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CONSTITUTIVE BEHAVIOUR OF HYBRID FERRO FIBER
coNcRETE (HFFC) UNDER A)flAL COMPRESSION

K.Ramesh* D.RSeshu** and M.Prabhakar***

The combination offiber reinforced concrete andferrocement can be made use in developing

a concrete composite with adequate ductility, which is required in structures subjected to seismic

forces. Such concrete composite can be termed as HYBRID FERRO FIBER CONCRETE (HFFC).

This paper presents an analytical model for predicting the stress-strain behavior of hybrid ferro
fiber concrete (HFFC), based on the experimental results. A total of 168 prism specimens of size

150X150x300mmwere tested under strain control rate of loading. The increases in strength and

strain of HFFC were used in formulating the constitutive relation.
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Lateral dimens ions of prism
Yield strength of longitudinal / tie / fiber / mesh wire (Table 1)

Area of longitudinal steel

Strength of unconfined concrete

Strain at peak ofunconfined concrete

Strength of tie confined fiber reinforced concrete (CFRC)

-f"(1 + 0.s5ct) (r.0228 + 0.102480)
Strain at ultimate of tie confined fiber reinforced concrete [ 1 3, 14 ]
Gross cross-sectional area

Confinement index [ 1 0] : (P a- P 
bo ) (f, / f, )"'l(b/s)

Ratio of volume of transverse steel to the volume of concrete

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

Spacing of lateral ties
Strain at peak of HFFC
Strain at 85Yo of peak of HFFC in the descending portion of stress-strain curve

Load ratio explained in the paper o

Peak strength of HFFC
Product of mass fraction of fiber (W) and aspect ratio of fibers
Ratio of mass of steel fiber and mass of concrete

Soecific surface factor
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Compressive stress in HFFC
Compressive strain in HFFC

INIRODUCTION

Seismic design of structures demands high ductility. The ductility of concrete may be improved

by confining it in steel binders, as ties in compression members and as stirmps in beams. It has been

reported [3] that a concrete strain of 0.01 is sufficient to give full redistribution of moments, thus

aliowing the use of plastic analysis for of concrete structures. However, the higher the degree of
indeterminacy of a structure is more will be the concrete strain at failure and, hence the ductility

demands at the first plastic hinge which will form in the structure. The critical section in statically

indeterminate structures at which first hinge forms are usually the sections having maximum shear

force. The stimrp reinforcement provided has to take care of the shear at that section and simultaneously

provide confinement. It has been established [ 1 2] that only the stimrp reinforcement provided beyond

what is required for resisting shear failure will only provide confinement. With practical minimum

spacing that can be provided at the critical sections, there is a limit to the extent of confinement. In

.tlu-rrr, confinement using closely spaced ties not only intemrpts the continuity and creates plane

of weakness between the core and the concrete cover, it also adds to the problem of reinforcement

congestion. In view of the above, it may not be possible to sufficiently confine the structure by

prouiditrg the laterals alone. It would be useful if a supplementary confinement in addition to the

iaterals, can be provided at the critical sections or a better alternative to the existing methods of

confinement can be devised. Recent studies [5,13,14] conducted on confined fiber-reinforced concrete,

indicated improvement in ductility. However, the investigations on FRC highlighted the limitation to

the quantity of passive oonfinement offered by steel fibers due to balling of fibers at higher dosages-

Alternatively, ferrocement shell (casing) can be used to further improve the confinement of FRC' The

concrete in which the engineered use of Ferrocement and FRC is made, can be termed as Hybrid Ferro

Fiber Concrete (HFFC). Author's study on the behavior of HFFC r.rnder axial compression demonstrated

large improvement in ductility and at the same time dimensional stability was preserved in the post-

ulfmate region. This paper presents the development of characteristic stress-strain curve based on

the observed behavior of HFFC under axial compression'

EXPERIMENIAL STI]DY

Scheme of experimental work

The experimental program was designed to study the behavior of HFFC under axial

.o-p..rrion by testing prisms of size 150 X 150 X 300mm. The variables in the study are specific

surface factor (S), which controls the behavior of ferrocement, reinforcing index (RI) of steel fibers,

which controls the behavior of core fiber reinforced concrete and the amount of lateral tie confinement

(CrXl0]. Specific surface factor is the product of specific surface ratio and yield stress of mesh wires

in ihe 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 fibers is the product of mass fraction (w) of

steel fibers and the aspect ratio of the fibers. The mass fraction (w) is the ratio of mass of steel fibers

and mass of concrete.

t
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The program consisted of testing of 168 prisms, which were cast in l0 batches (viz.; A, B, C,
D, E, R G, H and I - series). The prisms in each batch (i.e.,A0 -A4 to F0 - F4) are divided into six sets.

The prisms in each batch (i.e., G0 - G4 to I0 - 14 ) 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. However, 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 I I 3, 14] was already known, the effect of confinement due to ferrocement
shell can be separated. The details of prisms tested are given in Table. l.

Materials

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 galvantzed iron steel, respectively.
'fhe cement used was ordinary Portland cement of a3 [7] grade conforming to IS 8 I l2 - 1981 . Machine-
crushed hard granite chips passing through 12.5 mm IS sieve and retained on4.75 mm IS sieve was
used as coarse aggregate throughout the work. River sand procured locally was used for fine aggregate.
Fine aggregate passing through 2.36 mmIS sieve was used in core fiber reinforced concrete and fine
aggregate passing through I .18 mm IS Sieve was used in ferrocement shell. The concrete used in the
study has the mix proportion of (1:1.8:2.5 by mass and water-cement ratio : 0.5). The mortar used for
the ferrocement shell has the mix proportion of one part cement and two parts sand (i.e., l:2) with a

water-cement ratio of 0.6. The water-cement ratio of 0.6 for the mortar has been adopted to enable the
easy penetration of the mortar in to the mesh layers.

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 Srwere wrapped over the ties tightly. The mesh
was stitched thrice so as not to fail by splitting of the mesh. Fig. 1(a) shows the reinforcement details
of specimen. Fig. 1(b) shows the mold used for casting the prisms.
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Fig. l. (a) Reinforcement details of the specimens

Casting of the sPecimen

The prepared cage of reinforcement was kept in molds carefully. Spacer rods of 2 mm diameter

galvanized iron wires were kept temporarily

the layers. The prisms were cast in the ve

reinforcement was filled to about half the

reinforced concrete was placed inside the mesh up

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 specimens

was demolded forty eight hours after casting and cured for twenty eight days in curing pond'

Testing

The cured specimens were capped with plaster of Paris before testing, to provide a smooth

roading surface. ATinius - olsen testing machine of 1gr0 KN in capacity was used for testing the

Fig. l. (b) Molds used for casting the prisms

a
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prisms under axial compression. Specially fabricated compressometers suitable forprisms, which were
fabricated by the earlier investigators [12] on confined concrete, were adopted, in measuring the
deformations during loadirtg. 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 %o of the ultimate load in the post ultimate region for both confined and
unconfined prism specimens.

Rdng roaotv
Hrr4lrbrr

ofd $rugc

A{tiuslrblr rcrfft
Sltori gona*

Boltom lrryta

ELEVATION

'DFr^rLs oF coMpREssottETEF

O

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

RESULTS AI\D DISCUSSIONS

ln the case of HFFC specimens, fine vertical cracks at about 85 % 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 % 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 extent of
spalling and the rate ofdeerease ofload after the peak (in descending branch ofstress-strain curve)

depended upon the specific surface factor (S) of the ferrocement shell if the tie confi.nement, 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 (SJ, the lower the rate of decrease 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 ultimate strength of HFFC, the corresponding strain and strain at 0.85 times the ultimate
strength (after the peak) varied linearly with specific surface factor of the ferrocement shell for the

same values of CI and RI. The predicted equation [16] fit for the same are

E
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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 Yo of peak load, the specimens

were treated as dimensionally stable and hence the gross cross- sectional area was used in calculating
the stress values. Stress-strain curves were drawn for three companion specimens of a set with the

same origin, and an average curve was taken to represent the set. Such average curves for all the sets

of one typical batch with a common origin are shown in Figs. 4.7 to 4.5.

An examination of the stress-strain diagrams for HFFC indicates that the behavior is similar
for all specimens. The similarity leads to the conclusion that there is a unique shape of the stress -

strain diagram, if expressed in nondimensional form, along both the axes. The said form is obtained by
dividing the stress at any level by the stress at ultimate and the strain at any stress level by the strain

at ultimate. By nondimensionalising the stress and strain as above the influence of specific surface

factor (S), reinforcing index (RI) and confinemqnt index (C.) is eliminated for any specimen. Fig.5
shows th'e plot of iharacteristic value of non-dimensionaliled stress (stress ratio) as ordinate and

nondimensionalized strain (strain ratio) as abscissa. The plot indicates that the stress-strain behavior
of HFFC can be represented by a general curve, which functions as a stress block.
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. The following equation is fit for the nondimensionalized characteristic stress-strain curve

for HFFC in axial comPression.

f_
fu

ro+B1t;) .r,(;)
(4)

where,
For ascending portion of the stress - strain curve ofHFFC; A, = 6'852,8t:4'852, C,:l '0

For descendingpofiion ofthe stress - straincurve ofHFFC;A r=2.833,B' 
:0.833, C,:1'0

Two sets of constants are proposed because the ascending portion of stress-strain cwves

i.e., beyond ultimate portion a slow downward hend. The common boundary conditions used are:

( \ /r\(i) e,l 3l:t.0, |4l:to "'(s)

l', ) \f' )

Additional boundary conditions for ascending portion of stress-strain curve is:

(iii) *[rl:01, (+):0458\/ l'") \f")
For descending portion of stress-strain curve,

(iv) -[:l:0,, t'+l:0458 
-

v'n ) \f, )

The conditie fromthe experimental data. At (e / e"):0.1, the curve deviates

from the init 2.0, the reduction in strength is l5%. Fig.6 indicates that the

curve of the close to all the experimental points'

...(6)(ii)

...(7)

...(8)

'Er_5r.sYftf
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Hence, the genetalized stress-strain equation for HFFC can be written as

297

...(e)

c = c ,(Lg)''\en )

t

The stress -strain equations proposed for HFFC is useful in developing streSs block parameters

required for computing the moment and curvature of HFFC sections.
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Fig. 4.1 Experimental Stress-Strain Curves for HFFC Prisms(Part-l)
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CONCLUSIONS

The nondimensional characteristic stress-strain equation for HFFC is proposed which can

be used to predict the constitutive behavior of HFFC in axial compression.
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