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CONSTITUTIVE 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 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
150X150X300mm were 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 dimensions of prism

Yield strength of longitudinal / tie / fiber / mesh wire (Table 1)

Area of longitudinal steel

Strength of unconfined concrete

Strain at peak of unconfined concrete

Strength of tie confined fiber reinforced concrete (CFRC)

L1 +0.55C ) (1.0228 + 0.1024(R1I))

Strain at ultimate of tie confined fiber reinforced concrete [13,14 ]

Gross cross-sectional area !

Confinement index [10] = (P,~ P, )(f,/f.)N(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 equalto 1.5 b

= Stress in lateral ties

Spacing of lateral ties

Strain at peak of HFFC

Strain at 85% of peak of HFFC in the descending portion of stress-strain curve

Load ratio explained in the paper =

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

=  Specific surface factor

-t
I 1

IR NN
Il

=¥,
T TR

o

o -

0O
I

85 fu

e IR o~

(e

I Ee

Research scholar, Dept. Civil Engineering, Regional Engineering College, Warangal — 506 004, India.

**  Agsistant Professor, Department of Civil Engineering. National Institute of Technology, Warangal — 506 004,
India. E-mail:<drseshu@recw.ernet.in>

*** Professor of civil Engineering and Principal at KITS, Warangal — 506 015, India.



288 Journal of Ferrocement: Vol. 32, No. 4, October 2002

¥ = Compressive stress in HFFC
€ = Compressive strain in HFFC
INTRODUCTION

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 stirrups in beams. It has been
reported [3] that a concrete strain of 0.01 is sufficient to give full redistribution of moments, thus
allowing 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 stirrup reinforcement provided has to take care of the shear at that section and simultaneously
provide confinement. It has been established [12] that only the stirrup 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
columns, confinement using closely spaced ties not only interrupts 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
providing the laterals alone. 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 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 confinement 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 under axial compression demonstrated
large improvement in ductility and at the same time dimensional stability was preserved in the post-
ultimate region. This paper presents the development of characteristic stress-strain curve based on
the observed behavior of HFFC under axial compression.

EXPERIMENTAL STUDY

Scheme of experimental work

The experimental program was designed to study the behavior of HFFC under axial
compression by testing prisms of size 150 X 150 X 308mm. 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
(C)[10]. Specific surface factor is the product 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 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.
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The program consisted of testing of 168 prisms, which were cast in 10 batches (viz., A, B, C,
D, E,F, G HandI- series). The prisms in each batch (i.e., A0 - A4 to FO - F4) are divided into six sets.
The prisms in each batch (i.e., GO - G4 to 10 - [4 ) 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 [ 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

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 ordinary Portland cement of 43 [7] grade conforming to IS 8112 - 1981. Machine-
crushed hard granite chips passing through 12.5 mm IS 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 2.36 mm IS sieve was used in core fiber reinforced concrete and fine
aggregate passing through 1.18 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., 1:2) 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 S, were 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.



Vol. 32, No. 4, October 2002

Journal of Ferrocement:

290

00T %6'2C vL'0 £'0 't 1 90T SLT LT0 06¢ 00y 0v'0 G8¢ 00°L 149 [44 J
00T 06'CC L0 £0 0 0 90'C SLT Leo 06¢ 00y 0v'0 G8¢ 00'L 0d 1T
081 | ¥S'€T 0 0 8Tl 1% 90°C SLT LT0 06€ 00'% 10 S8¢ 00°L 484 0T
081 yS €T 0 0 9°6 £ 90°'C SLT LT0 06¢ 00'v 10 S8¢€ 00°L £d 61
081 L4 R 0 0 v9 [4 90°C SLT L0 06¢ 00y ir'0 G3¢ 00°L <d 81
081 pS'eT 0 0 GiE I 90'C SLT L0 06¢ 00’y 1¥°0 G8E 00°L 1a Ll
081 ¥5°€T 0 0 0 0 90°C SLT LT0 06¢ 00y 170 S8¢ 00°L 0d 91
291 vLIT 96'C [ 081 4 8L'1 0LE ££°0 06¢ 00y LEO 00¢ w9 28] Sl
291 yL 1T 96'C [ Sel £ 8L°1 0Lt £e0 06¢ 00 LE0 00¢ w9 £D 4l
291 yL1T 96'C [ 06 @ 8Ll 0LE €0 06¢ 00'v LEO 00¢ w9 %9 £l
291 vL' 1T 96'C [ Sy I 8L'1 0LE ££°0 06¢ 00y LE0 00¢ w9 |8 10 [4
291 YL1T 96'C 1 0 0 8L’ 0LE £e'0 06¢ 00y LEO 00¢ w9 00 Il
$91 1'0¢ 8%l 90 0'81 14 8Ll 0LE £L0 06¢ 00y 6£°0 00¢ w9 vd 01
§91 1'0¢ 8¥°1 90 sel £ 8L'1 0LE £€°0 06¢ 00'v 6£°0 00¢ w9 td 0
S91 1'0C 87’1 90 0'6 C 8L'1 0Lt ££°0 06¢ 00y 6£'0 00€ w9 [4:} 8
$91 1°0T 8%’ 90 %4 1 8Ll 0Lt £e0 06¢ 00'% 6¢°0 00¢ w9 d L
$91 1'0C 8%l 90 0 0 8L'1 0LE £e0 06¢ 00t 6£°0 00¢ w9 0d 9
091 90'tC 0 0 081 14 8L'1 0LE ££0 06¢ 00’y Se0 00¢ w9 v S
091 90°¢tT 0 0 S'el € 8L'1 0LE £e'0 06€ 00’y G0 00¢ w9 (24 14
091 90°€T 0 0 06 (c 8L'1 0Lt £e0 06€ 00'f SE0 00¢ w9 [44 £
091 90T 0 0 Sy I 8L'1 0L ££°0 06t 00'v SE0 00¢ w9 v [4
091 90°tT 0 0 0 0 8L'1 0LE £€'0 06t 00’y Se0 00t w9 ov 1
soke] | (unn) | (edp) | (um) | (edp) | (um) (edp) | (o)
| %Al 'S ﬁ o)
<01 | (ed) jooN | Suwoeds | G halel “ palel i wq | oneusised | e
’3 3 JUDWIA0IOYUIA] usurroadg
! Y 12q14 [391S JusUIS0IoJUISY YSOW JUSUID0IOJUIY [BI01e]
[eurpmyi3uo]

PaISa sWsLIg JO e [ AqEL



291

No. 4, October 2002

Vol. 32,

Journal of Ferrocement:

4 ST 96'C 'l 8S'L 14 't 0s¢T LTO 0s¢ 00°€ 0¥°0 144 00°L 148 or
01¢ ST 96'C 'l 89'¢ £ |53 0sZ LT0 0S¢ 00°¢ 0¥'0 44 00°L £f Sy
01T STPT 96'C 4 6L°¢ [4 I't 05¢ LT0 0S¢ 00°¢ 0¥'0 1144 00°L [43 44
01z STVT 96'C 'l 0 0 ¢ 0¢Z LT0 0St 00°¢ ov'0 44 00°L or 34
$0¢ §T°9T §96°1 80 86°L 4 't 05t LT0 05¢ 00°¢ LEO 144 00°L vl [44
S0T §T°9C $96'1 80 89°¢ 9 I'e 06¢ LT0 0S¢ 00°¢ LEO 8vv 00°L £l 34
S0t §T'9 §96°1 80 6L°¢ [4 't 05¢ LT0 05¢ 00°¢ LE0 8t 00°L 4! or
$0¢ §T9C $96°1 80 0 0 ['¢ 052 LT0 0s¢ 00°¢ LE0 324 00°L 01 6¢
012 §T9C £86'0 Y0 8L 4 't ¢z LT0 0S¢ 00°¢ LE0 144 00°L YH 8¢
01¢ ST9C £86'0 0 89°¢ £ I't 0S¢ LT0 0s¢ 00°¢ LE0 44 00°L tH LE
01¢ §T9C £86°0 v0 6L°¢ [4 I'e 0s¢ L0 0S¢ 00°¢ LE0 8¥v 00°L ZH 9¢
01e §T9C £86°0 ¥'0 0 0 I'¢g 0sZ LT0 0s¢ 00°€ LE0 24 00°L ., OH St
061 §T9¢ 0 0 86°L 14 I'¢ 0SZ LT0 05¢ 00°¢ LE0 8y 00°L 4 D 143
061 §T9C 0 0 89°¢G 3 ['e 0sZ LT0 0S¢ 00°¢ LEO 124 00°'L £D £
061 $T9C 0 0 6L°¢ [ 1'¢ 0S¢ Lzo 0se 00t LE0 8vy 00°L (4 s
061 ST9T 0 0 0 0 1'¢ 05T L0 0S¢ 00°¢ LEO 8vv 002 0D 1€
$61 00°€ 17T 60 8Tl 14 90T SLT LT0 06¢ 00y 0r'0 S8¢ 00°L pd 0€
S61 00°€T §44 60 9'6 & 90T SLT LT0 06¢ 00y 0¥°0 S8¢ 00°L £d 6C
$61 00°€T | §4r4 60 v'9 [ 90°C SLT LT 06¢ 00’y 0¥°0 S8¢ 00°L [4) 8¢
S6l 00°¢C 17°¢ 60 Ct I 90°'C SLT LT0 06¢ 00 0r o S8t 00°L 4 LT
S61 00'¢T 17°c 60 0 0 90t SLT L0 06¢ 00°% 0’0 68¢ 00°L 0d 9C
00T 06t vL'0 £0 871 4 90°C SLT LT0 06¢ 00 % 0¥'0 S8¢ 00°L vd S¢
00T 06'CC vL'0 £0 96 £ 90T SLT LT0 06€ 00'¥ 0r0 §8¢ 00°L £q ¥
00T 06'CC vL0 £0 ¥'9 [4 90°C SLT LT0 06¢ 00'% 00 S8¢ 00°L (4 £C
siake] | (ww) | (edpy) | () | (edp) | (umw) () | (urur)
IR % A IS D

01 | (edp) jooN | Suedg | g eg 5 galel g BIQ | uoneudisaq oN'S
3 b JUSUWIIDIOFUTDI usurrosdg

¥ : Iaq1g 993 JUSWIDIOFUIRY YSIIN] JUSWIDI0JUIY [RIAJR]

reurpniduor]

('PIU09) Pajsa swisLid Jo e AqeL




292 Journal of Ferrocement: Vol. 32, No. 4, October 2002

Fig. 1. (b) Molds used for casting the prisms

Casting of the specimen

The prepared cage of reinforcement was kept in molds carefully. Spacer rods of 2 mm diameter
on 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 mold and the
reinforcement was filled to about half the height of the mold 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 specimens

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

galvanized ir

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

—_—— e = = =y

DETAILS OF COMPRESSOMETER

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

RESULTS AND DISCUSSIONS

In 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 of deercase 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 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
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Fig. 3. Details of Specimen under test

P = f/(1+055C,)(1.0228+0.1024RI) (1.0 +0.0166S) A +f, A, D)
g = ¢ (1.0+52C)(0.9899 +0.2204 RI) (1.0 + 0.1359S,) -2
(€,p/e) = 21127 +0.03385, (3

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 % 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. 4.1 to 4.5.

An examination of the stress-strain diagrams for HEFC 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 confinement index (C) is eliminated for any specimen. Fig.5
shows the plot of characteristic value of non- -dimensionalized 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.

I

4
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The following equation is fit for the nondimensionalized characteristic stress-strain curve
for HFFC in axial compression.
& [ 8 ]
£ u
P, f (4

o
f 2
‘ 1.0+Bl( - ]+C1{ € ]

i Sfu Efu |

For ascending portion of the stress - strain curve of HFFC; A, = 6.852,B,=4.852,C=1.0
For descending portion of the stress - strain curve of HFFC; A, = 2.833,B,=0.833,C=1.0

where,

Two sets of constants are proposed because the ascending portion of stress-strain curves
i.e., beyond ultimate portion a slow downward trend. The common boundary conditions used are:

0 Al - |=1.0, (Lj=l.0 (5
€ fu

1%
0 ——j-‘"— =0.0 .(6)

Additional boundary conditions for ascending portion of stress-strain curve 1s:

(iii) o i - (l-j =0.458 A7)
€ i e

For descending portion of stress-strain curve,

(iv) 0 iy (i}o.%s 3 -(8)
€ fu Vi

The condition (iii) and (iv) are obtained from the experimental data. At (€ /€.)=0.1, the curve deviates
from the initial tangent and at (& / €, ) = 2.0, the reduction in strength is 15%. Fig.6 indicates that the
curve of the equation proposed passes close to all the experimental points.

o A | A I8 | S 00
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Hence, the generalized stress-strain equation for HFFC can be written as

: Aeg
_ 9
S [1.0+Bs+Ce"] ©)

¥ 1.0 10Y
€ E_fu €

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-1)
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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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