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ABSTRACT

Concrete is one of the main building materials in Peru and, worldwide, the study of its mechanical properties and
concrete mix elaboration have been extensively developed over time. In the last years, new ways of elaboration
with different materials have been searched, in order to improve its mechanical properties, including the fiber
reinforced concrete. The study of its strain-stress mechanical properties of fiber reinforced concrete under
monotonic load is the objective of this investigation, based on experimental tests performed in 9o samples, taking
into account the influence of many factors, such as: Compression strength design, sample section geometry (square
or circular section), slenderness (height/depth ratio), and the comparison of the reinforced concrete with its
equivalent plain concrete in terms of mix design. From the experimental results, the use of fiber reinforcement
increases the deformation capacity of the concrete under monotonic compression, but its resistance is not
improved significantly. On the other hand, square section specimens have a higher deformation capacity for
slenderness 1:2 and 1:3, in comparison with circular section specimens.
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RESUMEN

El concreto es uno de los principales materiales utilizados para la construccién en el Pert y en todo el mundo, el
estudio de sus propiedades mecanicas y la elaboracidn de su mezcla ha sido ampliamente desarrollado a lo largo del
tiempo, y en los Ultimos afios se han buscado nuevas formas de elaborar con materiales que refuercen al concreto
como material con el objetivo de mejorar sus caracteristicas mecanicas, entre estos se encuentra el reforzamiento
del concreto con fibras. El estudio de las caracteristicas mecanicas de esfuerzo-deformacién del concreto reforzado
con fibras bajo carga monotdnica es el objetivo de esta investigacion, y estd basado en pruebas experimentales
realizadas a 90 muestras, teniendo en cuenta la influencia de diversos factores, tales como: Resistencia de disefo,
geometria de la seccion de la muestra (seccion cuadrada o circular), esbeltez (relacién altura/ancho) y la
comparacion del concreto reforzado con su equivalente (en disefio de mezcla) concreto simple. De los resultados
experimentales, el uso de fibras en el concreto incrementa la capacidad de deformacidon frente a cargas de
compresién monotdnica, pero no mejora su resistencia. Por otro lado, los especimenes de secciones cuadradas
tienen una mayor capacidad de deformacidn para una esbeltez 1:2 y 1:3 en comparacién con los especimenes de
seccion circular.

Palabras Clave: ensayo de compresidn, curva monoténica, comportamiento del concreto, refuerzo con fibras, capacidad
de deformacion
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1.  INTRODUCTION

Concrete is a material in great demand for civil works,
so it is essential to be able to know and accurately
describe its behavior through a stress-strain curve
capable of understanding various factors, as well as the
quality, physical characteristics and constitutive laws
that govern the behavior of the material.

There are several investigations on the behavior of
concrete in the literature proposed by various
researchers, such as the model of Hognestad et al. [1],
in which the explanation of the behavior of concrete
subjected to compression is proposed by means of a
parabolic equation; the model of Todeschini et al. [2],
where he describes the behavior of concrete under
compression with a parabola; the first stress-strain
model of Park [3], which considers the increase of
deformation capacity in the behavior of concrete due to
the contribution of confining steel; the proposal of the
concept of equivalent uniaxial deformation by Darwin
and Pecknold [4], where it is explained that the
decoupling of the two-dimensional response of
concrete is possible through the separation of the
Poisson effect, as well as a tensile strength on the part
of this material; the stress-strain model proposed by R.
Reyna et al. [5] and [6], taken as a basis for the present
investigation, in which experimental studies were
performed to know the behavior of plain concrete, as
well as to know the effect of confinement with carbon
fibers in concrete.

The objective of this research is to understand the
behavior of plain and fiber-reinforced concrete, as well
as the strength and deformation capacity, taking into
consideration the section shape factor, slenderness
ratio, strength quality and fiber type for concrete
reinforcement, based on experimental test results of 9o
samples subjected to monotonic loading to calibrate
the proposed numerical model.

2. BACKGROUND

The first studies carried out by Park considered the
increase in the ductility in concrete due to the
confinement steel, without considering the increase in
the compressive strength of the concrete. However, in
subsequent studies by Park et al. [7], his proposed
model was modified taking into account the confining
effect on compressive strength; thus, proposing his
modified model in 1982, where he shows that the
strength of confined concrete is multiplied by a factor
dependent on the type of confinement that the
concrete will have.

In the contribution given by Sinha et al. [8], the stress-
strain response that concrete has under cyclic loads was
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described qualitatively and quantitatively. In their
research work, they subjected concrete cylinders to a
cyclic axial compression load to determine the
dependence of the cyclical response of the concrete.
Experimentally, it was observed that the assumption
that the recharge curves approached straight lines were
not true; thus, it could be considered as a straight line
from the zero-stress level to the common point of the
intersection between the discharge and the recharge
curves. From this common point, the slope of the
recharge curves changes significantly.

In the research by Karsan and Jirsa [9], it was shown
that the recharge and discharge depend on the
previous load history. They developed experimental
tests, which consisted in the application of cyclic axial
loads in short rectangular columns of simple concrete,
to interpret in more detail the findings of Sinha. They
concluded that the response to a monotonic load
described an enveloping curve, with which they
proposed an empirical formula that correlated the
residual plastic stress with a point on the enveloping
curve from which the download. The recharge starts
from a level of zero stress until reaching the envelope
curve, from the level of zero stress to the common point
between the recharge curve and the discharge curve, it
can be represented as a straight line (Sinha et al. [8])
and a second order parabola from the common point to
the envelope curve (Karsan and Jirsa).

Mansour and Hsu [10] developed a stress-strain model
subjected to cyclic shear loads. This work included a
cyclic uniaxial constitutive relationship for concrete that
takes into account a reduction in compressive strength
caused by being subjected to tensile loads. constant,
the discharge and recharge curves of your model were
made up of a set of compound linear curves. After this
model, special attention has been paid to the
description of the resistance and the degradation of the
stiffness produced by the load cycle in tension and
compression, the shape of the discharge and recharge
curves and the transition between opening and closing.
from the cracks.

The response of concrete under cyclic tension load has
been studied in detail by Reinhardt [11], who performed
tests on simple concrete under cyclic tension and
developed numerical expressions for the reduction of
resistance, deriving the discharge and recharge curves.
It was observed that the recharge curve does not return
to the envelope curve in the previous maximum
discharge deformation and that a greater effort is
necessary to return to the envelope curve.
Furthermore, the energy dissipated in a traction cycle
can be neglected when compared with the energy
dissipated in a complete compression cycle.

TECNIA Vol.32 N°2 July-December 2022



155

R. Reyna et al.

Over the years, the models were improved, varying the
study methods and rules that govern them, and the
type of reinforcement and confinement. Some of these
new proposals for reinforcement include the addition
of fibers into the concrete mix, making it more resistant
to fatigue. In addition to its main function is to be a link
between the cracks developed in concrete when it is
loaded or when it is subjected to extreme
environmental changes, granting toughness to the
element after having incurred its maximum resistance
load, and avoiding imminent collapse in the case of
residual resistance (Bentur and Mindess [12]).

Their uses are innumerable, characterized in some cases
by significantly increasing the deformation capacity. In
addition it is possible to reduce the thickness of sections
of the resistant elements, effectively controlling
cracking, which results in lighter structures. This makes
them useful and can be applied to roads, bridges,
buildings and tracks (Wang et al. [13]).

The present investigation takes as its starting point the
study carried out by R. Reyna et al. in 2017 [6], where
the performance of low ductility walls reinforced with
carbon fiber under cyclic loading was studied. As part of
the development of this research, a series of
experimental studies were carried out. In 2013, three
specimens of low ductility walls were built, which were
subjected to a controlled cyclic lateral load test. In order
to improve the behavior of low ductility walls, a method
of reinforcing walls using carbon fiber was proposed,
where two of the walls were reinforced and their
effectiveness verified. In 2014, three similar specimens
of low ductility walls were built, which were subjected
to a controlled cyclic lateral load test. Two of the three
walls were reinforced with a variant of the previously
proposed reinforcement method. As a result, the
performance of the low ductility walls was improved
compared to the unreinforced wall. The failure mode
observed during the tests of low ductility walls was the
crushing of the concrete in the base-corners of the wall
and buckling of the reinforcing steel as a result of the
bending-compression load acting. Additionally, it was
observed that the concrete was restrained in reinforced
walls due to the confinement effect of the carbon fiber.
Therefore, in 2015, experimental tests were carried out
to study the confinement effect of carbon fiber of plain
concrete under monotonic and cyclic loads. (R. Reyna et

al. [14])

There are various models based on theoretical studies
and experimental tests where the applied loads were
monotonic or cyclic. The present research focused on
the experimental study of the behavior of concrete
under monotonic loads and different characteristic
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aspects, such as the type of reinforcement, geometry
(section form factor), slenderness of the specimen and
quality of the mix concrete; thus, being able to perform
a comparative evaluation between the different results
of the stress-strain curves of the concrete, which will
provide a better understanding of its behavior.

3. METODOLOGY

In order to study the mechanical properties of the plain
and fiber-reinforced concrete, 90 specimens (36 plain
concrete specimens and 54 reinforced concrete
specimens) were fabricated taking into account the
following factors:

— Section shape - Circular sections with 15cm of
diameter (C) and square sections with 15cm of side
(S).

— Slenderness ratio — Diameter/height or side/height
ratios of 1:1, 1:2 and 1:3 were used.

— Concrete quality — Design compressive strength
for concrete pattern and reinforced concrete
(different qualities of strength).

— Type of reinforcement fiber - Steel fiber (used for
concrete reinforcement), thick synthetic fibers
(used for concrete reinforcement and mortar) and
fine synthetic fiber (used for concrete
reinforcement and mortar) were employed.

These specimens have been fabricated based on plain
concrete and reinforced concrete, which were tested in
compression under monotonic loadings. Table 1 shows
the relation of specimens to be tested, specifying their
geometric characteristics, design quality and type of
reinforcement for their fabrication.

An identification code of the form XYM - WRZ was
assigned to each specimen, which describes the
influential characteristics for its behavior in the
proposed model. The meaning of each letter of the
codification is explained below.

XYWZM

C: Cirl:ularse:til}n] M: Sample for
5: Squaresection monotonic loading

9. Slendernces 1.3 0: Without reinforcement

1: Slenderness 1:1
3: slenderness 1:3

2: Reinforced with steel fiber

Concrete qualit\,r-'
(1,2,2,4,5y6) [

Fig. 1. Nomenclature to identify specimens.

For the preparation of the concrete mix, the aggregates
were characterized in compliance with the
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requirements of the Peruvian technical standard — =
400.37, obtaining the granulometry of the fine and thick
aggregates together with their respective houses and
properties. Six different qualities of mixes were done
without reinforcement (Table 1) and three of them were
prepared using reinforcement (Table 2 and Fig. 2). It is
important to emphasize that their respective
characteristic strength was obtained from the tests of
standard specimens: Circular transversal sections with
slenderness 1:2 without reinforcement (Table 1).

Fig. 3. Testing of concrete specimens subjected to a
compression load.

.-.\....«.

.
Y
N

Fig. 2. Types of Reinforcements used in the study. a)

Thick synthetic fiber. b) Steel fiber. ) Fine synthetic Fig. 4. Compression test of specimens of circular and
fiber. square section.

The 90 specimens prepared were subjected to an Table 1. List of specimens without reinforcement.
incremental monotonic loading according with the
Peruvian technical standard 339.034 until reaching the Strength Pattern Concrete
specimen failure, whose deformation is given in the Plain Concrete
direction of the applied load, which will be measured by Quality ¢ C S
3 LVDT (linear variation differential transformer) (Mpa) — — =
displacement transducers located around it, as shown i o o
in Fig. 3, and registered by a high-speed data acquisition 1 24 111 111
system. Fig. 4 shows a circular and square section 2 22 111 111
specimen after the monotonic test. 3 28 111 111

4 29 1 1 1 1 1 1

5 31 1 1 1 1 1 1

6 44 11 1 11 1
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Table 2. List of specimens with reinforcement.

Strength Reinforced Concrete
) Thick Synthetic Fiber Fine Synthetic Fiber Steel Fiber
Quality  tc c s c s c s
(Mp2) o N @ o N @ o N @ o N @ o N @ o N @
- - - - - - - - — - - — - - — — - -
29 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
31 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
44 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4. RESULT ANALYSIS 50 CIRCULAR SECTION
From the constitutive laws experimentally obtained of 40
each specimen, the following parameters were . 322
extracted (Fig. 5): . —e €360

—  Characteristic compressive stress (oc).

— Strain corresponding to peak strength (&c).

— Ultimate stress corresponding to 20% of peak
strength (ou).

— Strain corresponding to the ultimate stress
considered (Eu).

— Deformation capacity to 20% of peak strength

(Eul &).
g
N\
Oc
20%Q0e=0u /e
(0,0) €

Fig. 5. Concrete constitutive law.

Taking into account the stress-strain behavior curve of
the tested specimens, it was proceeded to group them
according to the variable parameter of interest, which
were the slenderness and the reinforcement type, while
for each group the other parameters were remained
constant, which included the type of section and the
quality of the concrete. Some of the curves for the
comparison of stress-strain behavior due to slenderness
effects are presented below.

From Fig. 6 and Figure 7, due to the slenderness values,
it is observed that the specimens with aspect ratio 1:1
has a significantly larger deformation capacity than
specimens with aspect ratio 1:2 and 1:3. As an example,
Fig. 6 shows specimens with quality of the concrete
type 6 without reinforcement of circular and square
shape sections; and Figure 7 shows specimens with
quality of the concrete type 6 and reinforcement type 1
of circular and square sections.
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Stress (Mpa)

0.015 0.02 0.025
Strain (%)

SQUARE SECTION

0.03

Stress (Mpa)

0 0.005 0.01

0.015
Strain (%)
Fig. 6. Comparison of stress-strain behavior for
slenderness effects with quality of the concrete type 6
without reinforcement in circular and square sections.

0.02 0.025 0.03
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CIRCULAR SECTION

&
8

©

2 —e C161
2 - — e C261
2 —e C361
[

o

&A 20

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain (%)

SQUARE SECTION

Stress (Mpa)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain (%)

Figure 7. Comparison of stress-strain behavior for
slenderness effects with quality of the concrete type 6 with
reinforcement type 1in circular and square sections.

According to the type of the fiber reinforcement shown
in Figure 8 and Figure 9, specimens with fiber
reinforcement type 1 and 2 has a significant larger
deformation capacity than specimens with fiber
reinforcement type 3 and plain concrete. Figure 8
shows specimens with quality of the concrete type 4
and slenderness 1:2 of circular and square sections.

CIRCULAR SECTION

\\ —e 240
= \\ » C241
20 242

C243

Stress (Mpa)

Strain (%)
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SQUARE SECTION

40
— 5240
5241

35
30 /\
i
5
5242

s | 5243

Stress (Mpa)

o 0.005 (X} 0.015 0.0z 0.025
Strain (%)

Figure 8. Comparison of stress-strain behavior for
slenderness effects of the type of reinforcement with quality
of the concrete type 4 and slenderness 2 in circular and
square sections.

CIRCULAR SECTION

.

. — C340
-a" \ — C341
s 342
v | C343
g
a;; .

(1]

o 0.002 0.004 0.006 0.008 0.01 0012 0.014 0.016 0.018 0.02
Strain (%)
SQUARE SECTION

s0
2 — 5340
w
o . 5341
% ’ 5342
g 15 5343
& \

Strain (%)
Figure 9. Comparison of stress-strain behavior for effects of

the type of reinforcement with quality of the concrete type 4
and slenderness 3 in circular and square sections.

On the other hand, Fig. 10 shows the results of
comparing the normalized resistance and normalized
deformation capacity of specimens with different types
of fiber reinforcement. The normalization was carried
out with respect to the specimens with the same
characteristics (mix quality, slenderness and shape
section) but without reinforcement. For instance, the
characteristic compressive resistance of the specimen
C141M is normalized by dividing with respect to the
characteristic compressive resistance of the specimen
C140M. As it can be observed in Fig. 10 of normalized
resistance, there is no significative contribution of
resistance, the means of the bars are 0.98, 1.00, 1.07,
corresponding to the reinforcement types 1, 2 and 3
respectively. According to the other graphic, about
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normalized deformation capacity, as may be seen, there
is a contribution on the deformation capacity when
adding reinforcement to the concrete mix. The means
of the bars are 2.25, 1.76 and 0.96 associated to the
reinforcement types 1, 2 and 3, respectively; therefore,
it can be argued that reinforcements 1 and 2 contribute
to give deformation capacity to the concrete mix.

1.40
-
.
) e

Reinforced Type ( R[x] )

0

|

|
2

Reinforced Type ( R[x] )

1.20

5
m‘«

1.00

b
0.80 i
0.60

il ]
0.40
020 ‘
0.00

2.50

-~

|
| B Slenderness 1

e

e

H Slenderness 2

S FE— E— —
R

=

Normalized Resistance
(RIx] /R[O])

M Slenderness 3

Vi

e
SaEis

B
=
ey
-

2.00

1.50
m Slenderness 1
1.00 H Slenderness 2
H Slenderness 3
0.50

Normalized Deformation Capacity
(RIx] /R[O] )

0.00

Fig. 10. Comparative results between specimens with
different types of fiber reinforcement. The comparative
parameters are: Normalized resistance on the left, and
normalized deformation capacity on the right.

Fig. 11 shows the results of comparing the normalized
resistance and normalized deformation capacity of a
specimen with slenderness of 1:1 and 1:3. The
normalization was carried out with respect to standard
slenderness 1:2 of the plain concrete with the same
characteristics (mix quality and shape section). For
instance, the characteristic compressive resistance of
the specimen C110M is normalized by dividing with
respect of the characteristic compressive resistance of
the specimen C120M. As it can be observed in Fig. 11 of
normalized resistance, the normalized resistance of the
specimen with slenderness of 1:1 is higher than the
standard slenderness (value more than 1), and the
specimen with slenderness 1:3 is lower, being the
average values 1.14 and 0.97, respectively. According to
the normalized deformation capacity, the specimens
with slenderness 1:1 have higher deformation capacity
than the specimens with slenderness 1:3, both of them
normalized with respect to the standard slenderness
1:2, being the average values 1.77 and 0.77, respectively.
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1.40

1.20

1.00

M Circular

M Square

Normalized Resistance
( Slenderness [1:x] / Slenderness [1:2])

0.00

1 3

Slenderness [1:x]

2.50

2.00

1.50
1.00
- I I
0.00
1 3

Slenderness [1:x]

W Circular

W Square

Normalized Deformation Capacity
o

( Slenderness [1:x]/ Slenderness [1:2] )

Fig. 11. Comparative results between specimens with
different types of slenderness (1:1and 1:3. The comparative
parameters are: Normalized resistance on the left, and
normalized deformation capacity on the right.

In terms of shape section, Figure 12 shows the results of
the normalized resistance and normalized deformation
capacity against the slenderness ratio of the specimens.
The normalization was carried out by dividing the
corresponding parameter of square shape section over
the standard circular shape section of the plain concrete
with the same characteristic (mix quality and
slenderness). For instance, the characteristic
compressive resistance of the specimen C110M is
normalized by dividing with respect of the characteristic
compressive resistance of the specimen S110M. From
Figure 12, similar values of maximum normalized
resistance between square shape sections and circular
shape sections are observed for all types of slenderness
ratio. Regarding the normalized deformation capacity
of the specimens, higher slenderness ratio results in
higher deformation capacity of square shape sections
with respect to the circular shape section specimens.

TECNIA Vol.32 N°2 July-December 2022



160

R. Reyna et al.

1.20

1.00

0.80

0.60

0.40

0.20

Normalized Resistance
{ Square Section / Circular Section )

0.00
1 2 3

Slenderness [1:x]

1.40
1.20
1.00
0.80
0.60

0.40

Normalized Deformation Capacity
( Square Section / Circular Section )

0.20

0.00
1 2 3

Slenderness [1:x]

Figure 12. Comparative results between specimens with
different types of shape section for different
slenderness ratios. The comparative parameters are:
Normalized resistance on the left, and normalized
deformation capacity on the right.

CONCLUSIONS

The steel fibers reinforcement and thick synthetic fibers
reinforcement are oriented to increase the deformation
capacity of the concrete in comparison with the fine
synthetic fiber reinforcement. However, the resistance
does not improve significantly.

The peak strength obtained from the specimens testing
with slenderness ratio 1:1 is higher than the strengths
obtained from the specimens with slenderness ratios 1:2
and 1:3, while the difference in the maximum
compressive strength results of specimens with
slenderness ratios 1:2 and 1:3 do not differ significantly.

The square section specimens have higher ultimate
deformation compared to the circular section
specimens for a slenderness ratio 1:1, while for
slenderness ratio 1:2 and 1:3 this difference is not very
significant.

The square section specimens show higher deformation
capacity for slenderness ratios 1:2 and 1:3 than with
specimens with circular sections.

In terms of the slenderness ratio of the specimens, it is
observed that the specimens with aspect ratio 1:1 have
a significantly larger deformation capacity than
specimens with aspect ratio 1:2 and 1:3.
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From the test results, it was observed that the use of
fiber reinforcement enhance the deformation capacity
of the concrete. However, it is recommended to
conduct further research varying the quantity of the
fiber reinforcement, in order to determine optimum
design quantities taking into account the parameters of
strength and deformation capacity of the concrete.

In order to obtain a better understanding of the
performance of the fiber reinforced concrete into a
structure, it is recommended to conduct experimental
researches of structural elements subjected to different
types of loads (bending and shear), for instance, beams
or columns.

REFERENCES

[1] E. Hognestad, N. W. Hanson and D. McHenry.
Stress-strain behavior of concrete under cyclic
loading. ACI Journal Proceedings; (1955).

[2]  Todeschini C. E., Bianchini A. B., and Kesler C. E.
Behavior of Concrete Columns Reinforced with
High Strength Steels. ACI Journal Proceedings;
(1964).

[3] Park, R, Kent, D. C, and Sampson, R. A.
Reinforced concrete members with cyclic
loading. Journal of the Structural Division; (1972).

[4] Darwin D., Pecknold D.A.W., Inelastic model for
cyclic biaxial loading of reinforced concrete. Civil
Engineering Studies, University of Illinois, USA,
(1974)-

[5] Reyna R., Saito T., Matsui T. and Hayashi K.
Monotonic stress-strain relationship of concrete
with  carbon fiber sheet confinement.
Proceedings of the Japan Concrete Institute
Annual Convention, Hakata, Japan; (2016)

[6] Reyna, R., Saito, T., Matsui, T., and Hayashi, K.
Stress-Strain ~ Relationship ~ Of  Concrete
Retrofitted With Carbon Fiber Sheet Under Cyclic
Loading, Earthquake Engineering; (2017).

[71 Park, R., Priestley, M. J., and Gill, W. D. Ductility
of square-confined concrete columns. Journal of
the structural divisién; (1982).

[8] Sinha, B. P, Gerstle, K. H., and Tulin, L. G. Stress-
strain relations for concrete under cyclic loading.
In Journal Proceedings; (1964).

[9] Karsan, . D., and Jirsa, J. O. Behavior of concrete
under compressive loadings. Journal of the
Structural Division; (1969).

[10] Mansour M, and Hsu T. Behavior of reinforced
concrete elements under cyclic shear I
Theoretical model, Journal of Structural
Engineering; (2005)

TECNIA Vol.32 N°2 July-December 2022



(1]

[13]

[14]

R. Reyna et al.

Reinhardt, H. W., Cornelissen, H. A., and Hordijk,
D. A. Tensile tests and failure analysis of
concrete. Journal of structural engineering;
(1986).

Wang, Y., and Li, V. An experimental study of
synthetic  fibre  reinforced cementitious
composites. Engineering Materials Science,
Springer; (1987).

Reyna R., Saito T., Matsui T. and Hayashi, K.
Confinement effect of concrete with carbon
fiber sheet reinforcement under monotonic
loading. International Journal of Structural and
Civil Engineering Research, 5(4), 250-257; (2016)

DOI: https://doi.org/10.21754/tecnia.v32i2.1411

161

Bentur, A.,, & Mindess, S. Fibre reinforced
cementitious composites. Taylor & Francis
Group; (2007).

Los articulos publicados por TECNIA

pueden ser compartidos a través de la
licencia Creative Commons: CC BY 4.0.
Permisos lejos de este alcance pueden
ser consultados a través del correo
revistas@uni.edu.pe

TECNIA Vol.32 N°2 July-December 2022


mailto:revistas@uni.edu.pe

