that the fatigque fe is affected
. N ) .
between l1 and 7.3 Ez, however, more recent‘researoh
has indicated that loading rates as high 20 Hz
have 1imited;influenoe on the fatigue performance
of conorere [eee, e.g:, Norby, 1958; and Raithby’
and Galloway, 19747. |

Undex repeated loadlng, the modulus of concrete

changes in various ways dependlng on the 1ntens;ty

e




) ) a T4
E - ¢ :
. 1 7
.. N ‘ g - .
- . of loading.  Cyclic loading a ow stress ratios .
A (‘ . lmproves the fatigue performance t hlgher stress'-

ratlos. The . concrete also becomes stlffer [Norby,-

- 1958]. -

- _ M =

7. Murdock and Kesler [1958] showed that S-N curves
for concrete do not become asymptotic to a pertic-

ular stress level, i;e. no fatigue limit, within

10 miilion cycles. McCail [1958] indicated ttat

no fatigue limit exists up to 20 mil}ion cycies;
The trends just sqgmarized are generally in accord
- with Minor's Hypothesis and PCA pavement design prqgfedure.
For thlckness desrgn purposes, the fatigue values shown in

-

Table 3 3 are, used in conjunctlon with Mrnor s Hypothesrs that

fatrgue resistance not consumed by the repetition of one load

. is available for repetition of other loads where the total

" " fatigue should not exceed 100 percent. The concept of comula-

‘tive fatiéﬁe damage is considered to be a simple but conserva-
‘tive approach to pavement fatigue design. In additidnm, the
fatigue values are also)conserrative with respect to flexural
'-fatigue research on concrete:thus incorporating a "safety .
factor'[see, e.qg.., Hinor, 1§45;'and.PCA, 1966.]. '
| ' From theixr review of steel fiber reinforced concrete
fatlgue behav;our, Anderson and Henager E1958] noted £hat -
, rnvestrgators preferred the static first track strength of

flber re;nforced concrete as a basnllne for evaluatlng the
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Yable 3.3 Stress Ratios and Allowable Load..
™ Repetitions for PCA Pavement Design (PCA,1968)
Stress® Allowable Stress Allowable
ratio repatition atio repetition
N 0.51** | ' 400,000 0.69 2.500
0.52 300,000 070§ 2,000
: 0.53 240,000 0.71 1,500
0.54 180.000 0.72 1,100
. 055 130,000 * or3. | , 850
) 056 100,000 0.74 650
057 . 75,000 075 290
0.58 . 57,000 0.76 360
.59 42,000 0Ty 270
0.60 32.600
0.61 24.000
0.62 18.000
063 ° 14,000 80
0.54 11,000 0.82 70
0.65 8,000 0.83 sq‘
R 0.68 6,000 0.84 40
0.67 © 4,500 0.85 = 30
0.58 3,500
*Load stress divided by modulus of rupture. *
'e*YJnlimited repetitiona foc stress ratios of 0.50 or lews. -~
" °
’ kY
. b . )
. L . :

o

A

'
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igfl;gnc dditioné'on‘fdtigue performance. "While

for ;lain cqncrete a ite first crack'stéeﬁéth exi§§§:

. the location of the proportional limit usedyto define the
first c;acﬁ strength of fiber reinforced con;;;Ee‘iq very
subjective. Due ti?inconsistent methods of determining the

- -

baseline for: fatigue tests, Variations in results from various

v

investigations is expected. _
Ramauldi Presented data for steel.fiber reinforced
concrete indicating fatigue strengths in excess of 90 per
cent of first crack stzength at 2 million cycies for non- .
reveral of loading using 2 to 3 percent steel fibers by volume.
Batson et al.i[;Q?Z] pointed out that size influences could
account for high faﬁigué strengths. ‘They showed that the
fatigue strengths were closer to 74 and 83 percent of first:
crack strength for coqplete reversal and non-reversal of
;oading,“respecﬁively;'using 3 percent ‘fibers by volume.
.:*“while experimental results are not conclusive, it is generally
considered that the fatigue strength of steel fibgr rein¥u
forced concrete increases with increased fiber content,
Similarly, post fatigue static strength has proveﬂ to be \

greater than prefatique static strength by as ‘much as 10 to

30 percent [Batson et al., 1973].



3.4  COMPRESSION, SPLIT CYLINDER AND IMPACT STRENGTEHS

3.4.1 COMPRESSION STRENGTH =

' Under unlaxlal compre551on, concrete experiences

lnternal—mlcrocracklng parallel to the dlrectlon of the

... T
applied load after'a certain stress level. This crack

development within concreté is gradual, and in the initial
'stages so slow that material discontinuities are not notic—”a
able. Therefore, witﬂ'thé ihcluéibn of fibers, no?drasti;
change in the elastic region of the stress;strain curve is‘
expected as shown in éigure 3.3 [Rilem, 1977].

Much 9f the compression strength testing of steel =~ =

fiber reinforced concrete has been inconclusive with gzn-
.siderable v;riation; from nq.strength increase to as much

as 100 percent increase, deépending on the manner.of cast-—-

ing and compaction. However, extensive studies completéd ’
Sy Williamson [1573] indicated that the addition of steel k\\\
fibers incéeased the compressive strength of concrete by,

23 éercent, but did not increase‘the coﬁpressive strength V.
of mortar and may in fact decrease the strength. He also
showed that the modulus and Poisson's ratio for concreté

' were not changed significantly by the a&dition of steel -

-

-
fibers, .

" Hughes and Fattuhi [1976] indicated that the
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o . ' -
increased strength and ductility depended on:
1.: length and volume fraction ofﬁsteel fibers in
the.mix, o 2 o
2. ' type and strength of plain matrix; and
3. oiientatidn of steel fibers relative to the :
direction of the load, which is influenced
by both spec;men shape and compaction pro- '
eednre.
They reported a maximum compressive. strength increase df
.7 percent at a fiber concentration of 1.5 Mercent by volume

using 25 mm long Duoform, fibers.:

;f 3.4.2 SPLIT CYLINDER.STRENGTH .
. * 1Y b
' The split cylinder test (ASTM C496) has received /
conSiderable attention in the past "far steel fiber rein-

forced concrete in pavement constrnction. Tests on fiber

reinforced mortar have shown strength increases as high

as 2.5 times qver-p?ain'nortar at a fiber concentration of

3 percent by volume. Even though the strength improvements

appear significant, the.mode of failure in such tests is

not representative of actual failure conditions.;. .
Johnston [1973] stated that ilp relationship between.

tensile stress and applied load is meaningless once the

specimen cracks. While for plain concrete the ultimate
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-

-and first crack- strengths are identical in tenszon,rthe : ‘s

- L.

ultlmate.and first crack strengths for steel fiber rexn-_ .

forced concrete can. be.dxfferent as zndlcated in Sect;on

2.2. Accordlng to Johnston, thlS makes the test most ln—"f"

* appropriate for steel fiber relnforced concrete due to the )

-

difficulty in accurately recordlng_tf;vflrst crack strength.

y

3.4.3  IMPACT RESISTANCE STRENGTH . - -

-

leferent types of 1mpact and 1mpuls;ve load tests

have been applied to steel flbe

relnforced ‘concrete in
;whlch the falllng mass method ' s becone the most popular
[ereu, 18771. _Studies 1nd1cate that impact strength in-
with the inclusion of flbers, but no relatlonshlp
betueen lmpact strength and aspect ratlo or fiber concen-
tration has been found.

Due to the varlety of tests, dlfferences in re-

sults are expected. Johnston [1973]1 showed that fibers

improved impact resistance measured by the Charpy test,

y - . 3
hoWwever, there was much scatter in-the data. This was .
attributed-to.the-non-unifOrmity of fiber distribution . =~

and the small s;ze of test specimens. Further studies
completed by .Bailey et “al. [1975] on the impact re51stance .
of stair treadsglndlcated that the 1nclus;on of fibers did

not_delay the onset of first crack,-but dld reduce the
\ ) ' ‘ o ‘

kY
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: ‘extént of subsequent crack behaviour by minimizing crack
widths. Similar observations were feported by Takazuka

et al. [1977] and Rilem [1977].

]

3.5 EXPERIMENTAL PROCEDURE AND TESTING

For practical and economic reasons, low fiber con-_”

centrations have been used in fiber reinforced concrete .

-

broducts. with lower fiber céntents, the risf_pf random
* fajlure increases,.and for this reason, the influence °§A, .
. low fiber concentrations on the static and ﬁatigue:fleﬁﬁ;gl {/

strengths was investigated in the current study. . Other

*

important‘parameters_considéréd_include fiber length and
first c?ack stress ratio (ratio of the cyclic stress to
the stafic first crack_stréngth); S=N curves (stress level- .
cfcles to-failure) were developed from the fatigue testing :
results to compare thé influences of fiber length and dbn- ;
centration on the fatigue perfo;mance of concrete. Com-
P pression, split cylinder and impact redistance stréngths

were also determined. Details of the test results for .
. flexural, compressiop, split cylinder and impact resistance

tests are g;vénfin Appendices 4, 5, 6 and 7, respectively.

3.5.1  MIXES AND MATERIALS - o .
" The recommended Stelco fiber mix design for 172" .
T aggregate aqs‘relaied control Qix,ﬁg:e.dsédpﬁéidughqpt the =
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strengt£~study. The two mixes are given-iﬁ Table 3.4. For ‘
\ - . _the flexural specxmens. only fiber concentra:;on and fiber ’
- length were varled. A more detailed descr;pt;on_of
materials and mixes is given in the néxt'chapter on work-
ability. o . :
 TABLE 3.4

STELCO 13mm (") AGGREGME STEEL FIBER

AND CONTROL MIXES

Mix Constituent ' Steel Fiber - T Contro}'ﬁ

N  xe/m® Ub/ydh  ke/m®  (b/yad)
Coarse Aggregate . - 936.94 (1580) ) 965.40 (1628)
Fine Aggregate 907.29 (1530) 934.63 (1576.1)
Cement _ . 382.49 [ 645) . 394.35 ( 665) -
Water | 177.90 ( 300) 181.40 ( 305.9)
Fibers ' 71.16 { EZO) .. - -

Admixture Porzite L-70,-400 ml/100 kg cement

Y -

3.5.2 PREPARATION AND TESTING

Details of tﬁe batching procedure and workability
meaQPremepts (slump, compaction factor and vebe tests) are
also given in the next chapter. The qorkability tests helped
in detecting major_yariations.befween batches of similar

mix design. Following testing of the flow properties, the
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specimens were cast and allowed to cure 24 hours to ga}h

sufficient strength before being stripped and removed to .

|~

cure in the concrete moist room. A full destription of the

casting and curing proéedureg is given ih Table 3.5.

The flexural tests were pefformeé using the MTS closed-

loop servo controlled hydraulic ram system shown in Figure

3.4. Flexural testing was completed in two stages:

1.

Failing-eéch double break beam statically under
third point loading in accordance with ASTM C78
using a 457.2 mm (18*) span. A displacement ramer
mode was used to control the rate of loading at;'
.000025‘cm/seE. )

Failin&,the remaining beam section under cyclic
loading with the same support conditions used

for the static tests. A load control mode was
required to mainta’in uniform cyclic loading

using a-compressive‘haversine wave at a fre-
quency of 1l0Hz. The specimens (cured for 8O

to 90 days) were failed in fatigue through a
cyclic loading range varying from zero to maximum
load at various load levels, between 75 and 90
perceh; of the first crack stfength, as indicated
by the schematic in Figure 3.6. The remaining

specimens were failed in fatigue at 70 percent

of the first crack strength at 180 days.
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e - /\£ = _L‘._ . Time l sec. o

-
r . . ) B ) . y . .
: S N ' Co L - Falling Mass 7 4.55ug-(0 1)
“ Record mumber of biows required - /
10 crack specinen. . ‘ v .
“
’ ' 457, 2mm {18}
&
Conorele Disc
cut from standard compressive . *
strength tent specimen -

LIS, I

15,25 cm ‘6 ln]

~FIGURE 3.7 Impact Resxstdnce Test Setup (proposed by
ACI Committee 54i)



Compress;on and spllt cyllnder tests were completed'
Cin accordance wlth ASTM C39 and ASTH C495 usxng a standard ~
large compressxon testzng machlne. The. meact test prcposedf'
by ACI Commlttee 544 was used to measure the impact reszst—

ance of-thé plain and f;ber concrete specimens as shown in -

Figure 3.7.

. 3.6  RESULTS . o .

3.6.1 STATIC FLEXURAL TEST

Although the‘test results indicated that the inclu;
sion of fibers increased the static flexural strength of
concrete, the increase was small:‘approximately‘B percent
as the 1.27 cm long fiber volume increased from 0 to l.35
percent (0 to 4.32 percent by weight). The influence of
flbér concentratlon on flexural strength is saown in Flgure
3.8. It is apparent from Figure 3.8 that much scatter in
test results was involved and the increase in average strength
was pct monotonic with respect tolincrease in fiber content;
strength decreased for fiber volumes of 0.45 and 0.9 percent
before increasing. Unlike the 1327 cm long fiber, the 2,54 cm
fiber showed superior reinforcing qﬁality at 0.9 percent
fiber concegntration as shown in Figure 3.9. The average

static flexural strength for the. longer fiber mix'was 1§ per

cent greater than the strength of the plain concrete.
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The Stelco flbers drd not appear to s;gnxfrcantly

E-\* ) ] 1ncrease the ductrllty oi the concrete, i.e. no post crack—

. ."lng strength developed Thrs is clearly shown ln Frgures

-13 loéand 3. ll. As statee previously, Swamy and Mangat

A o ElQ?S] showed that a minimum fiber volume was requlred to .-
rncrease the ultimate flexural strength of the ccmposrte\

over that of the unrelnforced matrix; below this volume,

the f;bers increased the onset of cracking but farlure occurs
srmultaneously on cracklng. In the qprrEnt study, no dls-;
tlnct ultrmute strength was observed at 1, 35 and 0.9 percent

_flber content using 1.27 and 2.54 cm frbers, respectively.

*

/]

_In spite of the lack in strength improvement, the ribers aid
impart ductility to the mode of failure. .A distinct crack-
ing,éattern was observed during failure as fiber volume and
length were increased, i.e. the rate of visible crack develop~-

.ment decreased with increased fiber content. -For plain con-

- crete specimens the failure was immediate, i.e. brittle.

The inclusion of fibers had no influence on the
flexural modulus of the concrete as shown clearly in Figure

3.10. However, the modulus did increase after the specimen
was subjected to cyclic loading’at a low stress level. This
increase in modulus is shown in Figure 3.1l. The initial
non—lineerity of the load-deflection curves (actually load

versus ram movement) is attributed to the local failures

at the supports during loading. For specimens undergoing
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FIGURE 3.10 Load-deflection Curves for Third Point Static
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FIGURE .3.11 Influence of Cyclic Lpading.on Concrete‘s Stiff-
ness (Unfortunately, actual specimen deflection not recorded)
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post—-cyclic loadlng, much of the- locallzed support fallures

occurred during the initial 1oad1ng,~therefore, less non-

linear behaviour in the load—deflectlop curve is expect as

&

shown in Figure 3.1l. Cyclic loading at lower stress levels

»,

'did not appear to incréase:the specimen's flexural strength.

3.6.2 FATIGUE FLEXURAL STRENGTH

all fatigue specimens failed quickly without warning.
Due to the high frequency of loadiny i.e.} 10 H;,ithé de-
formation of the specimens could not be satiﬁfactbrily
recorded during tésting. Therefore, permanent deformations,
progressive collapse or increased microcracking.(internal
changes) could not be studied in detail. Howevér, through
controlled failing of cracked specimens.by fatigde,at a
stress level of 80 percent of first crack strength, fatigue'
endurances as high aé 9 cycles at 1.35 percent fiber ;olume
were attained. This would suggest that for steel fiber
concrete, more extensive internal cracking is required
before failure than for plain concrete. A typical specimen
failed in fatigue is‘showp.iﬁ Figure 3.5.

Tﬁe influence of stress ratio, fiber length and fiber
concentration on the nSmber of cycles to failure is shéwn
in Figures 3.12 to 3.£;?h Except for Figure 3.17 which com-
pares the various regressioﬁ curves, the fig@res show all
d#ta recorded during-fa?igue'testing including. the data

rejected for regression analysis. Since the fatigue stress
. .. N . ]

4
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. at the lowestrstress lgvel of 7$'percent.wh1ch is typrcal

- :” '- For regresszon analys;s of specinens contalnlng 1 27

"%
,p!,
>
-~

rat:t.o :.s‘ba:sed on the f:.ra‘q_» ci gtrégg"th. of

ek

- ‘:-

specamdﬁ undengoihg fatigue (taken aﬁﬁfh ¥ are

sectronz\scatter in test results is: belrevedxto be due to- ?j

éé""-

Yo non—unrfo:m-fmber drstr;butron along'the specimen 's Iength, R

ey -y

peclmenrseatlng*at“supports and d:mensaonal changes along 'Jﬁg?

_'th 3 ", - '5?“.'. T
.. the specrmen s length In the most extreme cases, the ) » gt
. : - -
varratrons 1n specrmen w:dth ‘was as much as +0 25 cm at | .
o P - i -~ 2 ; 5 .. i -~ Cad
fallure cross—sectrons due to bnlgzng of specimen molds.:
-

-

. , A

cm frbers;the po;nts rejected were based on the overall o

- fatrgue performance of the specrmens contalnlng extreme frber

d..

T . ccncentrat;dns (i. e. O and 1.35 percent flber volume}.

'<-.
5. . - -

“Theoreticélly the fatlgue endurance should 1ncrease with

‘- -

- 1ncreased flber volume, therefore for 1ntermed1ate fiber:- -

volumes the.regreSSLOn curves should lie between the two

- N
: .
™ - . " - - - e [ 3

extremes as shown 1n Ergure 3 1&. *To reject data points it

was assumed that alL

Py <8 .

devratlon\of the;extr e regreSSLOn relatlonshlps Wthh 1s o .

~ -

uld lrghbetween one, standard

q

‘ also shown 1n F gure 3. 18. In most cases*the rejection of

h -
- - v - = - -

data pQ}DtS‘lS nservatlve ﬁrom a de51gn»v1ewpornt. -

a

_‘,3 S Although-the number ‘of, tests-comp}eted was relatlvely,
- small, he results Lndlcated that the _use of short steel - : ¢
: ﬂ'\ =
f;bers at low flber—volumes aoes not. 1ncrease the fatlgue

e L
) strength s;gnlflcantly at the stress-rataos tested (except
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: of‘the stress level for actual pavements)and can in fact

-y >
result in strength loss at hxgher stress ratios as shown

-

in Figure 317, . The poor performance of the spec;mens in-

:l' e

-corporatrng longer fibers 15 attrlbuted to 1nsuff1c1ent con— -

crete compactlon due to lack of workab;llty.' This would
suggest that the. results for spec;mens 13¢orporat1ng 1onger
fiber do not adequately reflect the potentlal relnforclng
capability of the fiber. . However, the results do indicate
the importance of workability'ép strength properties, and
similar workability related problems are observed in the f
fleld particularly during pavement construct:on., |
' It is apparent that a 51gn1f1cant safety factor

exists between PCA pavement design fatigue values and the
plain rewgcrete fatlgue values obtalned in this study as -
shown in Figure 3.17. Although the‘ﬁixes incorporat%ngathe
1.27 cm long fiber do not show significant improvement witt
;ncreases in fiber content, the diﬁferenee in sYope would

suggest that at lower stress ratios the improvement would

become more significant. Considering that for pavement

" design the majority of load repetitions is in the lower

stress ratio range, reduction in pavement thickness should

be possible when using fiber reinfdrcement as indicated in.

- Figure 3.18.
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:3.6.3 COMPRESSION TESTS

(b) and (c). The longer £ib

.95

- - - . -

The effect of these v d -¥s shown in Figures 3.20(a), -

'(2.54 cm) increased the

“ ~

* L
compressive strengthr by 17 peycent as the fiber volume was

7

varied for 0 to 1.35 percent ;bers. “However, the short

fibers did not influence the”compressi@e strength-signifi-

caﬂrly.
3.6.4 SPLIT CYCLINDER TESTS $
- Even though the splzt cylinder test is not regarded

as suitable for fiber concrete, the test did show smgnlflcant

improvements in tensile strength in this failure mode with .

s

increased fiber content. The test, an indirect means for

determlnlng the tenslle strength of concrete, indicated a
lower tensile failure stress for the composite than did the
modulus of rupture taken from flexural tesrs, i.e. 40 to

50 percent lower as indicated in Table 3.6. However, due

to the actual stress field shown in Figure 3.21, the split’
cylinder strength is still actually higher than thelstrenéth,.

- -

obtained from a direct test.
The influence of fiber volume and fiber length on

the first crack strength is ‘shown in Figure 3.22. The shorter

N

N
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fibers had a greater influence on‘reinforcing the”concrete, o

at the lower flber concentratlons than longer flbers. ‘The o

-superxor relnforclng ablllty is attrlbuted to. the better

workablllty of the mlx contazning ‘the shorter flbers. - Bow=- ..
ever, with xncreased flber content the workablllty f ‘the-

short fiber concrete mix is- reduced accountlng for a smaller

. iy
o~ ™

1nfluence of: the short flbers than the: longer flbers at a |
fflber volume of l 35 percent. ‘With imcreased flber content s '}

_and length, the post—cracklng load lncreased._ For, plaln i,'

c0ncrete, the load decreased 1mmed1ately after the frrst .
crack eppeared. In addltlon, the_specrmens 1ncorporat1ng_ P
fiver did not exhibit the clean failure plane normally found

-

with plain concrete specimens.

3.6.5 IMPACT RESISTANCE TESTS . ' : ‘."'

The ultimate impact strength increased with increased

fiber content, increased curing time, and decreased water-

. -

cement‘ratio as shown in Figure 3.23. -Unlike the ultimate -

' strength, the onset of cracking, i.e. first crack strength

was not significantly influenced by increased fiber content
which is consistent with the results given in Sectian 3L4.3;.
Both first crack and ultimate strengths were greatly in- .
fluenced by water-cement ratio and curing length. s

The impact test proposed by the ACI candbe-used to

compare impact strengths of different concrete mixes, however,

.
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. the test is not considered to be a good indicator of im-

pact resistance. With an increased number of blows, the

~ .

specimen becomes dished changing the direction of the applied
load at the interfacg of the‘specimeﬂ and steel ball as
shdwn in-Figure 3.24 resulting in :increased transverse
‘ loading (wedging®). Therefore, thé loading does not remain
uniform .throughout the test, particularly for concrete uging
soft aggreéate or specimens undergoing a large number éf
-bloﬁs. |

L]

. ™NL
3.6.6 SCATTER IN STRENGTH RESULTS

Factors contributiﬁg to the scatter in flexural
testing results include: increased non—homo?eneity of mix
with inclusion of fibers; change in beam dimensions along
.length-due to bulging of molds; and specimen seating at
supports. While the létter two factors have some influence
on the results, the increased non-homogeneity of the con-
creté due to the fibers was considered the prime factor
leading to the variation in flexural results and the poor
pérformanée of soﬁg specimens, particulafly those using
longer fibers. -~ | | ) ; |

Increases in fiber gontené or&iéﬁéth“ihcrease-the
reinforcing of the conciete, however, thq streng;h of the

LY

composite may decrease due to the increased number of
_m"flaws"\intnbducgd (Rilem, 1977]. This increase in flaws

as A ¢ v
A -
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caq:be attributed’ to the reduced workability influencing

: concrete compaction. . The.incréased reinforcement; with

eneration, is considered to account for .

the higHer static but lower fatigue flexural strength for

the concrete using the 2:54 cm fibers. In addition to
more flaws, ihcreased-fiﬁer contentAand length also in- . :
creases the non-uniformity of distribution and probably

/

decreases the ‘random fiber orientfpion;' These. factors are
discussed further in the next chaptér. )
The compression and split cylinder tests also
showed scatter, and explanations for the scatter and in-
fluence of.fiber on the respective strength properties can
be developed from similar arguments as given for flexural
specimens. That is,” the incréase'in strength due to the
fibers is related to increased reinforcement, while any
decreased strength is due 'to an increased number of internal
flaws, and a deéreased rangom fiber orientation and uniform
fiber distribution with increased fiber content or length.
fhe'actual strength increase or decrease isﬁdépendeﬂéﬂupOnl o
the predominant factor(s) influencing‘thé‘strenéﬁh proper-
ties for the particlar mix design and constituents., |
The Impact resistance test was the most.sensitive
test with respect to minor internal variétions. Five im-

pact resistance test speciﬁens could be cut from each cylinderl

e



;g;ven in Table 3.7.

also 1nfluence the strength propertles.

o F S
(: ' “-‘i— -
<. 103 ; - . ... - o ‘. . .“ . -a:.
- (15.25 cm x 30.5 cm). The averageﬁnumber of blows to .

fazlure, and . standard dev;atlon, “for each speczmen is.

The results indicate that COpslderable

internal variation occurred throughout each cylinder for

> both pléin and fiber concrete specimens; the standard devia-

tion being as large as the average number of blows in
several cases. Therefore{ aside from the factors contri-
buting to experimental scatter discﬁssed previously, the
method of compactlon (vibration) and the casting procedure
2 g The casting-
compaction stage was the only time in which redistribution

and reorientation of the concrete constituents could occur.

3.7 ‘ SUMMARY

It is apparent from the current study that short
fibers at low fiber concentrations‘had little influence on
the statio and fatigue flexural strengths oglconorete.
The poor performance of some fiber concrete mixes is attti-A

buted to inability to obtain adequate compaction, uniform

”fiber distribution and random fiber orientation due to lack

of adeqﬁate workability. 1In the fatigue study, the mixes
incorporating the shorter fibers showed an increase in
fatigue endurance at lower stress ratios which suggests that

at stress ratios encountered in pavement design a reduction
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appeared to be more ductile with increased fiber volume

Fes

5 e

frqn the' | success of fleld experlments.

A major ‘research
program would be necessary to devéloé

o~

relaable des;gn data
-~ for such Fiber relnforced pavements. el

-

Compressxon, split cylinder and 1mpact resrstance a

tests 'a.ll showed :merovements in strength, w:.th :Lhcreases
ln;flber volume.

However{_for the compression and lmpact

resastance tests, changes in water—cement ratlo had a

greater influence on the strengths than the flber volume
orilength-(compress10n test)-

Due to *the mode of failure
for the various tests,

-

it is apparent that increases in

-

fzber volume or. fiber length deflnltely increase the fracture

~n

toughness of the specimens.

However, the strength lncrease
‘or decrease3pf the ‘composite is also greatly lnfluenced'by
the increased number of flaws, non-random fiber orientation

and non-uniform fiber distribution resulting from incorporat-
ing fibers.

-

The ductility of thg concrete increased with in-
creased fiber volume.

Split cylinder and impact resastance:'
tests show well defined.post-cracking strengths which in-

. o

crease with increased fiber wvolume.

For flexural-and com-
pression tests, no first crack strength distinct from ulti-

mate strength could ‘-be defined, however, the mode of failure
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ey : WORKABELITY OF STEEL .FIBER REINFORCED CONCRET? L s
) * ) -.‘
- 4.1 .o INTRODUCTION .
-y . ' ] )

The strendih properties of concrete are largely re-

lated "to the rheological proge;ties of the composite follow—

ing mixin&i Increased workability without modification of

" the basic mix is considered to be a key to improvement of the

- "brogerties of concrete in its hardened state. The observed

-

o scétter in laboratory streﬁgth tests of fiber concrete is
partly due %b the difficulty in obtaiping a homogéneous mix

:Pand adequate compaction due tb the ;pclusion of the steel

~vi;‘~§*?#--fihers [snyder and Lankard, 19723.  For this reason, the

1
workability of steel fiber concrete was considered as an

important area in this study“@pat has not received adequate

- -,

Machines Limited had indicated that intensive @ixing did not -

- help in the workabiiity area, -as fiber damage often resulted

o {Emery, 19773. - . B

&~

.. In large production-field applications-the workability

of the fresh concrete mix becomes more importAnt, pgrticﬁlarly

when the cdomposite is produced on site or whe# the fibers aré
.dispersed_by éonventionai.mixing.te;ﬁniquesr[ﬁilem, 1977];

A requirement fo; thegé_aﬁbliéationsfis that couventiqnal_meahs

107

attention in the~past?\\R:é§E§ﬁ§ research with Eirich ] .
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of placement be used. The well known-diffiehléies in plac— . E
1ng and‘compactlng fibexr concrete often arise from the s;mple/ - N
" interference between the, ‘fibers and the coarse aggregate, l.e. -
‘the relative aspect ratie influence-ESwamy and Stavrides, * ‘_,' 2 =
L From previoue'studies, it has been ré%ognizeé that-
.lqng fibers present a probleﬁ with respect to uniformlfibex
distribution and randpm fiber orientetion [snyder and Lankard}
1972]: Since the control of erack propogation 3is dependent

on the fiber spacing, it would appear reasonable . that shorter
fibers could be more efficient than the longer fibers, par—“
ticularly when consiaering the improved workability. With
superior flow properties, higher fiber concentrations at

constant workability could be used for better control of

crack propogation.

Iﬁ recent years, the advent of superplastieizers

has lead to the develcopment of high flow conciete. This

admixture type has been used 4; two ways; to increase the

flow of concrete at a constant water-cement ratio {flow con-
;rete)-or{@o increase the strength with a—decrease in water-
cement ratio Jwater-reduced conceete) [see, e.g., Hewlet, '
1578; Meyei,'hgjé? Sprihkel; 1978]. The use of various work-
ability admixtures with emphasis on superplestic;zers was

investigated in this study. Additional factors influencing

workability were also considered: comparison of 1.27 cm and
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2.54 cm-long steel fibers; water-cement ratio:; aggregate

conéeptration;;and-aggtegatergradation.

- 4.2 RHEOLOGICAL PROPERTIES OF PLAIN CONCRETE

The factors which Lnfluence the workablilty of plaln‘
'concxete also affect the workability of steel fiber rein-
.forcea céncrete. These factors are summarized first in this
section: then the effects of the steel fiber edditieh on the
flow properties of fiber concrete are discuésed: For a full
.consideration of workablllty, the stablllty of the fresh mix

must also be taken znto account.

4.2.1. WORKABILITY:OF PLAIN CONCRETE e e

© Much work has been conducted on the workablllty of
concrete. Tattersall [1976] has listed the following factors
which influence the-flow characteristics of the compoeite:'
-l) ellapsed time since mixing;
properties of the aggregate, particularly the
particle ehape aﬁd size distribution, porosity
and surface tekture:_
3) propertles of the cement to a small extent-
4) presence of admlxtures, and
5) relative portions gt'the mix .constituents.

-

The water—cement ratio is an important factor govern-

~a

ing the concrete quality and should be kept as low as possible

since it influences the strength of the concrete [BRS, 1971].. -

-

- -
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However,.enough water must be adailable to ailow for proper
cement hydration and water absorption by the aggregate, in
addition to some available free water to maintain adequate
workability. Tgé-quantity\of cement in tﬁe mix is also in--
fluenced by the}relativé cost betweeh it and the other con-
‘stituenﬁs of the composité [ see, e.g.._Cordon and Thorpe,
1975]. Since the cost of cement is much hiéﬁer than the other
elements of the mix, the concrete quality is often slightly
“sacrifiedkgby cement reduction and/or substitution.
- One further factof~of significance is the influeﬁce
q% the‘aggregéte on the workability. The aggregate—-cement
ratio should be kept as low as possible in order to reduce
the amount of'creep and shrinkage. However, increased amounts
of aggregate above that for a suitable mix tend to reduce
thé& workability considerably. The aggregate gradation also
influences the flow oi the ébncrete. Increased fines reduce
the.ha{shness of tﬁe mix, but decrease the workability due
to a higher.specific area to be covéred by the'paste. To
maintain"aéequate flow the paste conteﬁt must be increased
resultihg in higher costs and in higher creep and shrinkage

[ see, e.g., PCA, 1968; BRS, 1971; Hobbs, 1976; and Tattersall,
19767. '

4.2.2 STABILITY OF PLAIN CONCRETE

The stability of a mix has been shown to-be anwim—

portant aspect to the rheologyrof-fresh goncréte. It &&can be



111

characterized by the bleeding and segregation tendencies, and
is of considerable importance to the productioniof a satis-
factory and durable mix [Ritchie and Rahman, 1973J.
The following factors increase the tendency of concrete
to segregate [Tattersall, 19767:
1) increasedtparticle'size over 25 mm and dec:eaee
in fines;
2) increased specific gravity of coarse aggregate
compared to specific gravity of fine aggregate;
3) change from continuous grading to gap grading;
4) unfavourable change in particle- shape;
5) decreased cement content; and
6) change in water content mekinc the mi;‘too dry
or wet. B
e
Bleeding refers to the appearance of water at the
.surface of the concrete aftei consolidation. This 'is a
natural property of the concrete and as long as locallzed
channels do not develop, bleedlng is not con51dered un-
favourable. Generally,'fhe bleeding rate can be reduced by
[Tatteregll, 19767:
1) increased cement'giness;
2) increased cement content;
3) addition of pozzolanas;

4) decreased water content; and

5) addltlon of alr-entralnlng agents.



. 5

112

.-

4.3 RHEOLOGICAL PROPERTIES OF STEEL ?IBER CONCRETE

_ The addition of fibérs to a wet gix reduces the work-
ability .of concrete. The loss injflow is twpfold; Seiné due‘
to both the increase in surface aréa and increase in harsh-
ness because of fiber geometry [Rilem, 1977]. For this
reason, additional factors must be considered with the aim
of obtaining a homogeneous mix by both the use of an appro-
priate'mix-dééign and‘é correct mixing proceduré [(Moens,
19763. —_—

The ability of fiber congiete to flow is dependent

on the volume of paste’surrcunding each individual fiber;
With increased fiber content more of the free paé?e available
for flow i; used to,coéer the additional fibers. ' In addition,
a-gma%l amount of'tﬁé free water is lost due tblabsorption
at.the-fibér surface. It is the actuai fiber gecmetry which
encourages bundling and interlocking df the fibers [Mangat
and Swamy, 1974], with the severity of ;nterlocking and
bundling}rglated‘to both the fiﬁer volume and fiber aspect
ratio. Increased fiber concenfrdtion_or aspect ratio results
in‘the dééreased ability of the fiber tolerate-due to in-
bfeaéed'fiber-fiber interactidn, i.e. decreased fibe%'spaéing‘
‘EMoeﬁs, i976]. ‘ | |

: ' The volume fraction and gradation of the aggregate

have a substantial influence on the flow of fiber concrete.

From .a strength viewpoint. the coarse aggregate must have its
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largegt dimension smaller than the fiber length in order
for the fiﬁgr'to be effective [Swamy and Stavrides,_lQ?%],
With regard to workability, the interaction- of the coarse
aggregate and fibers produce a very harsﬁ mix._ Theréforé,-
conVentiopaI‘conérete mixes cannot be used»gith steel fiber
reinforcement. A greater percentage of fines is required
to reduce the concrete's harshness, which in'£urﬁ réquires -
an increase in paste in order to coat the incfeased Aégregate
surface area. The maximum size of coarse aggregate suggested
for fiber qoncreﬁé is 9.5 mm EMcCurrich‘and Adams, 1973j.
With higher paste requirements: fiber concrete is
more susceptable to creep and shrinkage [see, e.g., Halvorsen
et al., 1576: PCA, 1976; and.Rilem, 1977]. To reduce the -
aﬁount oflwater in the paste, additives such as water reduc-
ing agents, plasticizers or fly ash are used to maintain
adequate workab;lity. The higher cement content, addition
of fibers and use of adaitives increase the unit cost of
?roduciné_the composite. This increase in production costs
must be offset by‘improved enginéering propertieslbefore the

composite may be cqnsidered commercially feasible.

» - The factors influencing the flow of steel fiber con-

crete can be summarized as:
1. increased aspect ratio reduces workability;
2. increased volume fraction of fiber reduces

workability;

i
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3. £iber_ty§e, surface area and rougﬁness influence

paste requirements; -

4. s;ze and smoothness of coarse aggregate in-

fluence flber—aggregate lnteractlon,

5. composite's stability, i.e. fibers réduce bleed-

ing and control segregation:'an§

6. téghnique of placing, i.é. vibration.

Unless sufficiéntlcompactability of concrete with
randoﬁ fiber orientation and uniform fiber distribution can
be obtained in thévfield,‘;ny beneficialipropertiés demon-
strated in the laboratory with workability admixtureé and
shorter fibers.are of no help. Field demonstration is
beyond the scope of this study, but recent éxperience in )
the United States tends to confirm the favourable workability
- trends observgd with short fibers [see, e.g., Gra? and Rice,

1972; Gray, 1972; Arnold and Brown, 1973; Lankard and Walker,

1975; and Schrader and Munch, 1976].

4.4 WOR:KA.BILITY MEASUREMENTS

The effect which’the fibers have on the major types
of workablllty tests will be dlscussed briefly so that the
sxgnlflcance of the workability study results will be clearer.
The three common workability measures are the slump (ASTM
Cl43), compaction factor and Vebe tests (Part 2 of BS1881).
Each test depends on a different mechanism to allow for the

measurement of workability.
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-‘The'slump test makes use 6% the concrete's bulk
weight to initidte f£low. The flow_co#ﬁinues as 1;ng as the
driving force (i.e. body weight) ié,greéter than the re-
sistance'to flow due to the fiber and_aégreéate,interactiohs.
The-compactioﬂ factor test also relies on the mix's body
weight for workability measurement. Unlike the slump test
which is.static, the compaction factor test may bebconsidered
‘"pseudo dynamic", where the concrete is allowed to fall
throudh two étagés. ‘The density of the concrete after self
compactidn is compared to the concrete density after vibra-
tion. For plain concrete, the slump test ig-regarded as a
_sensitive inaicator of changing workability since the range
covered is large. - The compaction factor test is considered
to be a more exact, but more complex test for workability.

For stiffer mixes which are often encountered in
fiber concrete mixes; the sensitivity ofzihese two tests is
gréatly reduced. A more reliable workabifﬁty indicator for
low flow. concrete is the Vebe test which better simulates
the method of compaction encountered in practice [Mangat
and Swanmy, 1974]. This test measures the input of energy
required to deform a constant vdlume of concrete a prede-
termined amount. However, unless the flow is near “zero
slumb“ ‘the Yebe measurement is operator dependent. Therefore

for fiber concrete mixes, one type of test alone is not

sufficient for measuring the range of flows encountered.
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Thezapproximate correlation given by Tattersall [1976]

between slump and Vebe is‘;iven in Table 4.1. The rela-

tionship between the various workability mea§uremen£s

and vaéying fiber concentrations fgported by’Riééhierand

Rahman (1973) is Shqwn in Figure 4.1. A
TABLE 4.1 -

CORRELATION BETWEEN SLUMP AND VEBE TESTS °

[Tattersall, 1976

Slump (mm) Vebe (Sec.’)
0 -10 T Iy 12
10 - 30 . 6 - 12
30 - 60 _ 3 - .6
60 -180 - 0 - 3

A test which appears to have great potential for
Y

measuring the workability of fiber concrete is the con-

crete flow table described in DIN 1048. A fixed quantity
of concrete is placed on a smooth surface which is then
. vibrated in a standard manner. The total energy input is

- constant and the radial deformation due to energy input-is
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K o would appear to be more sen51t1ve*1n the range of work-

T s represents the real placzng situation ofﬂconcrete a llttle-

3 > test over the wide range-of workabllltzes covered by a

e "

measured.w Unllke the other more common tests,_the flow.

table test.ls not as. operator dependent. +The test also .

1

o

-~ .

El closer, eve though 1t *is not asﬂsen51tlve as the slump

'\\ R

LR \._

:_“ pla:n concrete mix [CAA and cca, lSIJ] However, the test

ol

- S | abllltles covered by a typ;cal fibex concrete mlx. LA

4.5. EXPERIMENTAL PROCEDURE AND TESTING

L]

' lThe'objective of this testing program was to study

-

 the workablllty of fresh Steel fiber reanforced concrete

-
=3

-

¥

-

-

\--.-..

R f just after mixing. The‘workablllty is of cons;derable

- -

1mportance with respect to the plac1ng and compaction of

the cdmp051te in the fleld«as lndlcated piew{ously. Be-“

“u -
-

sides afﬁecting the long term strength properties, the

need for a workable mix is reflected in the cost. The more

~work required to place the coﬁpbsitef“the less attractive

'O

i}

is the investment for using tﬁe:ﬁiber additive unless the
~ . .

cost’ is readily offset by demonstfated performance improve-

.ment. The following parameters were considered to be of

-~

v

interest:
- 1. fiber length and content; -
- Y e b
RN - -
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’ . 2. use of worKability adﬁixtures; - ’ ' -

~ - =. .. 3. aggregate-cement ratio (3/C);

-, . 4.. coarse-flne aggregate ratio (C /F). and _ .
’;‘3 5. water-cement ratlo (W]C)- ' -

" . 31 .j:; The slump, compactlon factor and-~ vebe tests were. ‘ T

: _'- used to measure the workablllty. Beszdes measurlng the

lnfluence of the parameters on the workablllty of flber
e concrete, the various tests were compared wlth respect

K ' :to their sen51t1v;ty. Due to thevlack of a su;table con-—

- v -~

crete fiow table, the effectlveness of this test could

-t g not,be directly compared to the other flow tests. Howeve},

a mortar flow table ‘was used to .measure the lnfluEnces of

.

the parameters for steel flber‘concrete. Because of the

< . 'small flow table mold volume to coarse aggregate §i2e

‘ratio, this measure of workability was not considered to be - -
. R _

- sensitive, i.e. the effect of the coarse aggregate could ' S .

‘overshadow the influence of the parameter under considera- .
" tion. This test was only used in conjunction with the” .-

results obtained by the other measures of‘workebility and .
appears to have potential:when_ihcreased in size to accommo-

date concrete mixes.
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1nf1uences was carrred out‘rs referred.to as the

Desrgn for /2" Aggregate.-j Table 4-2 glves

- -

'Stelco

Hore,detarls

a-,

with regard’ to .the Stelco mixes are-glvénwrn Appendrx 8.
- L2 mo- v -
I TABLE 4.2 :;;* ’

) < STELCO 13'mm.(l/2')‘AGGRBGATE, STEEL FIBER

. -+ 7 _ BND CONTROL MIXES ’ :
" ‘Steel Fiber Control

Mix'Conetituent

kg/m? (lb/ya’)

= i{g/ms

(1b/ya®)

Coarse Aggregate -
Fine Aggregaté’ |

Cement

f

Water -

-~
~

Steel Fiber . .

1

- -

TOTAL -

'936 94_
" 907. 29

'1%7)56.

2475.78

(1580)
(1530)
382.q9' -
‘f 300) .
“F1.16 (1200
.. 4175

¢ 645) 3

965.4  (1628)
' 934.63 (1576.1)
394.35 { 665.0)
181440 ( 305.9)

2475.78 4175

b

I

lPorz:.te L-?O Dosage 400 ml/100 kg cement. B

- -

Symbol }0 normal Portland Cement supplled by the

the flbern .

‘st. Lawrence Cement Company was used throughout the workabzllty

All bags were sealed in plastlc bags_as in other

: stqﬁles to ene’re mininmam hydratlon due to moisture 1n the
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. Yair. The flne aggregate was a concxete sand from the. Lake

-

Erle bar -and the coarse aggregate was a 3/8" ACI crusked o

and washed 11mestoa3 (i.e. £ew or no fines), from €anada

‘ld

Crushed StonenaDundas (SuPPller of all aggregates).- The,-

gradlng curves-for the “two aggregates are glven in Appendlx
9. . The fibers came in 1. 27 cm- and 2.54 ‘cm precut lengths as

supplled by Stelco. The detalls for the workabalaty mlxes

tested are glven in Table 4.3 and Table 4. 4 The-flrst table
summar;zes the mixes used for the strength tests. These- -
leeS were made over a few weeks whlle the mixes’ glven ln

the second table were all completed-ln one day ln order‘to.

© . ‘maintain a better control over the varlatlon 1n the aggregates

el

m015ture.contents. ) - ﬂ

;j o " ' TABLE 4.3 L -

*  MIX DETAILS FOR WORKABILITY DURING

. n -~ .
- . .. . PR -

J*~= . CASTING OF STRENGTH SPECIMENS ' B -
‘series W/C A/C ¢/F . Liber . | Piber L9
o . Length ' Concentration Admixture
a .7.39 4.82 1.033 2.547cm “0,.45,0.9,1.35% Porzite
- . -7 e L-70 -
c,D,F, .46 4.82 1.033 _ _. . . _ . Porzite
. G;H:Ir. - = - - ‘ : * L-70
:J'K . by - IR ) .
“.B,D,L .46 4.82 1.033 2.54 cm " .45,0.9,1.35% DPorzite
. - n . 7- --: - . - - L—?O
:¢,F,G, -46 4.82.1.033 1.27°cm -.45,0.9,1.35% Porzite -
H,I,3, R T . n T L=70
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- The workability results from the strength study .

(40 mixes) were used pé detect large defiatﬂons in .£hermixes

- -

for control purpoées._ These mixes were also used to check

the consistency hetween the Vebe_énd slump tests. For the
: : o o . .
workability study, thirty mixes were made to determine the -

. influence bflcﬁénging the parameters. . .-

.

- \ -
4.5,2 PREPARATION AND TESTING -
.. . - N

All of the aggregate was bagged the day before the

mixing in order that the moisture content measured -would

‘remain relatively unchanged between time.of testing for mois-. -

ture and mixing.. To save time, all aggregates, cement and
‘fiber were pnaéimmﬁf to the désiréd batch proportions. Only
the water and admixture for the mix wefe measured on the day
of tésting since moistqre'adjustments-due to water held by
the aggreéate had to be taken into acééﬁnt. The procedure
for the adjustment of the water:content is given in Appenéix

10.

was performed in an Eirch E-2 batch mixer. The order of add-

ing the mix constitidents and the mixing times are given in

Table 4.6. The concreté_for the strength and workability ‘studies

was batched in .056 and .028 cubic meter volumes respectively.

The times given in Table 4.6 refer to the mixing time after

With tie exceptioﬁ-of the flow table work, all mixing
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- TABLE 4.5 -

-~ - - .

INTRODUCTION OF MIX CONSTITUENTS AND

. . SUBSEQUENT MIXING TIMES
Constituent Added o Mixing Time (Sec)
Fine/ﬁnd Coarse Aggregate .15
Cement’ . 10
Water with Admixture N _ 60
Fibers , o ' 180

the constituent wés added except for the fibers which were
sieved tﬁrouéh a '1/2““;§ieve to ensﬁré eé;n distribution
‘throughout the-conbrete within the 180 seconds. The admix-
ture was mixed with- the water before the batching procedure.
Worﬁability measurements were Eakeﬁ immediately aftér mixing.
Slump and vebe tests were completed for ali batches, however
the compaction faCtO?‘was only used for a-few mixeé since it
wasinot found Eé.be a reliable workabilit& measure for fiber
cohcrete.‘ fhe washout. test, which is described in Appendix
11, was used to check the percentage of material in a mix.
" Further discussion regardfng these tests is given in. the next

section. N

The flow table work was done to confirm the influencé“

-

of the parameters measured by the other tests in the work-

ability series. Theé concrete was mixed in a small: bowl mixer

-~ - LT
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generélly ﬁséd for;mortars {ASTM-C3OS)'with'the mixingﬂfimé;f‘:
giéén_in Table 4.7. | - \
\ . TABLE 4.6 _

- 'ADDITION OF CONCRETE CONSTITUENTS AﬂD;RESPECTIVE

MIXING TIMES USING HOBART BOWL MIXER

Constituent Added ~ Mixing Time (sec)
" Fine and Coarse Aggregate ' 10
Cement . ) 15
‘Water and Admixture - T . 30
Fiber - 90

Addiﬁional ASTM standard procedures used for mixing

- and testing include: . )

Cl27 TEST FOR SPECIFIC GRAVITY AND ABSORPTION‘OF
COARSE AGGREGATE:

C128 TEST FOR SPECIFIC GRAVITY AND ABSORTION OF
FINE AGGREGATE; and

- €230 FLOWTABLE FOR USE IN TESTS OF HYDRAULIC CEMENTS.

4.8 : " DISCUSSION OF RESULTS

4.6.1 SENSITIVITY OF MEASUREMENTS

-

The results are restricted to a limited range of fiber

concentrations (i.e. 0 to 1.35 % fibers by volume} in which

—
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the‘fiberg still havé:some ffeedom of rotation an&'tranéla-
tiqh._ Howevéﬁ,:the concéntrations were high,enough to measure
defiﬁite changes ‘in workability which resultedtlargelyffrom’
the fibeg—fiber and fiber-coarse aggregate interactioné,_aﬁd
are represenﬁative of field applications. There was nd
‘apparent balling of fibers even with the longer fibers.
However, atrhigher fiber concentrations, thé failed concrete
specimens revealed increased non-uniform fiber distribution
for longer fiber mixes. This noﬂ-uniformity was less sevefe
for the shofter fiber mixes‘at higher fiber concentrations
(i.e. 1.35%). |

The study did show that the vebe test ﬁas far superior
to the slump test as a workability measure for low floﬁ con-
crete. This is shown clearly in Figure 4.2(a) where for a
constant zerc slump, the workability measured by the vebe
test indicated definite changes in workability; As the work-’
ability of the concrete increésed, the sensitivity of the ere
test decreased and for high flows the workability measurements
became unreliable. For the higher workability mixes, the
slump test was a better indicator. Figures 4.3 énd 4.4
illustrate £he sensitivity of the various tests while Figure
4.5 gives the approximate relationship between the slﬁmp and
vebe ;ests.

The compaction factor test indiéated relative changes

in workability with changes in fiber concentration and/or water-
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cement.eatio;'-These changee~ereléﬁown in Figures, 4.2(b) and ‘t
4.3(b). Bowever, in comparieon to.the other tests for work-
‘ability, the coﬁpaction fectof'test was only ﬁoderately
sen51t1ve. ThlS would suggest that whlle there was adequate-
"pseudo dynamic” force to cause relatzve changes in the self
compacted densmty of all mixes, this force dld not produce
adegquate sensitivity for the workability tests in this study.

The flow table test results suggeste@'a linear re-
lationship between_the workability of concrete end the change
in fiber concentrations:s The reiationehip-between the radial
spread (and slump)and fiber .concentration is:shown in Figure
4.4(b). |

In almost ell cases the flow table results confirmed
the effect of the parameter which had been measured by the
. more common tests. However, when the flow was_?elatively
high, segregation of the paste from the aggregate and fibers
resulted. This was attributed to che small mold - coarse
aggregate size volume ratio discussed previooely. It is
believed that with the use of a layge concrete flowtable,
the influence of the coa;se aggregate would have been
minimized. From the few.tests completed in the study, it
is suggested that the large flow table test has great poten-
tial for measuring the workability of fiber concrete. Addi-
tional workability results concerning flowtable measurements

is given in Appendix-1l2.-
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4.6.2 . INFLUENCE OF FIBER LENGTH AND FIBER CONCENTRATION

For very low flow concrete, the vebe test was more - .
reépohsivé to changes in workability while for higher flows.
the siump test was more fesponsive. The remaining discus-
sion is focused on the influence of fhe various parémeteré
@n thé workability of éoncrete. To maintain charity with:
regards to indicating tﬁe infiqence of the steel fibers on
the Qbrkability'of concrete, only the most apprepriate test
i; referred to when discussing the results. ‘ 7

| Much 6f the emphasis in the workability study was
'placed on the response of the cqngxeﬁe flow to changes in
.fiber length and fiber concentratioﬁ. ‘The results of changes
-in these éarameéérs are showﬁ in Figures 4.3 and 4.4. It
is aéparent from the figures that the shorter fiber mixe§
(i.e. 1.27 cm) had greater workability due to less fiber-
fiber and fiber-matrix interactions. Thi§ would also suggest
increased degrees of freédom for the fibers to rotate and.
translate. Therefore the spacing eqguations discussed in
Chapter 3 should also incorporate the length of the fiber’
as suggested by Swamy, Mangat’and Rao [1973]. The reduction
in fiber-fiber interaction for the short figérs was also |
noticed when handling thé.fibérs before adding them to the

mix. " Unlike longer fibers, the shorter fibers did not

cluster when removed from the shipping boxes.
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All tests showed that increases in fiber conhcentra-

.

=, tiort resulted in décreased'wquability.’ The influence of

ﬁheﬂgiﬁer concentration also increased with “decreased water—
cement ratio. It is suspecfed that this trénd was largely -
-éue to thé abéence of'sufficientfreé paste required for the
éﬁncrete to flow. For a water—cemept ratio of .39, only
_lTZS% fibers by Qoiume copld be achieved g;fére the mixer
was stopped through lack of power. The_influence of fiber
concentration at q;ffqren; water-pemént ratios is showh in -
Figure 4.6. No definite reiatiohship was obtained between

the workability of concrete apnd fiber'coﬁéentration for the

slump and vebe tests.

4.6.3 INFLUENCE OF PASTE VOLUME

The remaining discussion nefleéts the influence of
paste volume ané the effect of-various workability agmixtures
on the flow of steel fiber concfete. For a steei‘fiber con-
" crete mix at conétant fibér volume, the f%ee paste available
for flow can be altered in thé following wafgz

1. changing the_water-cemenf ratié;

2. changing the aggregatejfeméﬁt rétioi and

3. -varying the gradation of the aggregates.

The propbrtiohiné of concrete mixes ié dependent on |

‘the workability of the fresh concrete, required properties
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::t consrderatlons, the*amount of cement requrred should be

. —‘ J. o

Y mlnimlzed wrthout sacr1f1c1ng concrete qualrty. Srnce the. PN

-*h-_. - .::.’ - ~ S
- - ,guallty depends_prlmarlly on the water-cement ratro, the

- -

~ water content should also be mlnrmlzed wrthout consrderable

A .i -

-t

—

< o loss 1n workabzllty. " The influence of the water—content on

the WOrkabllrty of concrete is shown in Frgure 4 7. - .

ﬁ, The -test results 1nd1cated that for a flber concen-

- -

- s . tratlon of l 35% by volume, lrttle-change -in- workabllrty-oﬁ

o : the low flow concrete occurrea between water—cement ratros"

-,. = ~ . M

- -.. gQ 'wof .41 and J46. The small change rn workabrlaty conflrmed I

the rmportance of the f;ber rnfluence on the flow charac— - .o

- - - 2

. :}«- terlstlcs of concrete. The results suggested that the con-

\ -t -

y 3“ crete quallty coula be lncreased w1thout a great loss in

. . - . -

= Wbrkabllltz. However, the tests also-rndrcated that for .

-~ - o

. - ftlwater-cement ratlos less than ,41 a rapid decrease in work-

- - €

- o T

. ablllty resulted as measured by the*vebe test. | Thls rapid

I f? decrease would suggest that the mlnlmum paste requlrement
- 7 -f:_”_' to cover the ilbers and aggregate was: belng reachea 1eav1ng .
;_e very llttle Eree paste for flow. IR S -
-L?- - ;;:?i{; 'iv "Studres‘lnvolw;ng the sensatrvrty of the workability
. .{fi;! of steel faber concrete to changes in aggregate-cement ratlo

- A Ta

s %nd aggregate gradatlon are shown in Frgures 4. 8 and 4.9.

. T :' respectively., The rnfluence of the flbers ‘on the workabrllty

. -
LR T :,_‘-.1'- ’ . -

Tem T L -of concrete agazn appeared to’ be very rmportant. The fiber L

- . -~ .- < - . n . - -

4
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.'FIGURE 4.8 Effect of Aggregate—.cement Ratio_on’ wOrkabz.l:.ty
o.f Fa.ber Concrete

4

1Y

- whdn

FIGURE 13».9 Effect of Gradatior- on ‘a'orkaba.llty of Fger

VEBE VIME / sec,

busgare) ) O“l .

" Concrete

Piain Concrete ——
J0.8% Fiber qu_nculc
l,']
30=—t— I -—150‘-‘
/
. 4
20=t— . é‘/ ——100
S )
/
¥4
: Vabe *
. "f //
- ‘ #—wﬁ
— 5. Yabe
Ty - T'-"G-— o
Qe - 20 X w2
COARSE /FINE .

SLUMP 7 mm

S e Ly




vt

l_fworkablllty was observed when the. flnes in the fiber mix

L]
LRI I o

mix responded more qulckly to—an rncrease 1n.aggregate con—'”:'

ences of the fzbers decreased wlth a- further 1ncrease 1n

- and m;nus 5 percent from the Stelco mix. No change in’ _-.f‘-:r'

[
1
e
1
1,

..
-

v
-~
= . - - e - . . - -
- . - L. .« 1_. -

tent _than dld the plaxn concrete m;x ' However; the 1n£lu— lﬁ

j- -

’aggregate—cement#:.o. R L : o
) " To study the influence of the~gradatlon on the flber

concrete mlx, the proportlon of frnes was altered by plus ; .2:

Z,were altered however a substantlal lncreasefln workablllty

. was observ wi ecreased flnes in the plaln concrete mlx.

‘" This behav1our 1s shown clearly in Flgure 4. 9.

At hlgher flber concentratlons; the 1nfluence of'
the flbers to ‘a large degree superceded any of the.other
,constltuent changes (W/C, A/C, gradatlon) which would. suggest
that the optimization of a mix lies in'economlc, harshness '
of concrete and strength consrderatlons. The important in-

fluence of workablllty admlxtures is discussed in the follow—‘

ing section. .

4.6.4  INFLUENCE OF WORKABILITY ADMIXTURES

L _J
Two éroups of admixtures. were used- normal plas—

t1c1zers and superplastrcrzers. Both groug; of admlxtures
are workablllty agents and allowed a reductlon in water
content,_however,:they are chemlcally drst;nct from one

another. - The results :0f the admlxture study are_shown_lnj
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| Figifes -4.10(a), (bl,(c) and (d). The figires clearly show,
. that the superplasticizers imparted greater workability'gbﬁ :

_‘tﬁeafiber concrete mix than did. the normal plasticizers.

}At the lower dosages, the supeiplasticizer mixes, )

' particularly the Melment L-10, handled better than the con—-"

. crete mikes_cbntd&ning the hormél plasticizers at full

dosage even though the workabilities were-similar. Thé - .

L4 -
superplasticized concrete- showed signs of bleeding at full
) dosage just after castiﬁg of specimens,- yet theywsef'fastef )
o . . - . . . . .. .
-y - . . . . - A - -~ - -
- . than the concrete using the normal plasticizers. - Plain : ‘—w=

concrete mixes were not tested and therefore -the full in-

fluence of the fibers on the workability of.concre;e'ﬁsing .o

different admixtures was not covered. However it is suspected
"that the fibers still influenced the workabiiity-of ﬁhé‘\g

admixture fiber concrete, but the degree is not known.

4.6.5 RELATIONSHIP BETWEEN WORKABILiTY "AND FLEXURAL
' | STRENGTHS |
. It was mentioned previoﬁsly that the observation of
fractured surfaces of the failed specimens showeﬁ an in-
creased number of flaws and non-uniformity of'fiber‘distri—
bution with increased fiber length or concentration. While
“the {nfluencelof impr;;er seating and variable-geometrf

have some affect on the strength of the specimens, the flaws

and fiber distribution appear to be the prime factors
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influencing'Ehe'conéreté's strength. It was indieated i L
'Chapteé 3 that the actual stienéth inc:eaee or decrease.
with an increase in fiber content or length is.dependentf; T
on the predomdnant factor 1nfluenc1ng the-strength- i.e.
the fibers which increase strength or the flaws and non-
‘uniform fiber distribution which decreese the strengthz.-
The neéative factors afe dependent on the workability of
the combosite which in turn is influenced by the.inciusion
of fibers. Therefore.an optimum f£iber mix is controlled by
both the desired strength increase and necessary yorkability.
of the-compesite. |

In order that the strength propert;es can be pre-
dlcted with a hlgher degree of confmdence, the quallty of -
the fiber concrete composite must remain uniform. To main-
taie-the desired quaiity: the fibers must be uniformly
distributed and randomly orientated. 'To achieve this, a
more workable mix ie required so that the constituents can
flow freely without ex®essive interparticle interferences
which is inherent in fiber concrete. It is believed that

with the use of superplasticizers, a more dependable steel

fiber concrete mix can be obtained.

~

~4.7. ' SUMMARY

Increases in fiber length or fiber concentration

had a marked influence on the workability of concrete. The
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?iber influences at higher fiber concentrations appearéd 
to supércede the influepce'of the Small;changes in_the oﬁhér
parametefs to a'largé.degree; Only the superplasticizgrg
showed a‘lérge.impfovement in the:workability of steel fiber
_concrete. The workability of fresh concrete is very im;

- -

portént in establishing a higﬁ quality concrete since the

-

ability to achieve a uniform composite is related to ‘the

capability of the mix to flow into place without excessive .

-
interparticle interference.

Y

’
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CHAPTER 5

CONCLUSIONS |

" Research on ;teel fiber reinforced codncrete has
.shbwn_that although the composite has great éotentiéljhs a
bsuperior pavement material, the actual'improvemeﬂt iﬂ pavé—

" ment performance is very much depéndent on the workaﬁility

of the fiber concrete. The ;ack.of workability due to the

ﬁresenée of fibers affects the uniformity of fiber diéﬁribu-_
tion, random fiber orientation and compaction, which in turn
inflpepce the mecha;ical properfiéslof the COmposite. There-
fore, thé influence of fiber lquth and concentration on the
workability and mechanical properﬁies of steei fiber rein-
forced concrete was considered in detail. In addi?iOn, fiBer
ﬁull—out tests were completed in order to determiné optimum

fiber lengths. g

The develcpment of sufficieﬁt bond-strength\is of
prime importance to the reinforcing ability of the éiber.

To fully utilize the fiber's tensile strength, a minimum
fiber development length is réquired which was shown to lie
between 1.27 and 1.91 cm using'a direct pull-out test. The
predicted critical fiber length was shown to be 1.8 cmr which

lies in the range of the experimental optimum length. Under

actual loading conditions encountered in practice, longer

140
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f;ber lengths are requ;red due to the random fiber dlstra— -
bution and reduced efficiency of flber gnoups. The dlrect
pul]‘-out tests J.nd:r.cated that an’ opt:unum paste requ:.rement
. qppears to exlst. Although suff;c;ent paste is. requlred to .
“coat the-fzbers, too much pqgte can reduqe the flber;mﬁtrlx -
1 bond strengtﬁZ The fiber—mﬁtrix ponq strength was aiso shown

to be dependent on curing method and actualjfibers used for -

-

pull-out testlng. . . e
Plaln fibers at low flber concentratxons were fbundl
:to have a limited influence on the_static flexural strengtn‘
"of concrete; an'increase of only¥3 percent as fiber volume
increased from 0 to 1.35 percent fér short fibers (l1<27 cm), ~
and an increase of 16 percent atia fiber volume of 0.9 pef-
cent for long fibers (2.54 cm). The highe; strength of the
concrete specimens incorporating the long fiber was attributed
to superior bond development at’the fiber-matrix interface.ﬁ
Visual inspection of the fractured surfaces of these speci-
mens indicated non-uniform f£iber distributions ;?d flaw
‘generation due to the decreased workability of the fresh
concrete. These factors are expected t%\decrease the poten-
_ tial strength increase with the incorporation of fibers.
additional factors observed due to the fiber incorporation
e inclpde: )

1. Although the mode of failure became more ductile

with increa fiber content, the first crack and

' 5
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-
ultimateé strengths were not distinct from one
. another, leaving litgle post-crack strength.
2. PFor the concrete incorporating the short £iber,

A

the Ilexural strength increase_wasfhpﬁ monotonic

with increasing fiber content.iﬁitially the
flexural strength décreased before increasing.
3. The elastic modulus was not'inflﬁeﬂced by the
addition of fibers, however, the modulus did
‘increase with precyclic loading.
fhe specimens incorporating the short- fibexr showed
" an incfeage in fatigue flexural strength with an increase in
‘fiber concentration, whereas the specimens with the long
fibers showed a strength decrease. At a stress ratio of 75
percent of first crack strength, the short fibers increased
the fatigue endurance from 90,000 to 400,000 cycles while
the loﬁg fibers decreased the fatigue endurance to 40,000
cycles as the fiber volume increased from ¢ to 1.35 percent.
The poor performance of the specimens incorporating the long
fiber is attributed to the susceptability of the fatigue
strength to the increased non-uniformity of fiber distribution

. ' and flaw generation discussed previousl es in

" fatigue strength using the short fiber indicated si

improvement only at the lower stress ratio (i.e. at percent);

at the 90 percent stress level the fatigue strength was actually

slightly less than dbtained with plain concrete. Due to the’

/-;\\_—_ .
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limited amount of data developed no fatigue‘design criteria

were established in the study. -

additional tests completed on compressive, split

cylinder and impact resistance specimens indicated:

1.

The compressive strength was influenced more
by the_water—-cement ratio than increases in fiber
length or concentration; a’ decrease in water-

cement ratio from 0.46 to 0.39 increased the

. compressive strength by 50 percent. The short

fibers showed no improvement with increased
fiber content, while the long fibers increased
the compressive strength by 17 percent as the

fiber volume increased from 0 to 1.35 percent.

. The split cyiinder strength increased with an

increase in fiber concentration; an increase of
33 and 45 percent using short and long fiber
reinforcement, respectively, as the fiber volume
increased ?rom 0 to 1.35 pe?cent. The specimens
with short fibers showed a maximum strength in-
crease of 42% at a fiBer volume of 0.5 pefcent
which then decreased with further fiber addition.
The specimens incorporating the long fiber showed

monotonic strength increase with increased fiber

- content. The post-cracking lcad increased as

fiber content' and length increased.
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3. Thée impact resistance strength increased with -

increasedjfiber concentration, increaged curiﬁg
time :and decreased water—cement ratio; incféases
) iq'ulpipate strength were g£eater than increases
.in first c;ack strength. 'Too'ﬁew tests were
coméleted to relate the stréngth increase to
therchénges.in variab1e§;

4. The actual strength increase or decrease of

sped%mens depended on whether or not the
strength increase dUe‘;o the fiber reinforcement
was_greater'than the increased flaw genergtion
6r non-uniformity of fiber distribution which
decrease concrete performance.

In measuring the workability of fibef concrete, the
vebe test appeared to be a better workability indicator than
the slump test except at higher workabilitiés. However, work-
ability results using a mortar flow table indicated that a
concrete flow table would perhaps be better than either vebe
and slump tests due to the high sensitivity of the flow table
in the complete range of workabilities encountered:. with fiber
concrete. The workability results indicated that the influ-
ence of fiber length and concentration on the flow of fresh

concrete was greater than the influence of small changes in



" fiber interaction with the a

T € - S

3.

 in ‘matrix deszgn or concentratzon of normal wopkablllty

<

admixtures. This lack of workablllty was attrlbuted to a

decrease in free paste availa

ity and an incregse in
i £ fibers. SThe only

significant lmprovement 1n roxrkabi

factor was with the use ofssuperp sticizers. The test

results on workability 1nd1cated.

ity outside the fiber

1. An increase in fiber length or concentration’

‘decreased the workability .of ;he-conqieee-
significantly. At a“wate:—cement ratio of 0
and a fiber volume of 1.35.percent, an‘i;cre
in fiber lenéth (1.27 to 2:54 cm) increased
the vebe time from 3.5 to 14 sec; i.e. a de-
crease in eiump from 35 to-10 mm. An increa

in fiber volume from 0 to 1.35 percent decre

.46

ase

se

ased

- the slump from 120 to 35 mm using the 1.27 cm

fiber. )

-

2. A small increase in paste -quality (i.e. decr

' aggregate concentration or coarser gradation) in-—,

creased the workability o€ plain concrete bu
had limited influence on the workability of
concrete at a fiber volume of 0.9 percent.

//”' decrease in the water-cement ratic below 0.4

eased

t
fiber
A

1

résulted in a significant decrease in workability

-

. of all concrete._ Between water-cement ratio

s of
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e Aabllmty pnfortupately also decreases the volumetrlc stabi

?'5: i 'ﬁvolume; .e. the lnfluence “of the flbers was

‘Séfgreater'than the influence of the-water-cement

.
~ M - 5
- - > A -

- ;e
. .t -

rmuoL“f .- : - . .
ﬂ. ?% . é.- chadges in concentratlon of the normal‘workabrilty
-}?:‘;E‘ 'ﬂ_ admlxtures had very little: influence on the work-
T 'E‘:' - ablllty ef flber concrete. However, superplas-—

B t1c12ers gave a s;énlflcant increase in work- |
‘-\.

L

It is aégareﬁtifrem this stddy that the workability
of concrete also crxtlcally lnfluences the composite's .
methanical propertles. By 1ncreasxng the strength through‘
the additios'of fibers, the workablllty of the composite
decreases, and the potentlal strength. increase of the com-

Jposite due~to- the fiber addltlon may not be obtalned. An

increase in paste quantlty which would 1ncrease the work-

lity of the concrete and the bond strength as indicated by

the pull-out tests. Therefére, other factors must be con-
SLdered to desxgn an optlmum fiber mix lnterms of the con-

crete's workability and medhan;cal properties. From the

“test results of thls study 1t would appear that the use of

Superplast1c12ers and short flbers with mechanical anchorages

px &

.
!
‘
L3

T ".“" '} —::.-. T )
L : 0 41 andwo 46, thé 1n£1uence of the change in
S ;_ paste quantlty decreased wrth lncreased flber -

- R . abirxty;}at maximum allowable concentratlon, a
: . 170 mm slump was-obt&inéd; - s -
. : 7ot . L8

A
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“of some type(whach received 11tt1e attent;on in thxs study)
should be rnvestlgated. Short frbers wrth mechan;cal an-
i_chorages would decreasathe lnfluence of frber geometxry on -.' .
workablllty and would allow” the bulld-up of adequate bond ~E
strength over the short bond development length.'

Based on thls study, the ﬁollowrng toplcs appear
to requlre further study or extentlon T : R ’ -

L Although much work was done on. pull—out tests,
H further testlng 1s requ;red. A,more rlgld test-
: lng apparatus lS suggested srnce the compliance
of the tensometer used in thrs study appeared
to have a‘s;gnlflcantfunfluence?on the pull-
out results.' - .
2. The concrete flow table appears to show promise

for the testlng of flber concrete workablllty.

The actual senSitivity of this test uath respect-

to the slump and vebe tests requires study. T\\\\\
In studying the ﬁorkability of fiber concrete,

_the use of superplasticizers and short fibers - . -
with:positive anchorages (either at the end or

.along the .fibex) should be investigated.

3.” The mechanical properties of fiber composites

. appear to improve with the addition of fihers._

Although the fatlgue results do 1nd1cate that

Ly 'some improvement in fatigue strength can be
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crete at stress 1evels used dnrlng desmgn. we to

4

“-' the d;fflcnlty in hhndl;ng pr;sn‘.dlnannta;nlng’

- uniferm gecmetry;-the use of.doubie break,przsms
is not recommended. 1The—un1form1ty of flber

distribution is not necessarlly malggalned us;ng

these 1ong speczmens., g._ N ;l,
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4: - When the questlon of the cons;stent fatlgue .

resxstance of flber vers plaln concreﬁe is

resolved, if ever, the full economips fpr typicall

.. pavements should be carried out including ‘any

- &, N
extra mixihg and placemen osts. . o
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© APPENDIX 1

~

. POLL-OUT TESTS ON STEEL FIBERS IN MORTARS
(Emery, 1977)

(Developed by W.Scott for the Construction Materials Laboratory).

The prime objective of the pull-out test procedure
de#eloped by W. Scott along the lines suggested by Hughes
and Fattuhi (1975), is to determine the optimum steel fiber
length - the maximum length for which the flbers just pull
out of the matrlx (bond fallure) without tensile fallure
of the fibers. Thi§ test is comparative and involves the
following general steps:

r-a. casting'fibers cut ﬁo a pre—-determined embedment
length into a pPlaster plug with the fibers
stiéking out by the desired embedment length
on either side of the plug. While a 3 x 3 grid
was ‘generally used, up to 81 fibers and many

a , " " spacings are possible.

| . b. ;sing molds, cast the plug with fibers into the
mortar matrix so that a beam with the fibers -
in the central zone, and oriented alon§ the - >
axis, is formed.

c. ‘after curing the mortar beam for 7 days, pulling

. the beam in tension untll failure in the fiber

zong.occurs (pull-out and/or tensile failure of
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fibersy. The failure load and type of failure
for each ﬁiber is observed. 7
For tests reported here, long fibers from Stelco's
new cut sheet fiﬁer plant were uséd. While tensile strengﬁh
tests in&icatgd 276.MN/m2 (40,000 psi) for the figers, the
production was based on cold-ﬁ9fked steel with a tensile
stréhgth of 380 Mﬁ/m2 (55,000 psi).” The lower tensile
strength measured is probably related.to stress raisers, and
based on 380 MN/m2 {55,000 psi) the tensile load for each
2

rectangular fiber of average area 1.17 mm~ (.000182 inz) is

about 445 N (100 lbs). However, ig has been found that there
is a significant Qa;iation ln load from fiber to fiber. This
ig reflected in the pull-out test results shown in Table Al.i.
From these pull-out tests it would appear that:fa
fiber length of 1.27cm (%") to 2.54 cm (1"), whigch is some-
what shorter than current practice, is optimum in terms of
bond strength (embedment length of .64 cm (%") to 1.27 cm (%").
While the variability in testlng is recognlzed Lt is c¢lear
that 1n the 1.27 cm (%") to 2.54 cm (1") fiber length bond
failure controlled and beyond this tensile failure controlled.
To better utilize bond strength, a higher tensile strength
and more uniform fiberg would be required. However, longer
fibers do lead to workability problems and Stelco have adopted

a 1.27 cm (%") fiber length for current minus .95 cm (3/8")

and 1 91 (3/4") aggregate mix deésign-trials wlth most promising

-
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TABLE Al.1
B " PULL-OUT TEST RESULTS BY SCOTT

‘ 3 x 3 MATRIX |
FIBER LENGTH FOR MIXES IS.2 x EMBEDMENT LENGTE

Embedment ~ Failure Average Type of Failure

Load Failure Bond Tensile
(N) - Load (N) (%) (%)
0.64 157* 405 100 -0
) 405 : 100 0
) B 489 89 1T
356 ) ‘ 89 - 11
1.27 245* 423 100 0
[// 409 o 100 _ 0
467 67 33

1.91 540 540 67 33, -
- 600 67 33
2.54 __"_439 554 22 78
600 _ 22 78
3.81 " 445 409 0 100
. 365 - 0 100
5.08 428 . 428 0 100
428 0 100
6.35 405 405 -0 100
209% : 0 100

*Not included
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results.  The use of shorter fibers is motivated by the
interacting aspects of improved workability, increased crack
control and economics for a -given fiber volume in the mix. -
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. S - APPENDIX 2 ..
~ . " PULL-OUT TEST, RESULTS

Embedment Number of-:. . Failure

Length (cm) Fibers Pulled - Load (N)
- - il

e K]
-

137.95 -
253.65
89.00
178.00
213.60

- 338.20

!

o

L]

o

>
V10 00~ Qo

84.55
. 258.10

- 186.90 o
_ 133.50
: 120.15
; 200.25

W
o
\
o
[ ]
o4
o
@0 W wWnw
L]

267.00
284.80

. 289.25-
275.90

N 253.65
111.25

- T . 43" 0.64 .

333.75
298.15
» 315.85
- 267.00
302.60
356.00

226.95
222.50
200.25

: 280.35

‘. 324.85

. 338,20 -

431.65

. 324.85
P 231.40

; =~ 307.05
L " 298.15
L, * 400.50

7A . . 0.95

wuoaaNu ] yuQuoo | eunvuw | cwdanw?




APPENDIX 2- (Cont'd)

i3

" Group

"Embedment
Length (cm)

" Number of
Fibers Pullied

Fa.‘ilure
Load “(N)

8a

0.95

- 404.95
160.20
351.55
351.55
307.05
342.65

311.50

280.35 -

338.20
62.30
213.60
200.25

1lla

302.60
445.45
351.55
226.95

12Aa

253.65
320.40
311.50

- 453.90

418.30

" 378.25

13a

213.60
418.30
298.15
427:20
431.65
342.65

14a

1.27

oo | THONIW® NOW NN woun oow\o-hqw‘ AL 0~ WO~

373.80

"396.05 *

356.00
333.75
- 320.40
356,00
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1oad (N)

LT R, R i P 8. o~ 213.60
: - =~ L - 7 - -., 57.85
A 2B1 - 0.64. . -8 ~ 209.15

" <. S . 3-SR - 289.25
SRR - ——l N v - . . g8 - 142.40.
: I;' oL * . 6 - Il 284.80
) T T TS . 6 . 360.45
I SO _ ] g .~ 440.55
S S 1B2 .} 0.63 - . & - . 351.55
: : RIS - T "6, S ~396.68
: 3 - : 8 : 382.70
e R e L -9 ‘ 320.40

{0 00

284.80

o, CoL . i 244.75
. - © 0.64 - - . 298.15
Ot - . LT 3150 95
S R ) . - ¢ - - 392.60
wT .- . . . 7, 231.40
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L)
]
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Group ”

. Embedment

_ " Number of
Length {(cm)  Fibers Pulled

Failure .
Ioad (M)

0.64

231.40
240.30
226.95

33.45

- 249.20

178.00
280.35
351.55
191.35

-

2E

0.95

329.30 .

280:.35
445.00

'347.10
-307.05

-

4

97.90 .

3E

195.80
289.25
280.35
244.75
289.25
280.35

g

NG

4E

480.60
409.40
511:75

'489.50

560.70
614.10

685.30

582.95

.5E

511.75
311.50
400.50

6E
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-
333.75 -

422.75
356..00
534.00
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- A, B e — _ : -
'Mé:':cnaizp :-Embedment - “Number of- Failure
iLength (cm) ~- Fibers Pulled __\“I.oad (N) .
TG e . 72 . 378.25 ‘
- E 2.5 S s - . 436.10
i .. : 9 - 333.75
8E -2.86 .- 9. 333.75 °
- i .9 418.31 R
I - Almost all fibers broke prematurely )
-due to rusting” . _
Gl 0.64 . 9x6 66.75 ]
Barnes 40 ‘ -
~ T G2 - 9 89.00 )
. . ASTM 0.64 9 115.75  __
C109 . 9. 83.00 S .
G3 : 9 115.75 - -
S/C = 1.8 - 0.64 9 § 66.75
. 9 124.60
- G4 . 9 89. 00
S/C = 2.2 0.64 9° . 80.10
- : 8 253.65 : :
G5 )
> 9 120.15
W/C = 0.5 0.64 5 T3 40
' - 9 . 53.41
9 ;7‘=;i.13
. : 9 93.45
B ‘ 9 131.01
S/C = 1.33 0.95 9 205.19
o 9 182.94
[ }
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APPENDIX '2 (Comt'd)

ah

Nimbér of-
’Hhasmukﬂ

Eﬂbn%
“Load (N)

356.00
364.90
369.35
315.95
320.40
409.40
311.56
302.60
209.15

»

391.60

431.65
471.70

. 413.85

431.65

449.91 .
-445.50

441.41
~&

350.97-
398.67

324.85
436.00

378.25
409.75
422.75

ouvneo|lovu|ow|or|oRN|DWHNA R ENNR T FC T RS

400.50

-267.00

298.15

All fibers broke prematurely due
to rusting

all flbers broke prematurely due

to rustlng

corro sion.s

*Not all specimen strengths are thown due *to high. degree of
only averages are indicated.

ey o
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ApPENDIX 3 O
g DETATLS CONCERNING THE LOAD-DEFLECTION BEHAVIOUR
L . ' OF THE PULL~OUT TESTS

A3.1 LOAD;DEFLECTION GRAPHS ' ' o

The loadfdeflectioﬁ graphs recorded with-the tenso-.

. meter give the loads realistically over the full deforﬁatipn

range, but the defléctions ‘ecorded reflect both thé com—
pliance of the tenggmeter an rspecimbn deformation. Onl}

a very 'small portion of the;total deflection up to pull-out
load ié.due,Eo specimeﬁ deformation as shown in Figure a3.l.
Thegefore, thé, apparent linear increase in deformation due
to iOad reflects the elastic behaviour of the apparatus
which "overshi®dows” the specimen behaviour which is not .
neééssarily‘elastic. This'élastiC‘behgviour is also present
durlng unloading and reloadlng of specimens in the frlctlonal

stress transfer region of the 1oad—deflectlon curve. This

linearity is helpfpl when studying the behav;our of thei .

frictional "‘stress build-up during pull-ocut load.

In Figure A3.1 it is shown that the frictional

' stress transfer was not monotenic, i.e., the frictional load.

increased and decreased alternately. This trend was observed
for several specimens while the others gavé a smooth load-
deformation curve. This would-inéicate that a possible

wedging of the fibers 6c¢urred'due_to the accumulation of

. 167
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_ particles adjacent to the-fibers such that the frictional

load is build-up to a maximum and then qﬁdckly reieased\

A

when the current frictional maximum has been overcome. At
‘ each ‘ge as the ‘energy is released, the :Lnterface appears
to undergo a change such that the same frlctlonal level
can no longer be obtained. . - -
In speczmens where unequal embedment lengths occurred

_1t appeared that the frlctlonal shéar stréss transfer was ;
qgreater than}the bond shear stress at failure. This value
for frictionai stress transfer is an apparent ;alue and 5oes .
not reflect the actualt average stress a fiber-matrix~ N 4
interface. This trend also appeared when fibers were pulllng
through the hydrostone whére additional frictional force was,

deﬁeloped at the flber-hydrostone lnterface durlﬁg pulling.

Tke shaded area in Figure A3.2 lllustrates the‘
additional absorbed .energy due_ to the flbers of unequal
length. The peak piall~out load at A reflects the pull-ocut
load whlch should have been obtalned if all flbers debonded
srmultaneously. Instead, the peak load ls reached at B.

The slope C~B is less than C-A -which reflects the decrease
in stiffness of the speciﬁen.unaer the te i&e stress field:
therefore indicating that some ‘fibers.debonded.  Thereafter,
when Epe.final‘;;;;§;~do'debondf a more ductile behaviou:f
is observed. This ductility is masked by the lack of Stlff—
ness of the tensometer, but is indicated by ‘the gradual

.decrease in pull-out load.

- -

- .
-
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- . The theoretlcal critical fiber length fdr an assumed

true rectangular fiber can be expressed as:’

. N . L (a3-1)
where.zc and étare the critical fiber length and minimum
lateral dimension respectively, and cfuﬁind T aré the ultimate
fiber and average bond shear strengths respecﬁivel&. The -
average bond shear stress is the parameter which is determined
by the fiber pull-out test. The sond strength is~found using

the followiné_formulab-

=2, Fo
3

(A3—2)' )

where Eo is the fiber pﬁll-oﬁt load, § is the fiber perimeterl
and & ié the fiber embedment‘length. It be should noted
that T is assumed to be a constant. Therefore, pull-out
load and embedment length are assumed to vary linearly for
an ideal test series. 'After debonding, Equation A-2 is no-
_ longér applicable andfﬁust be modified. To develbp'the :
~equation for determining the ‘frictional stress "transfer the
;. idealized load;deformatioﬁ curve repordéd by the téngometer- .

shown in Figure A3-=3 is used.
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) Daflection, u
FIGURE A3.3 Idealized Load-deflection Curve 2
g
3
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Load-deflection Curve for Sample Calculation
-of PFrictional Stress Transfer . }
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5
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@
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FIGURE A3.5 Shear-gtress versus Embedment Length Curve
Developed Using Load-deflection -Curve from Figure A3.4
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The deformatlon up to u, due to ‘the load lncrease

is almost entirely. due to the flexlblllty of the tensometer.

~ -

Fortunately, the-apparent 11near elastlc behav;our ls also

e astlc in the frictional transfer reglon as lndlcated by A

ASB in Flgure A3.3. To determ;ne frlctzonal stress after
bondlng, the remaining embedment 1ength is required.

Thls is found by taklng the initial embedment. length 1 and

subtractlng the deformation due -to fiber pull—out u - —gg—
u o

where —gg is the deformatlon due to the elastlc behav1our
- . ) o

;:of the tensometer. Therefore, the remaining embedment ‘length

“;;becomes\1°~- u + -—53. This length is substatuted

“and P ‘for P, in Equation A3-2 yvielding:

~

2

- P :
T = . -
£ . S[;lo— u + PBQE] . N

&

where Te is  the frlctlonal shear stress. The following
sections in this appendix 1nclude calculatlons for the bond
shear strength‘of Series B and a sample calculation for the

frictional shear stress distribution.

A.3.3 . CALCULATION OF BOND SHEAR STRENGTH .
. ]
Résults from Series B indicated that the critical

- fiber length ranged between 12.7 and 19.1 mm. :mo calculate

the theoretical optimum length,‘? must be determinea.:_This_

is doné35§wusing_3quation A3-2. P, S and 1 arefknowﬁ S

| ot a2 /§ o

s
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. simultaneously only when all fibers pull. For Series B,

this occurred when 1 was equal to 6.4 mm,” and P, was equal

to 320.4 agd 302.6"M,- S is éonstanf for the a fipers, i.e.

13.716 mm. Therefore, the average T is: 311.5/13.716(6.4)"n
= 3.55 N/im°. : : '

- .-

-

A.3.4 - SAMPLE CALCULATION FOR THE FRICTIONAL SHEAR® STRESS

-Eéqa£idns’A3#2 and A3-3 are used in the following -
compuéa%ionsrfor the frictional shear de#elopment related
" to the load-deflectioh cufve shown in Figure'AB!h; -Thel
calculétioﬁs.aie shown for -imperial units since the load-
deformation curvé.ébtained fﬁoﬁ thé.Tensometar was calibrated
fér incﬂés*and pound'fbrcg ugits. . v
Table A3.1 shows the values required toicalculate

the shear stress developmerit at each point indicated in ch\\

1
/

Figure A3-4. Point A réprgsépt; bond failure. . u/ﬁ\
. : The shear transfer vgréus embedﬁent length plot for

Figure A3.4 is given in ¥igure A3.5. Both Figures A3;4

and A3.5 are also shown"in;Secﬁion 2.7.5, however with

me;ricAﬁnits. Figures A3.6, A3.7 and A3.8 summarize various

random calculations for different curing thods. -
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In Figure 23.5, the curves appears to become constant.
It was indicated in Seqtion 2.7.5 that Pinchin and Tabor
[1978¢C] also noted similar behaviour. The following,qp%}}sis
shows that a constant frictional shear stress transfer is
a result of a linear vériation on the lbgd—deformation plot.

It is assumed that T¢ is ﬁ constant equal to §,
wheré with substitution in£6 BEguation A3-3:

1o - u‘
S8 - o
o

‘P = (A3-4)

" is obtained. Since lo' S, 8. u,

varies directly with u. The scatter in Figures A3-6, A3.7f'

and P are constant, P

and A3.8 is attributed .to inability to accurately measure

P and uw off thé load-deformation plots. However, the linear
behaviour of the load-deformation plots does reflect the
consténf frictional stress transfer near the end of complete
fiber pull-out. It should be noted that for the autoclaved
specimens the fiber—matrix‘stress transfer increased even g
after fibers started to pull. This suggests that the stress

transfer was frictional throughout and indicated the in-

fluence of curing on the stress transfer loads.
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-+ -APPENDIX 4

L STATIC AND FATIGUE FLEXURAL STRENGBES
. . - (80-90 DAY TESTS) ]

Percent of Static Flexural Nunber of Cycles

. Specimen .ot Crack Strength (RN) to. Failure-

= ' 41.0 - 457
90 45.2 716
. . »51.4 . 156
46.5 < - 1,458
Plain 85 56.2 - 720
Concrete . . 52.0 : 7.473
80 46.7 23,789
. 45.6 © '92,561
75 . 54.1 93,144
' 37.6 A 32,035
43.4 | 829

90 46.7 - 455 ,
" 49.5 . .- 2,544

' 51.8 49 -
1.27 cm Fiber .t

Volume - ' - 48.8 48,310
0.45% 85 38.4 2,057
- 50.2 8,891
‘ - 42.7 188,126
75 44.0 90,192
50.8 _ 51,299
41.2 1,352
90 44.6 156
44.0 . 15,155
56.2 24
1.27 cm Fiber 46.4 2,645
Volume - 85 38.7 55,157

0.90% _ 48.6 44,025

§ 48.8 158,675
75 . 40.3 317,791
' 44.6 185,682 .

.r -

1,
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* _ APPENDIX 4 (Cont'd) -

Percef of - "Static'Pléxurafz
First Crack . = 'Strength (KN)

Number qf/
- Cycles to
Failure

v . .
T - : 50.6 144
90 . : 46.7 . 8561
- 51.0 1,052
54.0 96
C1.27 em Fiber 51.8 X 1,076
Volume - 85 ' . ~45.3 ' 6,154
1.35% ‘ . 55.7 8,711
i - 48.5 /. 79,732
75 g . - 45.4 545,000
' 351.3 1,676
.o 55.2 9
90 - 62.3 . 109
68.0 _ 71
54.7 21
54.3 38,064
2.54 em 82.5 56.5 103
Fiber 56.3 10
Volume - 82.5 . 46
0.90%
. 50.6 640
75 43.2 31,666
51. 11,142
45 9,929
/I




." - i . . -
) 180
R - APPENDIX 5
| COMPRESSION TEST RESULTS (15.25 x 30.50 cm CYLINDERS)
U ST ‘ - ' . .
Tt s - . ,. ' Percent Tested at Tested at 28
$ecmen' w/c Fibers 7 Days (KN} Days (KN)
- © : L 889.6" 1,031.9
. Plain . .0.39 .0 867.4 1,056.4
- ~ 800.6 . 1,e10.6
L e 778.4 1,048.0
2.54 cm Fiber . 0.39. 0.45 805.1 - 1,034.2
: - : ~ 780.6 1,031.9
S © 925.2 1,154.7
- 2.54 cm Fiber 0.39 0.90 - 920.7" - 1,154.3
S . ~ : 974.1 1,127.6
) 983.0 ©1,125.3
2.54 cm Fiber 0.39  1.35 ~ 951.9 1,127.6
’ 969-7’ —
. 511.5 509.3
' 689.4 689. 4
Plain 0.46 0 582.7 733.9>
: ‘ 553.8 794.0
578.2 780.6
364.9 - 785.1
- 607.2 673.9
" 444.8 638.3
2.54 cm Fiber - 0.46 0.45 573.8 647.2
. 622.7 820.7
631.6 834.0
549.3 . 829.6
573.8 T 778.4 T
_ 720.6 765.1
2.54 cm Fiber 0.46 06.90 640.5 . 774.0
¢ : 685. 0 896.3
711.7 911.8

722.8 " 858.5



FUl18L S
- - APPEND IXS (COnt'd) ‘
R ... percent Tested at - - Tested at
Specimen T'_‘/_C  Fibers 7 Days (KN) 28 Days (KN) -

. - ©711.7 756.2"
S - . - 649.4 ©951.7
2.54ﬁcm Fiber- 0.46 1.35 627.2 » 796.2°
_—""f s ) 622.7 . 929-6

685. 0 . 911.8

- 669.4 854.0

s . 498, 2 . 627.2
Plain - 0.46 0 b 496.0 . 602.7

. _ 556.0 660.5

. 542.7 £58.3

1.27 cm Fiber 0.46 0.45 511.5 .- 647.2

: 556.0 667.2
549.3 665.0

1.27 cm Fiber 0.46 0.90 564.9 678.3

551.6 676.1

489.3 647.2

1.27 cm Fiber 0.46 1.35 507.1 640.5

. e 649.4

<




.. N ' : '_'18é
' APPENDIX 6

. ' SPLIT CYLINDER TEST RESULTS
.. § . (15.25 x 30.50 cm Cylinder)

Percent First Crack ° Ultimate Load

SP??Imen . Fibers - Load (KN) {KN)

‘- - n
. 182.4 ..
_ . 262.4 -
Plain 0 .. 255.8 :
' | _ - : 249.1
.. : . ,.-.282.5
e | ST 202.4

. : : P
= ) | 333.6 . - - l\
0:45  °  302.5

300.2

- : : 393.7
1.27 cm Fiber . 351.4
0.90 -373.6
300.2
295.8

LY

346.9

41" ) . . 302.5

L J . 344.7 .-
. 315.8
0.45 Wy - 255.8 "290.0
201.1 244.6

302.5 338.1
342.5
: 333.6

2.54 cm Fiber 0.90 . 309.1 " 400.3
322.5

273.6 369.2

286.9 403.6

373.6

~ 1.35 - 351.4 . 509.3
- - l -

AY _ . ~
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APPENDIX 7

IMPACT RESISTANCE RESULTS

~

Specimen Days Cylinder . Number of Blows ° Average

Details Curing Position First Ultimate First Ulti-
- \ : Crack ~ Crack mate
_ ' Top 87 89
. oo .2 .9 11 .
Plain . 30 3 25 27 34 36
W/C = 0.39 4 3 5
Bottom 45 49
. Top 93 101 i
2.54 cm . 2 37 - .57
Fiber 30 3 « 17 . 25 . 84 87
1.358 ¥ ' 4 42 45 :
W/C = 0.39 Bottom 231 255
Top 4 6
_ : 2 73 76
Plain 3. 47 49 39 41
W/C = 0.46 30 q 67 68 )
. Bottom 6 8
Top . 10 12
2 20 22 -
Plain - 30 3 20 23 24 27
W/C = 0.46 4 56 61 :
Bottom 15 16
Top 40 64 .
2.54 cm . 2 19 26
Fiber 30 3 14 30 ' 27 42
0.45% 4 . 14 30
W/C.= 0.46 Bottom 47 60
Top 64 65
2.54 cm 2 11l 13
Fiberx . 30 3 20 27 35 39
0.90% 4 11 15

W/C = 0.46 ' Bottom 68 73

7.
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APPENDIX 7 (Cont'd)

62

Specimen -Days Cylinder Number of Blows = Average
Details Curing -Position First Ultimate First Ulti-
[ ' . "Crack Crack mate
Top 10 25
2.54 . T2 29 43
Fiber 30 3 70 113 40 61
1.35% 4 44 59
W/C = 0.46 -Bottom 45 66
- Top 42 44
2 -.183 185 .
Plain 60 3 124 126 109 .11l
W/C = 0.46 4 108 111
Bottom 88 S0
Top 31 46°
2.54 cm | 2 175 188 :
Fiber 3 124 135 115 128
1.35% St 4 194 210 :
W/C = Pp.46 Bottom 49
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. S APPENDIX 8

MIX DESIGN FOR STRENGTH AND ‘WORKABILITY STUDIES

~

A.8.1 - STELCO MIX DESIGN . FOR 8mm (1/2") AGGREGATE

In this mix design, the fiber concentration is .9%
by weight, i.e. 7:49 Kg/m° (120 1b/yd>). 'The fiber mix is
‘given in Table A8.1. ‘ . -
TABLE a8.1

STELCO “%"" AGGREGATE FIBER MIX DESIGN

Coarse Aggregate 936.94 (Ké/mB) 1580 (lb/yd3}
Fine Aggregate 907.28 " 1530 "
Cement - 382.49 " 645 " \
Water - 177.90 " . 300 "
Fiber ' ' 71.16 " 120 "
Admixture

TOTAL 2475.78 " : 4175 "

If a .028 cubic meter (1 ft3) mix is desired, then the total
wweight required for\the mix is 70.13‘Kg (154.63 1lb). There-
fore, the constituert portions become: s

AN
936.94 _ . .
X —5295.78 ~ 25:54 Kg (58.39 '1b)

Coarse Aggregate = 7013

Fine Aggregate = 70.13 x 391225 = 25.70 Kg (56.54 1b)
.o 382.49 L .-
Cement = 70.13 x 322223 = 10.83 Kg (23.84 1b)
(,‘\ ' 185 k
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70.13 x =ita=30 ;

Water = 5 - = 5.04 Kg (11.09 1b) .
Steel Fiber = 70.13 X sye-yg = 2.02 Kg ( 4.43 1) ™
. R E -
Admixtqre = 400 ml1/100 Kg cement ‘ ]
= 10.83 x —400) ’ Lo

43.32 ml of Porzite L-70

For the mixes 5.? the current study, the fiber con.-‘
centrations weég 0;0.45,(L9 and 1.35 percent by volume. To
account for varlatlons in fiber content, the following
relat;onshlp was used: Let P be the pgrcentage of fibers

desired, then the weight of fibers regquired for the mix is, .

[4
) -

z‘gz x P (Kg) or iL%E x P (1lb)

For 1.35 percent fibers, 3.Q3 Kg (6.67 lb) of fiber is

requlred for a .028 m3 (1 ft } mix.

A.B8.2 SUGGESTED CONTROL MIX

In designing the control mixes, all variables are

held'constant, with exception of the fiber content. W, C

and A are the water, cement and aggregate contentgarespec-

tively. For the fiber concrete mix; W/C =0.46§ A/C = §.82.
The portions of each constituent for a cubic meter (yd31
mix is:

.. W+C+ A= 2475.78 Kg (4175 1b)

; _ ' ¥7

A



. 46C + C + 4.82 C = 2475.78

) : | C.= 394.23 Kg (665.0 1b)

e

W= 181.35 Kg_(305.9 1b)

-~

A = 1900.2 “Kg (3204.1 1b)

S
Fine Qggiqgate (sand)
\

0.4919 (1900.2) 934.71 Kg  (1576.1 1lb)

Coarse Aggregate “(-%") 0.5081 '(1900.2) = 965.49 Kg (1628.0 1lb)

—__ // TABLE AS8.2 '
a SUGGESTED CONTROL MIX .
Coarse Aggregate 965.49 Kg | (1528.0 lb}
Fine Aggregate ’ 934.71 Kg (1578.i 1b)
Water 181.35 Kg ( 305.9 1b)
Cement 394:23 Kg (-6?5.0 1b)
Admixture 400 ml/100 XKg cement (Porzite L~70)

¥

The desired quantities 'for a mix can be fougﬁ in

a similar manner as described for the fiber mix.

-~
-
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'APPENDIX -9

AG-GREGATE, GRADING CURVES FOR CONCRETE MIX DESIGN
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~ - the paste nor supply

'thelaggregates

APPENDIX 10 R

£ R
- . v

EXEMPLE DP‘CALCULAEIONS FOR ADJUS&ING 'BATCH

L

-

. hfIGHTS EFDOR MOISTURE IN*AGGREGATES- (Emery., 1977)
- .

.. It.has‘been EH6wn tHatfthe;qnalityfof”concrete;ie”

greatly-éePendent uéonlthe.gualitfkof the ghent ﬁaste which

o ol

ltself'dePends on the ratlo of water to, cement used, and

'.-
by

Generally speakang, a hlgher ratlo-

b '(

the extent of curlng.-

of- water‘to-cement ‘gives less streng@h than a lower ratio

- N .
.. ‘-

of water to cement. Durlng batchlng of concrete, lt is

- '_

de51rable to keep the water to cement ratlo constant as well

as other factors such as aggregate to'cement ratio and fine

R SCI “m -

aggregate to coarse. aggregate ratlo So that. constant concrete

,‘-- ,_-\...

.~strength development and desired. workablllty can be achieved.

g

The 1dea1 casebls to have_the aggregates ln the saturated

‘surface—dry (s.s d.) condltlon whlch is the percent mo;sture

at ghlch the aggregates w111 nelther draw mixing water from

ditAdnal mixing water to.the. paste.

However, there is ong’practical difficulty - in most cases
- . | . : LT .
in the field are not-ih the saturated. .sur-

face dry condltion, ‘either they are a llttle too dry or - too

wet.-Hence, the following example ‘is. provlded to lllustrate

water and other proportlons are
T - A

how the approprlate mixing

adjusted. -

—~

-
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Laboratory)

Aggregates are stored in sealed plastlc bags to
t ‘moisture conteny’ For the aggregates

is example, tests show that the saturated

surface dr coq?etlon for tﬁe 3/8' aggregate is 2 5% and
that for beach sand 1s 4%. 7

- -

.

. The 1ngred1ents~for«a 7.62 em (3™) slump mix in the

A

Elrlch R7 mixer for .028 cubic meter {1L cu ft) of concrete

.
-~ - [

- are found as’ fo;lows:' F ol ~— ;
) BATCH PRORORTIONS:AND WEIGHTS
B T w/c_= 0.55 - . aje = 5.28 * 0.28 cu meter =(1 cu ft)
(water to cement) ~ (aggregate to cement)

cement: =~ 10.50 Kg (23.1°1b) T .
. . water: 5.77 Kg (12.7 1lb) . '
) ‘ 5 - - 157.8 1bs ,ﬁe/’—“‘\\cer
. Sand: 26.55 Kg (58.4 1b) a

agéregateft 28.91 Kg {63.6 1K) ' ‘ ‘ -

71.73 Kg (157.8 1b) . .

Note: The weights of both sand and aggregate are such that

-~

- ~%§ey are in a saturated surface dry condition.
Now, moisture content-tests show the following for

the aggregates being used: ~moisture content of coarse

aggregate 3.3%; and moisture content of sand 5.0%.

- "‘



. The following table. is then constructed:

-~

Batch weights

. . (aggregates
Mate;lalg in s.s.d.
conditions)

Moisture con-
tent of

aggregates
perxcent above

-

cOrreétion,Adjusted

for °  batech
moisture in weights
‘aggregates Rg(1lb)

or belowﬁs.s.d_ Rg (1b)

Cement  10.50 (23.1)
' Water 5.77 (12.7)
Sand 26.55 (58.4)

Aggregate 28.€1 (63.6)

+2.0
-+1.0

‘-

—-0.82(-1.81)

+0.53 (+1.17) 27.08 (59.57)
+0.29(+0.54) 29.20 (64.24)

10.50 (23.1)
4.95 (10.89) -

2 _

l'. 26.55 x E‘a'— =
1 -

2. 28.9 x 100 =

.53 Kg (1.17 1b)

.29 Kg (0.64 1b)

One may argue that the extra sand and aggregate

that the amount added is very small.

water has practically no effect on the water to cement ratio

and can be neglected.

. Conclusions

The moisture content of aggregates is a prime factor

o

affecting concrete strength development. In no circumstances

added also have excess moisture content. But it can be seen

Hence this amount of

can this be neglected. Whenever new stocks of aggregates

arrive, tests for the saturated surface~dry moisture con-

dition for both coarse aggregates and fine aggregates as

-
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given in ASTM C70, C127 and Cl28 are completed. When aggre-
.Qates have moisture contents below the s.s.d. condition,

the same calculations apply, except that water'£S'added'
instead of reduced. Also, it is important that the aggré-
gates h‘_ave faifly uniform moisture contents, and are not

too different in moisture -content from the s.s.d. condition.

~,
LN



APPENDIX 11l

EXAMPLE FOR CHECKING PERCENTAGE OF EACHE MATERIAL IN MIX

WASHOUT TEST

Example (procedure followed in Construction Materials
T Laboratory) . '

A 4" cylinder of the Eirich g;z fiber concrete mix

was set aside while it was still moist. The Eement and very )
fine pérticles were then washed out and the remaining 3/8"
aggregate, sand and fiber left to dry. When this mixture
was dry, a magnet was used to lift out the fibers and the
fibers were then weighed.

From previous sieve anaiyses of the 3/8" aggregate

;ﬁd sand, it was known that almost all of the 3/8" aggregate
partiéles were retained on the No. 4 sieve size. It was

."also found that most of ‘the sand particles passed through ‘
the No. 4 sieve. Thus, the remaining mixture of 3/8" aggre-
gate and sand from the mix can be sepéra;ed on the No. 4
sieve. |

Material Weight :

3/8" aggregate (No. 4+) .1531 g .(3.37 1b)

sand (No. 44) 1027 g . (2.26 1b) .

fibre B © 253.4 g (0.56 1b)
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total weight

1

.3/8" aggregate
sand

fibre

cement + water

TOTAL

3

T an byadnder =

T . -_-'.l,v--" 3 - - P
s R AT
0.058 ££° . =
3

69.91 Kg/ft> x 0.058 £t

4.05 Kg (8.92 1b)’

1.531.

1.027
.253

1.24

4.05

kg
Kg
Kg
Kg

(3.37 1b) 37.7%

" (2.26 1b) 25.3%
(0.56 1b) 6.3% —a6% in |
design mix,

(2.73 1b) 30.6% compares '
. very well.-

In the current study, washout tests were made at

random. To account for possible losses of fiber while

adding it to the mix, additional fibers was added to the

mix (i.e. one percent of fiber added). The washout test
| A

results for the fiber portion were in agreement with the '\\

target concentration in almost all cases.

%
.
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/" TABLE al12.1

APPENDIX 12 - = .-

WORKABILITY STUDY (MIXES AND RESULTS)

WORKABILITY STUDY MIX DETAILS.

-~

~Fiber

"

T R Fiber Admixture
Series W/C a/c. C'/F Length Volume Admixture Dosage '
{in) (%) (% Maximum) -
I-1 . 1 0.45
2 0.41 4.82 1.033 1l " 0.90 Porzite 100
3 ' ' 1 1{;5 L-70 .
TI-1 % ok4s }
oz 0.41 4.82 1.033 X 080 Porzite 100
3 . ¥ 1.3 L-70 {
III-1 o 0.90 . - 33
- 2 0.41 4.82 1.033 3 0.90 Melment 56
3 x 0.90 . L-10 100
V-1 : ‘ % . 0.90 o 38
2 0.41 4.82 1.033 ) 0.90 Mulcoplast 63
3 : - b 0.90 CF 100
v-1 . * i 0.90 40
2 0.41 4.82 1.033, 3 0.90 Porzite 56
- % 0.90 L-77 - 100
vi-1 . .k 0.90 ‘ : 40
S22 0.41 4.82.1.033 3 0.90 Porzite 53
3 - X 0.90 . L-70". 100
VII-1 4.82" . 0
2 0.41 4.50 1.033 - 0 Porzite 100
3 5.00 0 L-70 :
VIII-1 0.41 4.82 1.139 - 0 - Porzite ' -
2 T .936 0 T L=70
Tx-1 0. g1 4-50 1.033 ¥ 0\90- Porzite _
“ =%+ 5.00 ~° ¥ ©0.90 L-70 :
x-1 1.139 ¥ ° 0.90 -Porzite | A
. 5 0.41 4.82 ~"gig- 5 L-70 -

0.90
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7 TABLE Al12.2- 1t
. WORKABILITY STUDY TEST RESULTS -~ -
. Slump . Flow Table - Vebe Time
Ser;.es‘_‘ (in) Slump " (in) ‘Spread (%) {sec)
I-1 ° 0.625 ' } - 6.75
2" 0.250" .. 15.50
3 0.125 | | - . 19.30
Ir-1  1.250 0.80 114 . 3.70
2 1,000 0.50 . 110 ' 6.80
3 - 0.500 0. 20 108 . 8.30
III-1  1.500- 0.50 108 . 4.00
2 3.000 1.00 118 _ 2.20
3 5.000 - - . 1.40
Iv-1  1.000 © 0.80 108 5.50
2 1.750 - : 116 . 4.00
3 7.000 - - 0.90
v-1  0.500 0.70 106 7.25
2 0.375 0.70 106 7.50
3 0.625 0.50 . , 105 6.00
VI-1  0.750 0.75 T o106 6.50
2 0.750 0.75 108 5.50
3 1.250 0.50 110 3.50
vII-1  1.750 1.125 116 2.50
2 2.250 - - 3.°00
3 0.750 - - 7.50
VIII-1  6.500 - - 0.90
2 0.750 -- - 4.50
‘IX-1  2.250 1.000 114 4.50
2  0.62% 0.350 © 107 . 7.50
X-1  0.750 0.875- 110 7.50
2 0.500 1.000 110 7.50






