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BEHAVIOUR OF HYBRID FERRO FIBER CONCRETE
(HFFC) UNDER AXIAL COMPRESSION

K.Ramesh* D.R.Seshu** and M.Prabhakar***

The combination of fiber reinforced concrete and ferrocement can be used in developing a
concrete composite with large ductility, which is required in structures subjected to seismic forces.
Such a concrete composite can be termed as HYBRID FERRO FIBER CONCRETE (HFFC). This
paper presents an experimental investigation on the behavior of HFFC under axial compression.
The parameters varied include (1) Specific surface factor (S/) of ferrocement shell which influences
the behavior of ferrocement, (2) Reinforcing index (RI) of steel fiber concrete which influences the
behavior of FRC. One hundred and sixty eight prism specimens of size 150mm x 150mm x 300mm
were tested under strain-controlled rate of loading. The results indicated that the combined use of
ferrocement and fibers in Hybrid ferro fiber concrete has improved the ultimate strength; strain at
ultimate strength and the ductility. The improvement is proportional to the specific surface factor
(S) of ferrocement shell for a given confinement index (C) of lateral reinforcement and reinforcing
index (RI) of steel fiber reinforced concrete.

NOTATION
b d = Lateral dimensions of prism
fy = Yield strength of longitudinal / tie / fiber / mesh wire (Table 1)
i = Area of longitudinal steel
A = Strength of unconfined concrete( Plain concrete prism strength)
5 = Strain at peak of unconfined concrete (Plain concrete prism)
il = Strength of'tie confined fiber reinforced concrete (CFRC)
= f(1+055C) (10228 + 0.1024(RI)) [13,14 ]
= = Strain at ultimate of Tie confined fiber reinforced concrete [13,14 ]
4, = Qross cross sectional area ,
C = Confinement index [10] = (P, - P, )(f, //;)\/(b/s)
2, = Ratio of volume of transverse steel to the volume of concrete
2 = Ratio of volume of transverse steel to the volume of concrete
Corresponding to a limiting pitch equal to 1.5 b
/ = Stress in lateral ties
s = Spacing of lateral ties
€, = Strain at peak of HFFC
€ = strain at 85% of peak of HFFC in the descendmg portion of stress strain curve
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€,, — Stramat 85% of peak of CFRC in the descending portion of stress strain curve

K = Load ratio explained in the paper

£ = Peak strength of HFFC

RI = Reinforcing Index (Product of weight fraction of fiber ( W) and aspect ratio of fiber)

w, = Ratio of weight of steel fiber and weight of concrete '

S = Specific surface factor

INTRODUCTION

Seismic resistant design of structures demands high ductility. The ductility of concrete is
being improved at present by confining it in steel binders, as ties in compression members and as
stirrups in beams. It has been reported [3] that a concrete strain of 0.01 is sufficient to give full
redistribution of moments, which results in the use of procedures of plastic analysis for analysis of
concrete structures also. However, it can be seen that the higher the degree of indeterminacy of the
structures the more will be the concrete strain at failure and consequently the rotation capacity
required at the first plastic hinge which will form in the structure. The critical section in statically
indeterminate structures at which first hinge forms are incidentally also the sections having maximum
shear force. The stirrup reinforcement, which is provided, has to take care of shear at that section and
simultaneously provide confinement. It has been established by previous researcher [12] that only
the stirrup reinforcement provided beyond what is required for resisting shear failure will only provide
confinement. Hence with practical minimum spacing that can be provided at the critical sections, there
is limitation to the quantity of confinement, which can be provided by the stirrups. Moreover,
confinement of a column using a sophisticated arrangement of closely spaced stirrups not only
interrupts the continuity and creates plane of weakness between the core and the concrete cover, but
it also adds to the problem of congestion. Thus, it may not be possible to sufficiently confine the
structure by providing the laterals alone. Hence, it would be useful if a supplementary confinement in
addition to the laterals can be provided at the critical sections or a better alternative to confinement
can be devised. Recently the combination of steel fiber and reinforced concrete (CFRC) [5,13,14] was
made use in improving ductility. Such concrete was termed as Confined Fiber Reinforced Concrete
(CFRC). There is limitation to the quantity of passive confinement offered by steel fiber due to balling
of fiber at higher dosages. Ferrocement shell (casing) can be used to CFRC for the further jmprovement
in degree of confinement. Such concrete, which is a combination of ferrocement, fiber reinforced
concrete and lateral reinforcement can be termed as HYBRID FERRO FIBER CONCRETE (HFFC). The
Present investigation is an attempt to study the confining effect of the ferrocement shell, provided in
addition to rectangular ties on fiber reinforced concrete under axial compression.

EXPERIMENTAL STUDY
Scheme of experimental work

\ The experimental program was designed to study the behavior of fiber rein forced concrete
confined by ferrocement shell (HFFC) under axial compression by testing prisms of size 150mm x
150mm x 300mm. The variables in the study are specific surface factor (S,), which controls the behavior
of ferrocement, reinforcing index (RI) of steel fiber, which controls the behavior of core fiber reinforced
concrete. A constant lateral tie spacing adopted in this investigation was 60 mm; the confinement
index (C) takes into account the effect of lateral tie confinement. Specific surface factor is the product
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of specific surface ratio and yield stress of mesh wires in the direction of force divided by the strength
of plain mortar [11]. Specific surface ratio is the ratio of the total surface area of contact of reinforcement
wires present per unit length of the specimen in the direction of the application of the load in a given
width and thickness of ferrocement shell to the volume of mortar. The reinforcing index (RI) of the steel
fiber is the product of weight fraction (W) of steel fiber and the aspect ratio of the fiber. The weight
fraction (w,) is the ratio of weight of steel fiber and weight of concrete.

The program consisted of casting and testing of 168 prisms, which were cast in 10 batches
(Viz,A,B,C,D,E,F,G,Hand I - series). The prisms in each batch (1.e. A- series to F- series) are divided
into six sets. The prisms in each batch (i.e. G-series to I- series) are divided into five sets. In both the
cases, first set consist of plain concrete prisms and in the second set, fiber reinforced concrete prisms
without any ferrocement shell as additional confinement were cast. In the remaining sets, fiber
reinforced concrete prisms with ferrocement shell as additional confinement (HFFC Prisms) were cast.
Except in first set, the amount of reinforcement (Longitudinal and lateral steel) was maintained constant
and equal to that provided in the prisms of second set. But the amount of ferrocement shell confinement
varied by varying the specific surface factor (S)). Since the effect of confinement on fiber reinforced
concrete due to lateral reinforcement [13,14] was already known, the effect of confinement due to
ferrocement shell can be separated. The details of prisms tested are given in Table. 1.

Materials Used

The galvanized woven wire mesh of square grid fabric was used in ferrocement. The ties and
longitudinal steel used in the prisms were made of mild steel and galvanized iron steel respectively.
The cement used was OPC of 43 grade conforming to IS: 8112 — 1981. Machine crushed hard granite
chips passing through 12.5 mm 1S sieve and retained on 4.75 mm IS sieve was used as coarse aggregate
throughout the work. River sand procured locally was used for fine aggregate. Fine aggregate passing
through 2.36mm IS sieve was used in core fiber reinforced concrete and passing through 1.18 mm IS
Sieve was used in ferrocement shell. Core fiber reinforced concrete and in ferrocement shell respectively.
The same concrete (1:1.8:2.5 and W/C = 0.5) was used in the entire study. The mortar used for the
ferrocement shell has the mix proportion of one part cement and two parts sand (i.e., 1:2) with a water
cement ratio of 0.6.

Preparation of specimen

After the fabrication of ferrocement cages using ties and longitudinal steel, a sufficient
number of wire mesh layers to provide the required S were wrapped over the ties tightly by giving an
overlap of 50 mm. The mesh was stitched thrice so as not to fail by splitting of the mesh. Fig. 1(a)
shows the reinforcement details of specimen. F ig. 1(b) shows the mould used for casting the prisms.
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Fig. 1. (b) Moulds used for casting the prisms

Casting of the specimen

The prepared cage of reinforcement was kept in moulds carefully. Spacer rods of 3mm diameter
galvanized iron wires were kept temporarily in between the layers of mesh to maintain spacing between
the layers. The prisms were cast in the vertical position. First, the gap between the mould and the
re.nforcement was filled to about half the height of the mould using cement mortar, and then fiber
reinforced concrete was placed inside the mesh up to the same level. Then, a needle vibrator was used
to compact the core fiber reinforced concrete. The mould was filled in three layers using the same
technique. The top face of the prism specimen was capped with a rich cement paste. The specimen
was demoulded 48 hours after casting and cured for 28 days in a curing pond.

Testing

The cured specimens were capped with plaster of Paris before testing, to provide a smooth
loading surface. A Tinius — Olsen testing machine of 1810 KN capacity was used for testing the prisms
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under axial compression. From the studies of previous investigators [12] who worked on concrete
confined with ties, it was observed that the cover concrete spalled off at about 90 percent of the
ultimate load, the resistance strain gauges and Demec points fixed to the concrete surface usually
came off along the concrete. In addition, the compressometer designed to measure the strains in
standard concrete cylinders could not be fitted to the square prisms.

To overcome above-mentioned difficulties, compressometers suitable for prisms, which were
fabricated by the earlier investigators [12] on confined concrete, were adopted. Each compressometer
consisted of two square frames; a top frame and a bottom frame made of 12mm square mild steel bars.
Two diametrically opposite pairs of screws at four points attached each frame to the concrete specimen.
The two frames were attached to the specimen symmetrically at the required gauge length, 1.e.150mm
apart. Two pairs of diametrically opposite dial gauges with a minimum count of 0.002mm and travel of
12mm were attached to vertical hanger bars fixed to the top frame. The movable spindles of the dial
gauges rested on the plane circular heads of the adjustable screws, which were positioned in mild
steel plates projecting horizontally from the bottom frame. The frames were attached to the specimen
by means of screws, which would fit snugly to the concrete. Fig. 2(a) shows the details of the
compressometer attached to the specimen. Fig. 2(b) shows the photograph of the same arrangement.

The capped specimen with the compressometer attached was placed on the movable cross
head of the testing machine and tested under strain control rate of loading. The deformations were
noted and strains were calculated. Fig. 3 shows the test arrangement. The test was continued until the
load dropped to about 75 to 80 percent of the ultimate load in the post ultimate region for both
confined and unconfined prism specimens.

Gauge length

ELEVATION

DETAILS OF COMPRESSOMETER

Fig. 2. (a) Detail of compressometer
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Fig. 2. (b) Compressometer attached to the prism

INTERPRETATION AND DISCUSSION OF TEST RESULTS
Behavior of test specimens under load

(A) General: The load increased rapidly in the initial stages up to about 75 percent of the peak
load and thereafter increased at a slower rate until the peak load was reached, Tests were continued
until the peak load dropped to about 0./5 to 0.80 times the peak load. Beyond the peak load, the strains
increased at a rapid rate and were accompanied by a decrcase in the load carrying capacity of the
specimen.

(B) Reinforced Concrete (RC) Specimens: In the case of RC specimens, vertical cracks appeared
in the cover region at about half of the peak load. As load increased, the number of cracks increased
and the width of cracks widened. The spalling of concrete cover was noticed before the peak load (i.e.
at about 90 percent of peak load) was reached, but it was severe after passing the peak load.

© Confined Fiber Reinforced Concrete (CFRC) Specimens: In the case of CFRC specimens,
fine vertical cracks appeared on the surface of the specimen at about 80 percent of the peak load. With
the increase of load, the number of cracks increased at a reduced rate compared to RC specimens. The
behavior of all CFRC specimens up to 75 percent of the peak load of the confined RC specimens was
about the same. Beyond the peak load, the fine vertical cracks widened. The extent of the cracking and
rate of decrease in load after the peak (in descending portion of stress — strain curve) depends up on
the reinforcing index (RI) of steel fiber; if the confinement indicated by C, of lateral reinforcement is the
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same. The higherthe R1, the lower is the rate of decrease in load and the extent of sapling. This may be
duc to the internal crack arresting mechanism, dimensional stability as well as intcgrity of the material
caused by the large volume fraction of steel fiber present in the concrete. The maximum stress and
strain at peak load and the strain at 85 percent of peak load in the descending portion of the stress-
strain curve increased as Rl increased with the same C.

(D) Hybrid Ferro Fiber Concrete (HFFC) Specimens: In the case of HFFC specimens, fine
vertical cracks at about 85 percent of the peak load. With the increase in load, the number of cracks
increased and the width of cracks increased at a reduced rate compared to that of RC specimens. The
behavior of all the HFFC specimens up to 85 percent of the peak load of the confined RC specimens
was about the same. Beyond the peak loads, the mesh wires started bulging and the mortar cover over
the mesh wires started spalling. The extent of spalling became severe only after the load dropped to
about 0.7 to 0.8 times the peak load. The cxtent of spalling and the ratc of decrease of load after the
peak (in descending branch of stress-strain curve) depended upon the specific surface factor (S ) of
the ferrocement shell if the tie confinement, as indicated by the confinement index (C,) and the passive
confinement of steel fiber indicated by the RI of FRC was the same. The higher the specific surface
factor (S ), the lower the rate of decreasc of load and the extent of spalling. This may be due to the
improvement of dimensional stability as well as the integrity of the material, caused by the presence of
large specific surface factor of the ferrocement shell provided as additional confinement to the core
fiber reinforced concrete. The highest strain observed at maximum stress of any specimen was 0.03,
and that at 0.85 times the maximum stress was 0.07 on the descending branch of the stress-strain
curve, compared to 0.002 and 0.0035 for plain concrete specimens respectively.

Fig. 3. Details of Specimen under test
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Experimental stress-strain curves

From observed data, for a given specimen, the longitudinal deformations were calculated
from the average readings of the four dial gauges of the compressometer. As there Was no severe
spalling in HFFC specimens until the load dropped by about 20 to 25 percent of peak load, the

Effect of specific surface factor on:

(i) Ultimate strength: The ultimate strength of fiber reinforced concrete increased with the
increase in S, for the same level of tie confinement (C) and the reinforcing index RI of steel fiber. To
quant.fy the effect of ferrocement shel] confinement on ultimate strength, the effect of confinement
due to combination of steel fiber and lateral reinforcement is separated using the following €quation:

JA, =Kf4 | (1)

the load taken by the tic confined fiber reinforced concrete[14]

Where, K =(1+0.55C) (1.0228 + 0.1024 RI) -2

C =(P=P, )./ [ Wibss)
Since the ultimate load carrying capacity (P) is experimentally determined

(P--A f) gives the contribution to load carrying capacity due to ferrocement shell confinement. This
value is non- dimensionalized by dividing with f Ag. This means that K =(P- A»\_f)) /f, A, gives the
strength of Hybrid ferro fiber concrete as the ratio of fiber reinforced concrete confined by lateral ties
only. A plot of K versus R/ is given in Fig. 5. An examination of plot shows that there is [inear
relationship between K, and S, The linear equation thus obtained with 95 percent confidence limits is
given below:

K, =(0.99+0.0149) + (0.0]66i().0014)5_'/ (3)

/

K ~(1.0+0.0166 S) ~(4)

4

Hence the final equation for load carrying capacity (P) of Hybrid ferro fiber concrete prism is
i 0.55C) (1.0228 + 0.1024 RI) (1.0 +0.0]665/)Ag +f A, -.(5)

(i) Strain peak strength: The ultimate strain increased with an increase in specific surface
“etor (S). Fig. 6 shows plot between the ratio observed strain) (€,) at the peak strength of HFFC to
“ical strain (¢,) at the peak strength of tie confined fiber reinforced concrete and the specific

- Anexamination of plot clearly indicates that there is a lincar relationship between

g ).
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A straight line fit between the ratio (€, /¢ ) and specific surface factor S, resulted the following
equation:

(,/8) =(1.0% 0.088) + (0.1359 + 0.0083)S, (6)
The strain at the peak strength of a HFFC prism can be rewritten in the following form:

€ =¢gl(1.0 + 5.2 C) (0.95899 + 0.2204 RI) (1.0 +0.13595) A7)
(iii) Ductility of HFFC: The ductility of HFFC, as expressed by the strain at 85 percent of peak
strength in the descending portion of the stress-strain curve is increased with the increase in the
specific surface factor (S,). The observed strain at 85 percent of the peak strength is expressed in
terms of the observed strain (€ ) at ultimate strength, A plot between the ratio (80_85/.“ /sﬁ) and the
specific surface factor (S) is given in Fig. 7. The fol lowing relationship is obtained between the above
ratio and the specific surface factor (S):

(€pusi i) T (2.1127 £ 0.064) + (0.0338 % 0.006) S, (8

ST =€, (2.1127 + 0.0338 5) (9

In order to assess the contribution of ferrocement shell towards ductility improvement over
Confined Fiber Reinforced Concrete (CFRC), the observed strain at 85 percent of the peak strength of
HFFC is expressed in terms of the strain at 85 percent of the peak strength( €, ) of corresponding
confined fiber reinforced concrete (CFRC)(i.e., without any ferrocement shell confinement). A plot
between the ratio (g, /e, ) and the specific surface factor (S ) 1s given in Fig. 8, Which indicates
the improvement of ductility with the specific surface factor over and above that of confined fiber
reinforced concrete.. The following relationship is obtained between the ratio (€. /8, ;) and the
specific surface factor (S) -

(€45 "Cossd = 1163+ 0.2161S, ..(10)
Where,
€4, = Strainat85 percent of the peak strength of tie confined fiber reinforced
concrete(CFRC)[14]
=€ (1.9 +9.88 C)(0.842 +0.276 Ri) -(11)
G €(1.9+9.88 C)(0.842 +0.276 RI)( 1.163 + 0.2161S,) -(12)

Further the area under stress-strain curves, representing toughness, increased with the
increasing specific surface factor (S ) for a particular value of tie confinement level (C) and Reinforcing
index (RI) of steel fiber. This gives an indication that for the same level of Energy absorption, the tie
spacing may be increased and quantity of steel fiber may be decreased with the ferrocement casing.
This is advantageous in situations where congestion of reinforcement poses difficulty in casting.
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CONCLUSIONS

The following conclusions can be drawn from the experimental investigation on HFFC.

1. A ferrocement shell is an effective way of providing additional confinement to fiber reinforced
concrete in axial compression and has the advantage over lateral tie confinement of improving
material performance under large deformations.

2. The additional confinement with ferrocement shell improved the ultimate strength, strain at peak
strength and ductility of fiber reinforced concrete.

3. The improved peak strength with ferrocement shell confinement varied linearly with the specific
surface factor (S), and can be expressed by a linear relationship, which includes three parameters
C Rland S . The predicted equation for peak load carrying capacity of an HFFC prism is

P=fl(1+0.55C) (1.0228 + 0.1024 RI ) (1.0 +0.0166 S) 4+ f A
4. The improved strain at ultimate strength of HFFC prism can be expressed as

g, =el(1.0+52C)(0.9899 + 0.2204 R (1.0 +0.13595)

5. The ductility of HFFC, as expressed by the strain at 85 percent of peak strength in the descending
portion of stress-strain curve is increased with the increase in the specific surface factor (S) and
can be expressed as: '

€y s = £ (1.9+9.88C)(0.842 +0.276 RI)(1.163 + 0.2161S,)

6. For higher levels of confinement in fiber reinforced concrete, there exists equivalent lower level
confinement in Hybrid ferro fiber concrete (HFFC). Hence, some amount of confining transverse
reinforcement and quantity of steel fiber can be replaced by providing ferrocement shell as casing
to the fiber reinforced concrete. This will ease the situation like seismic resistant beam column
junctions where high confinement requirement leads to congestion of steel.
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