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CHAPETR FOUR
EXPERIMENTAL RESULS AND DISCUSSIONS

4.1 General

The experimental program outlined in the preceding chapter was
directed to serve two purposes. The first purpose is to investigate the
mechanical properties of nesilica reactive powdeconcete (NSRPC)
including compressive strengthfsy, splitting tensile strength fgyy,
modulus of rupturefs and modulus of elasticityE . To achieve this
aim, control specimens were prepared from nine different mixes of
NSRPC and were testedthe age of 28 daysIn these mixes, three main
"material’ parameters were varipdamely, percentage of mesilica NS,
percentage of silicaume SF and percentage of steel fibefsRésults of
the control specimens tests and a comprehensive discussion of the effect
of each of these three material param&ebn the mechanical properties of
NSRPCare given in the first part of this chapter.

The second purpose of the experimental program is to investigate
the structural performance and shear capacity of sixteen simply supported
beams made from such new caater (referred to as NRF°C beams).
These beams wemategorizednto seven groups and were all designed to
fail in shear.In addition to the three mentioned material parameters,
NSRPC beams of the present investigation also had three more variable
"beami paameters. These are the longitudinal steel reinforcementjratio
shear spato effective depth ratio a/d and the presence of steel stirrups.
Results of theexperimental tests on these beams armmmprehensive
discussion of the effect of each individual "matérial
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and "bearh parameter on the shear performance mof tested group of
beams are given in the second part of this chapter.

For each tested beam, the diagonal crackosy, ultimate shear
capacity, cracking patterncrack width, node of failure strain variation

and load deflection behaviar are all poited out and discussed.

4.2 Effects of Material Parameters on the MechanicaProperties
of NSRPC
4.2.1 Effect of Nanailica (Group 1)

The variation of the perceaeof nanosilica (NS) in NRPC mixes
is found to have pronounced effects on the compresstength fsy,
splitting tensile strengthfs,; , modulus of rupturef; and modulus of
elasticity E4 of the hardened concreasshown inTable 41 andFigs. 4.1,
4.2, 43 and 4 respectively .Four different mixes of NSRPC are
considered, desigtedasMg 155 M1 1523 M2 1523 M3 15 ,containing NS=0%,
1%, 2% and 3% respectively, with constant percentagesilica fume
wasl5% andhat ofsteel fibersva2%.

Table 4.1 summarizebe effects of changing NSn the mechanical
properties of concte. Mix Mgs,is the reference mix with which the
results of the other three mixes are compared.

Table 41 reveals that when nanosilica content was increased from
zero to 1%, 2% and 3%, the respective percentage insréasthe
mechanical properties 8fSRPCwereas follows:

-Compressive Strengths; increasedby 15.3%, 26.7%and 31.3%
respectively.
-Splitting Tensile 8ength fs increased by 29.7%,41.3%ak%3%
respectively.
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Table 4.1: Effect of Nanoslica on the MechanicalProperties of NSRPC

Compressive | Splitting Tensile Modulus of Modulus of
Mix Strengthf' Srength {4 Ruptue § Elasticity E;

Designation (MPa) (MPa) (MPa) (GPa)

% % % %

Value | Increase Value | Increase Value | Increasg Value | Increase€

M0115,2

Reerence 120 . 19 47.81
mix

M115.2 138.3 51.04

M3 152 152 53.3

M35 157.6 54.21
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-Modulus of Rupturef;; increased by 35.8%, 45.8% as 50% respectively.
-Modulus of Electricity E increased by 6.8%1.5% and 13.4%
respectively.
It can be seen frorkigs. 41 to 44 that the increase in each individual
mechanical property with thgercentage increase in NS is Horear and
of the convex shapd&his means that higher percentagé NS can only
add little enhancement to the value of the specified mechanical property,
and an optimum percentage of NS was found to be 3%.
The ompressivestrength improvement due t@nosilicaincrease
in a mix can be attributed to asfiage mechanism which improves the
infrastructure and consequently increases mechanical properties of the
concrete. As a result of this mechanism the following are coadlud
1. Pozzolanic reactioi®”¥: A large amount of calcium hydroxide crystals
is produced during the ceméntater reaction (Egs.(1) and (2)). Crystals
of Ca(OH) are a hexagonal crystawhich exist in the transition area
between the aggregates and tlkeenent paste matrixndare harmful for
strength and durability of concrete.

Nanosilica, due to its high special surface, is so reactive and
produces €S-H condensed gel as a result of reaction with CagOH)
Therefore, in the pozzolanic reaction, cryst@aisCa(OH) decrease and
high-strength dense gel-&H , (which is a product of pozzolanic
reaction Eq. 3). Increases the density of transition regicea by filling

empty spaces and thus increases the strength.

2SiG;+3Ca(OH)Y 3 Ca O ,.H,EZiéd é . .(3)

To further explain the fast reactivity of nanosilica particles it can be said
that for nanosilica with unsaturated boride reaction process between
SiO, is as follows (Eqd,5 and6) [2:

6



Chapter Four Experimental Results and Discussions

Thus silica nangarticlesundergo quick reactions.

2. Nanofilling property ’?: C-S-H constitutes 70% of hydration product.
The average diameter of particles ofS& gel is around 10 nnf.
Nanoparticle, having filling ability property, fills the porosity iG6-S-H
gel and make a denser adhesive cement paste.

3. Acting as a nucleu§*’®: In the structure of the-S-H gel, nanoparticles
can act like nucleus forming an extremely strong bond wi® K gel
particl es. Thus, hydration products
properties and durability of the concrete are expected to improve.

4. Crystal making control”: If the amount of nanoparticles and their
spacing is suitable formation process of crystals like Caf@iH}he
transition area decreases and cement past®ix, thus, becomes
smoother and denser.

Theincrease ofsplitting tensile strength,; and modulus of rupture

f due to increase in nanosilican be attributed to the larger contact area

between fibers and mortar resulting in more friction and drgh

performance of the concrete

4.2.2. Effect of Silica Fume (Group 2)

Table 4.2 givessummary of the effects of varying SF on the
mechanical properties of concrelieindicatesthat increasing SF Bdesser
amount of enhancement in the mechanical ptaserof the hardened
NSRPC compared to thaif NS.

Three different mixes oNSRPC are considered, designated as
M3,5.2 Maz,102 @and M5, containing SF=5%, 10% and 15% respectively,

with constant percentages of neilica NS=3% and steel fibers32%.

6
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The mix M5, is selected as the reference mix with which the results of
the other two mixes are compared. In this way, proper assessments of the
enhancements in the mechanical propertfes (spr , fr and Eg) of the
hardened concrete caused by ugihigher percentagef silica fume in the
mix are obtained as shown ifable 42 andFigs. 45, 46, 47 and 48
respectively.

Table 42 shows that when silica fume content was increased from
5% to 10% and 15% the respective percentage increases inthamual
properties oNSRPC wereas follows:
-Compressive Strength; increasedby 5.8 and 12.1% respectively.
- Splitting Tensile Strength,: increased by 2.6% and 7.8% respectively.
-Modulus of Rupturef;; increased by 6.3% and 12.2% respaesiti.
-Modulus of ElasticityE increased by 2.6% and 5.4% respectively .

The amounts of increase in the values of the mechanical properties
due to increase in the percentage of SF are shown in Figta 48. It can
be seen from these figures tlsaich enhancemenare lesser than those

obtained by increasing NS.

The beneficial effect of SF in a mix, despite its minor impotence, can
be attributed to two reasons according to Silica Fume User's M&hual
1. Particle packing of micro filling as sta fume particles fill spaces
between cement grains.
2. Chemical contribution of silica fume as it reacts with Ca (OH)2 to form
additional binder material called calcium silicate hydrate, which is very

similar to the calicium silicate hydrate from Portlandheat hydration.




Chapter Four Experimental Results and Discussions

Table (4-2): Effect of SilicaFume of the MechanicalProperties of NSRPC

Compressive | Splitting Tensile Modulus of Modulus of

Mix strengthfs Srength {4 Rupture § elasticity Es
Designation (MPa) (MPa) (MPa) (GPa)

% % % %

Value | Increaseg Value |Increasg Value |Increase Value |Increase

Mss.2 140.6 - 23.2 - 25.4 - 51.42 -
Reference

M3 10,2 3 148.7 : 23.8 : : 92.77

M3 s, 157.6 25 : 54.21
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4.2.3 Effect of Steel Fibers (Group 3)

Increasing the percentage of steel fiberg (W NSRPC mixes has
resulted in profoun@nhancements in the mechanical propeftigsfspy; fi
and E;, of the hardened concrete as showmable 43 andFigs. 49, 410,
4.11 and 412 respectively.

Three different mixes dNSRPC are considered desigmated as M, s
M3,151 and M5, containing W=0%, 1% and 2% respectivelyith
constant percentages ofnosilica NS=3% and silica fume SF=15%. The
mixX Ms,150 IS Selected as the reference mix with which the results of the
other two mixes are compared.

Table 43 shows that when the percentage tdekfibers \; was
increasedrom 0% to 1% and 2%, the respegetpercentage increases in
the mechanical properties HSRPC wereas follows :

-Compressive Strengtf$; increased by 30.6% and 60.8% respectively.
-Splitting Tensile Strengthfsy,s increased by 145.2% and 242.5%
respectively.

- Modulus of Rupturef,; increased by 155.3% and 275% respectively.

- Modulus of ElasticityE¢ increased by 10.9% and 24.4% respectively.

The amounts of increase the values of the mechanical properties
due to increase in the percentage efaxe shown in Figs..4 to 412.
Figure 49 shows that increasing:\¢aused moderate increases in the
compressive strengti while according to Fig. 42 it only caused little
enhancement in the modulus of elasticity Ec. But Fig) 4nd 411 show
respectivelyvery significantincreases in the splitting tensile strengf

and modulus of rupturg caused by increasing.
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The increase in compressive strength does likely reflect the
contribution of steel fibers to the tensile capacityN&dRPC. An accepted
view is that concrete undemiaxial compressive load fails because of
lateral strain inducelly Poisson's rati effects leading to lateral swelling of
unconfined central section accompanied by cracking parallel to the loading
axis and shear failure near the specimen ends. In the nonfibrous NSRPC
specimes the compression failure occurred suddenly aindently like an
explosion with a high sound and the concrete was splintered. In contrast to
the nonfibrousNSRPC specimens, the presence of steel fiberbl8RPC
has directed the brittle failure mode of the nordis NSRPC specimens

towards a more ductile failure.

The considerable increases in the splitting tensile strefggtiand
modulusof rupturef; of NSRPCdue to increase inAare similar to those
obtained by other investigators like Aadht’®, Danh&? and Mahdi®
on RPC, who all found that using® V; can approximately doubleg
andf . This is due to the fact that fiteoridge tensile cracks and retard
their propagation, as well as transmit stress across a crack, @ameraot

crack growth.

The slight increases in the modulus of elastiE.s due to increase in
V; could be attributed to the fact that a higher load was found possible to
apply before the concrete matrix can crack. Only thereafter would steel
fibers start sharing the resistance of stress with the matrix by interfacial

bord between the steel fibers and the matrix.

72
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Table 4.3: Effect of SeelFibers of the MechanicalProperties of NSRPC

Compressive | Splitting Tensile Modulus of Modulus of

Mix Strengthfs Srength {4 Rupture # Elasticity Eg
Designation (MPa) (MPa) (MPa) (GPa)
% % % %

Increase Value | Increasg Value | Increase Value | Increase
M3 15,0 - 7.3 - 7.6 - 43.59 -
Referencenix
Ms 15,1 3 17.9 19.4 48.36
M3z 15,2 25 28.5 54.21
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4.2.4 Effect of the Dual Absenceof Nanoslica and Steel Fibers
(Group 7)
It is now clear that th two material parameters, nailiwa and steel

fibers play significantly major role in thenhancement of any mechanical
property ofNSRPC. Therefore it is thought useful in the present research to
standonthe actual percentage of reduction in the mechanical prop&gties

, Tspr, fir @and E; of concretedue to the dual absence of these material
parameters from the mix

For this purpose , a mix designatéd,,iso (having NS=0%,
SF=15% and }~0%) was made whose test results were compared with
those of the reference mixdyk > (having NS=3%, SF=15% and=22%)in
Table 44. The two mixedMy,150and M,5 . are refered to as "group'7in
Table 31 of ChapterThree

The values of the mechanical propertfeg fs, fir and E: of the
hardened concrete of this group are also shown in BEi8, 414, 4.15
and4.16 respectively.

Table 44 reveals that when both nanosilica and steel fibers were
absent from the mix, the mechanical properties of the hardemsctete
were decreased dramatically such that:

- Compressive Strengfe decreased by 52.4%
-Splitting Tensile Strengthsx decreased by 78.8%
-Modulus of Rupturd; decreased by 81.1%
-Modulus of Elasticity  decreased by 28.8%
The actual valuesf these mechanical properties are shown in.Figs

4.13 to 414 in their two phases of presence and dual absence of NS.and V
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Table 44

Mix

Designation

. Effect of Dual Absence of Nansilica and Steel Fibers on the MechanicalProperties of NSRPC

Compressive
Strengthfs
(MPa)

Splitting Tensile
Srength {4
(MPa)

Modulus of
Rupture #
(MPa)

Modulus of
Elasticity Eg
(GPa)

%

Value | Decrease

%

Value | Decrease

%

Value | Decrease

%

Value | Decreas¢

|\/|3,15,2
Referencenix

157.6 -

25 -

28.5 -

54.21 -

IVIO,15,O

75

5.3

5.4

38.6




Chapter Four

Experimental Results and Discussions

—+—5F=15%

Compressive Strength f'cf {MPa)

(NS ,Vf )%

Fig. 4.13: Effect of Dual Absence of
Nanosilica and SteeFibers on Compressive

Strength

—+—S5F=15%

©
o
g
-
£ 5
w
o
b
3
=
=3
3
o
b
Q
v
2
S
=]
=

(NS ,Vf )%

(0, 0)

Fig. 4.15: Effect of Dual Absence of
Nanosilica and Steel Fibers oModulus of

Rupture

——5F=15%

o~
~.

Splitting Tensile Strength fspf {MPa)

(0, 0)
(NS ,Vf )%

Fig. 4.14: Effect of Dual Absence of Nanosilica
and Steel Fibers orSplitting Tensile
Strength

—+—5F=15%

Modulus of Elasticity E cf (MPa)

(0, 0)
(NS ,VF )%

Fig. 4.16: Effect of Dual Absence of
Nanosilica and Steel Fibers oModulus of
Elasticity




Chapter Four Experimental Results and Discussions

4.3 Effects of "Material" and "Beam" Parameters on the Structural

Performance and SheaiCapacity of NSRPC Beams.

The results of the experimental tests carriedapusixteenNSRPC
beams in this research are summarize@iahble 45 , where V, is the shear
force at first observed diagonal shear crack apds\the ultimate shear
capacity of the tested beam.

The diagonal cracking shear forcg Was considered as that causing
the first visible diagonal crack to form within the shear sgiamid i depth
of the beam and which eventually lead to failure. Since the recording of V
is usually sensitive to the adjustment of the observer, it cabeot
considered as very accurate.

The dfects of the following parameters on the shear behaval
NSRPC beams are to be discussed in this section.
1. Material parameterdncluding percentages of nasilica (NS) silica
fume (SF) steel fibers (V) and dual absence of (NS) and)(V
2. Beam paramets : Including ratio of longitudinal steel barp),(

shearspanto effective depth ratio (a/d) and presence of steel stirrups.

4.3.1. Effects of Material Parameters on ¥ and V,

The effects ofrarying the percentages of nailawa (NS), silica fume
(SF), steel fibers (Y and the dual absence of (NS) ang) @h the diagonal
cracking shear force )/ and ultimate shearcapacity | of the tested
NSRPC beams of the present study are showfTable 46 andFigures
4.17,4-18,4-19and-20respectively
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Table 45: Shear Strength Characteristics of the Teste8iISRPC Beans

| Shear Strength |

. Diagonal | Ultimate Mode of

Group No. stirrups Cracking | Vu(kN) Failure
Ve (KN)
35 1075 DT
425 1225 DT
45 1275 DT
475 1345 DT
40 1215 DT
425 126.5 DT
475 1345 DT
275 45 DT
40 925 DT
475 1345 DT
475 134.5 DT
575 156 DT
60 164 DT
475 1345 DT
525 1675 DT
55 208 DT
40 925 DT
425 109 DT
45 1375 DT
575 45 DT
30 875 DT

L
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Table 4.6: Effect of Material Parameters on the $iear Capacity of

Group No.

NSRPC Beams

Variable
Material
Parameter

Other
Constant
Parameters

DiagonalCrack
Shear Force ¥ (kN)

Ultimate Shear
Capacity \( (kN)

Value

%I ncrease

Value

%I ncrease

1
Changing
NS

B1
reference

NS=0%

B2

NS=1%

B3

NS=2%

B4

NS=3%

SF=15%

Vf:2%

} = 0420

a/d=3.5
Stirrups=Nil

35

107.5

122.5

14

127.5

134.5

2
Changing
SF

B5
reference

SF=5%

B6

SF=10%

B4

SF=15%

NS=3%
Vi=2%
}=0.0742
a/d=3.5
Stirrups=Nil

121.5

126.5

134.5

3
Changing
Vs

B7
reference

Vi=0%

B8

Vi=1%

B4

Vi=2%

NS=3%

SF=15%
1=0.0742

a/d=3.5
Stirrups=Nil

45

=
Dual

Absence of

NS and VY

B4
reference

NS=3%
Vi=2%

B16

NS=0%
Vf:O%

SF=15%
1=0.0742
a/d=3.5
Stirrups=Nil

-47.4
decrease

-74
decrease
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4.3.1.1. Hfect of Nanoslica (Group 1)

Table 46 andFig. 4.17 show that by icreasing the percentage of
nancilica from 0%in beam B1 to 1% in B2, 2% in B3 and 3% in B4, the
diagonal cracking shear force,Vhcreased from 38\ to 42.5kN, 45kN
and 47.KN respectively representing @nsecutiveincrease of 21.4%,
28.6% and 35.7% compared with the reference beam Hie
correponding ultimate shear capacity, ¥h these beams alsincreased
from 107.5kN (B1) to 122.5 N (B2), 127.5 IN (B3) and 134 kN (B4)
represeriing a consecutivancrease of 14%, 18.6% and 25.1% compared
with B1.

The percentage increasa V, due to increaing NS are slightly
higher than the corresponding percentage increases.inand such
increases are expectasthce the use of nanosilica in the concretizes
reduces the voids between the matrix particles and act as a binder to them
which enable thecritical shear section to wisitand greateshearforce.
When the section crackthe zone of the section beyond the crack tip is
usually undergoing compression from bending and thiso shares in
enhancing the shear capacity due to the increased friceowmebn the

matrix particles.

4.3.1.2 Effect of Silica Fume (Group 2)

Table 46 andFig. 4.18 show that by increasing the percentage of
silica fume from 5% in beam B5 to 10% in B6 and 15% in B4 the diagonal
cracking shear force Jincreased from 4N to 42.5kN and 47.5K
respectively representing eonsecutiveincrease of 6.3% and 18.8%
compared with the reference beam Bhe corresponding ultimate shear
capacity \( in these beams also increased from 124.8B5) to 126.5kN
(B6) and 134.5K (B4) represeting respectively an increase of 4.1% and
10.7% compared to B5.
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These results clearly indicate that the role of silica fume in enhancing
the shear capacity of NKC beams $ not as strong as that of nailca .
Despite this minor effect, the usaf silica fume iINNSRPC is still beneficial
in filling the micro voids between cement grains and generatadlgum

silicate hydrate which both make the concrete matrix richer and denser.

4.3.13 Effect of Steel Fibers (Group 3)
The nonfibrous beam B7 is the redace beam and it is used to compare the
shear cracking and ultimate shear strengths of the two filN6R$PC beams
B8 (Vi=1%) and B4 (\=2%). In the control "nonfibras" beam B7, the
diagonal cracks amgaed directly in the shear span a3=27.5kN and hen a
sudden and violent complete shear failure occurred shortly after formation of
the diagonal crack at ultimate shear foreee45kN. The diagonal cracking
shear force (¥) in the nonfiorouNSRPC beam B7 representd 8% of the
ultimate shear capacit¥,). Such cracking and failure actually impede the
performance of the three shear transfer mechanisms, which are (a) shear stress
in the uncracked compression zone (b) friction or interface shear along the
diagonal crack surface and (c) dowel action.

With the addition of steel fibers both the diagonal cracking and ultimate
shear forces increasdeas shown iTable 46 andFig. 4.19.
However, the increase in the ultimate shear forcg §é¢emed more regular
and significant than that in the diagonal cragkshear force ()). In the
fibrousNSRPC beams B8 and B4 where fibers existed at volume fractign (V
of 1% and 2% respectively, there was a distinct and stable diagonal cracking
load, which was followed by a consideralpest cracking load capacity
befare attaining the complete failurBuch shear force was of a gradual nature
and a number of fine cracks formed. The ratig\W, seems to increase
substantially with increasing{VThis increasing result is due to the presence

of steel fibers which greatlincreases the overall rigidity of the beam and

8
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allows NSRPC beams to behave plastically at the onset of shear failure with
steel fibers pull out of the cement matrix rather than snap. The essential
improvement in the postcracking shear capacity of filme NSRPC beams
actually permitted an ample warning with a considerable amount of safety
before the complete shear failure became eminent.

Table 46 andFig. 4.19 show that by increasing the percentage of steel
fibers from 0% in B7 to 1% in B8 and 2% in BAe diagonal cracking shear
force V. increased from 27N to 40kN and 47.5KN respectively
representing an increase of 45.5% and 72.7% compared with the control
nonfibrousNSRPC beam B7 Also for the same increase in the percentage of
steel fibers, the timate shear strength \Mincreased from 48\ for B7 to
92.5KN for B8 and 134.KN for B4 representing an increase of 105.6 % and
198.9% respectively . This is attutable to twaeasonss follows the first is
that the orientation of fibers across thetiating flexural cracks restricted
their propagation and transmitted the tensile stresses uniformly to the concrete
media surrounding the crack instead of being concentrated at its tip. This
would result in reduced stress intensity at the crack tip $ahtbdeam could
accommodatean additional load before the initiiag) flexural crack being
transformed into diagonal crack. The secaadsonis that the steel fibers
enhance the performance of the two shear mechanisms (the shear stress in the
uncracked capression zone and the interface shear along the diagonal crack
surface). This is mainly due to the existence of fibers across the diagonal
crack,which restricts the crack propagation throughghear span and tends
to tie up the crack opposite sides tals each othem this manner the shear
transfer by the two above mechanisms was further maintained.

In addition, such condition brought about a new additional "fiber shear
transfer mechanism" which was not found in nonfibrous beams. A part of the
shearforce was transferred by this mechanism through the effectiveness of
the steel fibers in carrying such adband transferring it to the surrounding

8
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NSRPC matrix. Therefore, several diagonal cracks were observed in all
fibrous beams with relatively high meentage of fibers, thus indicating the
redistribution of stresses until the complete pullout of all fibers took place at

one critical crack.

4.3.1.4 Efect of the Dual Absence of Nanadsgca and Steel Fibers (Group 7).

It has already been shown that theeuof optimum dosages of
nancsilica and steel fibers in manufacturingNeSRPC beam resulted in a
highly efficient shear performance of theam Therefore it is thought useful
to investigate the percentage reduction in such shear performance when the
two mentioned material parameters (NS anylare absent from the concrete
mix at the same time.

For this purpose beam B16 was constructed having NS=0% ¥nd
=0% with the other parameters constant as listethlrle 46. The results of
tests of this beam wercompared with the corresponding resultsthué
referencebeam B4 (having NS= 3%/:=2% and idental values of the
remaining constant parameterés shown inTable 46 andFig. 4.20, the
diagonal cracking shear force was reduced by 47.4%(#o6BkN for B4 to
25kN for B16) while the ultimate shear capacity was reduced by (fdtsh
134.5kN to 3%N).

It is also of interest to point out that when only the stéblers was
eliminated fomthe mix the ultimate shear capac{¥,) was reducedo one

third whereas when both nanosilica of stébers wereeliminated from the

mix V,was reduced to onguarter.

4.3.2 Effects oBeam Parameters on \j; and V,
The effect of varying the longitudinal steel reinforcement ratip (
shear span to effective deptitio @d) and the presence of stestikirups on

the diagonal cracking shear forbg, and ultimate shear capacity, \éf the
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testedNSRPC beams of the present research are shiovlable 47 and Figs
4.21,(4.22A and B) and 23 respectively.
Table 4.7: Effects of Beam Parameters on th&hear Capacity of NSRPC

Beams

Variable Other Diagonal cracking Ultimate shear

Beam

Parameter

constant

parameters

shear force i (KN)

capacity Vu(kN)

Value

% Increases

Value

% Increases

4
Changing
}

B4

(Reference)

B9

} =0110

NS=3%
SF=15%
Vi=2%
a/d=3.5
Stirrups= Nil

47.5

134.5

57.5

156

60

164

5
changing
a/d

B4

(Reference)

a/d=3.5

B1l1l

a/d=3

B12

a/d=2.5

NS=3%
SF=15%
Vi=2%

} =0. 0
Stirrups=Nil

1345

167.5

208

B8

(Reference)

a/d=3.5

B13

a/d=3

B14

a/d=2.5

NS=3%
SF=15%
Vi=1%
} =0.0
Stirrups=Nil

92.5

109

137.5

6
Presence
of steel

stirrups

B7

(reference)

No Stirrups

B15

Stirrups
f6@85

NS=3%

SF=15%
V=0

} =0.0
a/d=3.5

45
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Fig. 4.21: Effect of Varying the Longitudinal Fig. 4.22A: Effect of Varying the Shear Span
Steel Reinforcenent Rati o (. to Effective Depth Ratio (a/d)on Shear
Strength of NSRPCBeams Strength of NSRPCBeamgthe case ¥=2%)
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Fig. 4.22B: Effect of Varying the Shear Span Fig. 4.23: Effect of Varying the Presence of
to Effective Depth Ratio (a/d)on Shear Steel Stirrups @6@85mm)on Shear
Strength of NSRPC Beamsthe case V¥=1%) Strength of Nonfibrous NSRPCBeams
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4.3.2.1 Effect of the LongitudinalSteel Reinforcement Ratior ( Group 4)

Table 47 and Fig. £1 showthat by increasing the longitudinal steel
reinforcement ratio from 0.0742 in beam B4 to 0.08% B9 and 0.021in
B10, the diagnal cracking shear force Yincrease from 47.5kN to 57.5kN
and 60kN respectively representing @onsecutiveincrease of 2.1% and
26.3% comparm with the reference beam B4. The corresponding ultimate
shear @padty V, also increased from 134.5kB4) to 156 IN (B9) and 164
KN (B10) repreenting aconsecutivencrease of 16% and 226 compared
with B4.

The increase in theshear strength of N&PC beams caused by
increasing the steel reinforcement ratiy ¢an to attributed to the following
two mainreasons:

1. Increasing leads to slower growth of flexural crackscompanied by
small induced principal stresses for a giaaplied load and consequently
greater shear force to cause diagonal tensiack to form.

2. Increasing increases the dowel action and this leads to formation of shear
cracks with a narrower width. Since the friction or interface shear along the
diagonal creak surface depends on the crack width, an increase in the
friction or interface shear force along the diagonal crack surface is to be

expected with an increase in

4.3.2.2 Effect of theShear Span to Effective Depth Ratio a/d (Group 5)

The effet of a/d on the shear strength of the te$¥&RPC beam is
shown listed nder group 5 infable 47 and plottedyraphically in Figs. £22A
for the cae Vi= 2% and Fig. £2B for the cae Vi= 1%. It can be seen that
generally higher shear strengthg &dV, were obtained for lower value of
a/d.

For the cae Vi=2%, three ratios of a/d were considered; namely
a/d=3.53 and 2.50r beam B4, the reference beam, BllandBrEapectively

8
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In these beams the diagortaacking shear force increased from 47.5N

for B4 to 52.5kN for B11 and 55 kN for B12 representing aonsecutive
increase of 10.5% and 15.8%. The corresponding ultimate shear capaicity V
these beamalso increaseddm 134.5kN (for B4) to 167.5kN (for B11) and
208K\ (for B12) representing consequative increase of 24.5% and 54.6%.

For the case ¥ 1%, three beams were constructed; tB8 reference
beamwith a/d= 3.5, B13 wh a/d=3 and B14 wh a/d=2.5. The shear force,V
increasd from 40kN (for B8) to 42.5 kN (for B13) and 45 kNor B14)
representing a consecutive increase6a3% and 12.5%V, on the other hand
increased from 92.5 kN (for B8) to 109 kN (for B13) and 137.5 kN (for B14)
representing aonsecutiveincreass of 17.8%and48.6%.

The increase in Ywith decreasing a/d ismore pronounced than the
increase in . The effect of rising shear strength with smaller a/d ratio can be
explained so follows: fothe same applied load level, any decreas®d ratio,
means smaller bending moment in the shear span and therefoler $iealiral
tensile stress and lesser depth of penetration of flexural crack. This usually
requiresa higher shear force to initiate a diagonal tensile crack which is usually
associated with smaller principal stress.
4.3.2.3 Effect of thePresence ofSteel Stir rups (Group 6)

The effect of the presence of steel stirrups on the shearigapac
thought to be best examined considering-ritmmous NSRPC beamsThis was
followed to eliminate any interference of enhancenmeshear strengtbreated
by the pesence of steel fibers.

For this purpose two typic®SRPC beams having ¥0 were selected;
namely, beam Bwhich had no &d stirrupsandbeam B15 which had 6 mm
diameter steel stirrups spaced8at mmc/c within its left and right shear
spans As shown listedin Table 47 and plotted graphically in Figd.23 the
diagonal cracking sheaorce V, increased from 27.% forB7 to 30K\ for

B15 representing an increase of 9.1% blthe ultimate shear capacity,V

8
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increased from3 kN for B7 to 87.5 NN (for B15) representin@ considerable
increase as high as 94.4%.

It is clearly evidentrom such omparisons that steel stips has minor
contributionto shear resistee before a shear crack is developed.
However, as a diagonal teos crack forms the steetigups will greatly share
in resisting higher shear forgentil complete shear failure takes place at the

onset of yielding and then cut of the steel stirrups.
4.4 Crack Patterns and Failure M echanisns
Plates 41 to 47 show the crack patterns of dlkettestedNSRPC beams

arranged respectively according to their classified groups.
From these crack patterns, the following facts can be drawn:

. All the tested\NSRPC beams failed in shear by diagonal tension failure.

. Failure of all beams resulted from tdasfracture across a single dominant
diagonal crack or from a coalescence of inclined cracks that led to the
formation of a dominant diagonal crack.

. The failure mechanism was seen to depend largely on two main parameters,
one is the material parameter (éteel fibers volumetric percentage) and the
other is the beam parameter a/d (shear span to effective depth ratio).

. NonfibrousNSRPC beans were seen to fail shortly after the formation of the
critical diagonal crack, whereas multiple cracks were seeorto fafter initial
cracking) in fiborousNSRPC beams. The quantity of fibers was found to have a
significant influence on the rate of growth of these cracks and their widths. In
beams with lower percentage of steel fibers, a faster rate of crack growth with
larger crack width were recorded. In contrast, slowly growing fine cracks were
seen to form in beams with higher percentage of steel fibers.

. The cracking and ultimate loads were higher in beams with highé&nav
beams with lower ¥ When Vf increased fsm 0% (beam B7) to 1%(B8) and
2% (B4), R, increased by 45.5% and 72.7% respectively whjlsn&reased by
105.6% and 198.9% respectively.

9
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6. The ultimate loads were seen to be much higher than the inclined cracking
loads in beams with higher percentagestdel fibers Ythan in beams with
lower or without Vi (i.e nonfibrous beams). For a constant raiid=3.5, the
ratio R/p ranged from 2.83(beam B4,:/2%) to 2.31 (beam B8, ¥1%) to
1.64(beam B7, ¥*0%) .

7. Three ratios of a/damely 3.5,3 and 2/&erechosen to test the NRP°Cbeams.
Within these ratios, NSPChbeams failed in shear. But if a higher a/d ratio had
been chosen, well beyond 3.5, the beam would have failed by flexural failure
mechanism. Also that if a lower a/d ratio had been chosen, welvlieb, the
beam would have been classified as a deep beam failing by a definite inclined
diagonal shear failure.

8. The cracking and ultimate loads were found to be higher in beams with lower
a/d ratio than in beams with higher a/d ratio. This is becausedé¢hding
moment in a beam with lower a/d ratio is relatively small giving a smaller
bending stress and hence a lesser principal stress for a given applied load, and
consequently the greater must be the shear to cause diagonal tension cracking
to form.

The maximum percentages increase inaRd R, due to decrease in a/d
were found in beams having=/2% as follows:

1 Maximum percentage increase ig Was 15.8%, due to a decrease in a/d from
3.5 (beam B4) to 2.5 (beam B12).

1 Maximum percentage increase inwas 54.6%, due to a decrease in a/d from
3.5 (beam B4) to 2.5 (heam B12).

9. The ratio R/P, was found to be higher in beams with lower a/d ratio than in
beams with higher a/d ratio. The ratigfR; for the tested NBPCheams was
found to range from a marum value of 3.78 (for beam B12 having a/d= 2.5
and V= 2%) to a minimum value of 2.34 (for beam B8 having a/d=aB&

Vi= 1%).
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Plate 41 Crack Patterns of NSRPC Beams (B1,B2,B3,Bwith VVarying NS)

Plate 42 Crack Patterns of NSRPC Beams (B5,B6,B4wvith VVarying SF)
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Plate 44 Crack Patterns of NSRPC Beams (B!,B9,B1 (vith Varying } )
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Plate 45A Crack Patterns of NSRPC Beams (B4,B11,B12vith Varying a/d
V=2%)

Plate 45B Crack Patterns of NSRPC Beams (B8,B13,B1#ith Varying a/d,
Vi=1%)
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