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1. Introduction
he technique of rock carving has been used in the
constructions of Brazil since the 16th century,
reaching its apex and primarily in the state of
Minas Gerais during the 18th century. In this region, the
art was implanted by influence of the Portuguese and
acquired local peculiarities thanks to the creativity of the
native artists. These artists dominated the eighteenth-

*Corresponding Author:
Tulio Hallak Panzera,

Currently many works of art made of soapstone and recognised as
cultural patrimony of humanity are in an advanced stage of degradation.
Hence, it is necessary to interrupt this process and recover the
deteriorated parts. Composite materials consisted of steatite particles
and epoxy polymer are designed and characterised for their application
in the repair of sculptures made of soapstone. The material applied in
restorations should provide colouration and texture similar to soapstone
besides structural requirements. The degree of similarity of the artificial
material to the rock is enhanced by the proper selection of the particle
size range and the increase of the weight percent of steatite incorporated
in the composites. A statistical methodology based on the mixture
design is used to optimise the relative amount of three size of steatite
particles in order to maximise the weight percent of dispersed phase in
the composites. The maximum particle packing density (1.50 g/cm?) is
obtained for a ternary mixture, composed of 62 wt.% of coarse particles
(1.18 mm - 0.60 mm), 6 wt.% of medium sized particles (0.60 mm - 0.30
mm) and 32 wt.% of fine particles (0.30 mm - 0.15 mm). In this manner,
the fabrication of composites based on an epoxy polymer matrix with 70
wt.% of incorporated steatite particles has been possible, increasing the
maximum amount by 10 % as used in previous works.

century architecture and helped to compose the beautiful
and original collection that characterises the baroque
style of Minas Gerais''. During the eighteenth century
many cities in the Brazilian’s country side were founded
because of the discovery of large gold deposits. The hope
for prosperity and enrichment brought by the precious
metal attracted large numbers of migrants and resulted in a
strong economic development of these regions. Population

Centre for Innovation and Technology in Composite Materials (CITeC), Department of Mechanical Engineering, Federal University
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growth and abundant financial resources boosted the local
economy. These factors, allied to the strong religious
tradition of that time in Brazil, resulted in the construction
of magnificent churches with ornate facades and countless
works of art”.

In this prosperous scenario, great artists of the baroque
appeared; Antonio Francisco Lisboa, popularly known as
Aleijadinho, being the most famous. Like Aleijadinho,
many sculptors of that time used blocks of rock as the
main raw material for the manufacture of sculptures and
ornaments of churches. Steatite, also known as soapstone,
was the favourite rock material used by these sculptors,
because of its low hardness, and, therefore, the great ease
of obtaining precise and delicate details of the artefacts.
However, this striking feature also turns soapstone
susceptible to wear and, unfortunately, to acts of
vandalism. Many artefacts made of soapstone, considered
as cultural patrimony of humanity, are currently in an
advanced stage of degradation”’. Therefore, it is necessary
to develop techniques and actions for the maintenance and
restoration of these artefacts. In view of this need, this
work aimed to develop suitable composite materials for
application in the repair of superficial wear, replacement
of damaged parts and production of replicas of sculptures
in soapstone.

In this way, studies have been conducted on developing
suitable materials to be used in the restoration of
artefacts made from soapstone. The material used in
such restorations must present, as one of their main
characteristic, colouration and texture similar to the
original stone, and acceptable structural properties.
Therefore, composites made with different weight percent
of particles of soapstone itself and different weight percent
of binders have been studied in order to obtain a material
suitable for restoration works'™,

Strecker et al.'" have investigated the effect of adding
steatite residues in different grain sizes on the mechanical
properties of cementitious composites. Panzera et al."”!
have developed hybrid composites, for restoration
works, made of Portland cement, steatite particles and
unidirectional carbon fibres, aiming to increase the
flexural strength of the material. Cota et al.' have studied
the mechanical behaviour of composites manufactured
with steatite residues and matrices consisting of mixtures
of epoxy polymer and Portland cement paste in different
proportions. The maximum amount of steatite particles
added by these researchers was 60 wt.%. The main
difficulties encountered were the low workability and
the low capacity of material densification and the loss of
mechanical strength, which have been the main limiting
factors for an increase of the weight percent of dispersed

2 Distributed under creative commons license 4.0

phase in these composites.

A small number of studies have been carried out with
the aim of developing and characterising materials for
restoration of historical monuments manufactured with
other types of rock. Torney et al.”’ developed a study
in order to compare some physical properties of the
sandstone with the properties of two types of commercial
mortars applied in restoration of rocks. Stefanidou et al.”!
have studied the development of mortar for application
in restoration of monuments manufactured with different
types of rock. The authors carried out a study to
investigate the colour ratio of the mortars according to the
aggregate used. It has been found that a correct selection
of the type, size and weight fraction of the aggregate can
generate artificial materials with colouration and texture
similar to natural rock. Particle size and the weight percent
of steatite particles incorporated into the composites are
the main factors associated with the degree of physical
similarity between the artificial material and the rock.
Therefore, in order to produce materials with colour and
texture similar to soapstone, a high weight percent of
dispersed phase in the composite material is desired. This
can be achieved by maximising the packing density of
steatite particles, a factor that also contributes to increased
mechanical strength of the material®. Particle packing is
the problem of the correct selection of proportions and
sizes of the particulate materials. The highest particle
packing is obtained when large voids are filled with small
particles whose voids are again filled with even smaller
particles and so on'"”.

Particle packing can be represented quantitatively
by the packing density, defined as the mass of solid in
a unit of total volume. The materials with high packing
density have low volume of voids between particles and,
consequently, require a smaller weight percent of binding
material as matrix. Various properties of particulate
composites are related to the packing of particles
representing the dispersed phase. High packing densities
are fundamental to obtain particulate composites of low
porosity and, in consequence, with enhanced mechanical
properties".

The particle size distribution of the system or the filling
sequence of the voids between the particles determines
whether a high packing density is achieved. Therefore, it
is important to optimise the relative amounts of different
sized particle fractions that constitute the system!”. This
optimisation can be performed by the use of a statistical
methodology based on mixture design experiments.
Experiments with mixtures are those where two or more
ingredients are mixed to form a product. The response
of interest to be measured constitutes a property of

DOL: https://doi.org/10.30564/jbmr.v1i1.546
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the mixture, depending only on the proportions of the
components present (whether in mass, volume or molar
ratio), and not on the total amount of the mixture. A
general objective of this experimental design is the
modelling and analysis of the response surface of the
mixture. This methodology is based on a limited number
of observations considering pre-selected proportions
of the components, resulting in mixtures of different
compositions!"”. By modelling the surface of response
of the mixtures it is possible to obtain a prediction of
the response for any composition of the mixture within
the region covered by the experiment, and consequently,
to estimate the optimum composition of the studied
mixture!?,

This work aims to maximise the packing density of
steatite particles in order to increase the weight percent
of dispersed phase incorporated in composites destined to
the restoration of artefacts made of soapstone. This was
achieved by optimising the particle size distribution using
a statistical methodology based on the planning of three
component mixture experiment.

2. Materials and Methods
An epoxy polymer is used as matrix phase, while
particles of soapstone are used as dispersed phase.

2.1 Matrix Phase: Epoxy Resin Polymer

A liquid epoxy resin based on bisphenol A, LY-
1316 2BR, and Aradur 2963 curing agent, based on
cycloaliphatic amines, are used as matrix material for the
investigated composites. This set of resin and hardener
are produced by the Huntsman Company (Brazil). The
recommended ratio between resin and hardener, as well as
some other properties, are provided by the manufacturer,
as shown in Table 1.

Resin 1000 - 1200 mPas
Viscosity at 25°C Hardener 30— 70 mPas
Mixture 300 — 400 mPas
Time of use at 25°C Mixture 35 minutes
Time for demoulding at 25°C Mixture 8 to 10 hours
Curing time at 25°C Mixture 7 days

This epoxy system (LY — 1316 2BR/2963) was chosen
due to its relatively low viscosity and the combination
of suitable properties for the composite manufacturing
process. This characteristic is fundamental to ensure a
high physical adhesion upon porous surfaces and a high
percentage of the dispersed phase (steatite particles)
without compromising the workability of the material.
Moreover, LY - 1316 2BR/2963 epoxy polymer also
provides a combination of important and desirable
characteristics for restoration applications such as
colourlessness. This set also provides a system for easy
handling and curing at room temperature. According to
the manufacturer, the final product after curing is rigid
and presents an excellent balance between its mechanical,
thermal and chemical resistance, associated with low
contraction, high adhesion, high cohesion and optimum
dimensional stability.

2.2 Dispersed Phase: Steatite Particles

The steatite particles were collected from a local
manufacturer of pans and artefacts of soapstone, located
in the city of Congonhas (Brazil). The steatite residues
were dried in an oven at 110°C for 24 hours. The chemical
analysis of the soapstone residue was obtained by X-ray
fluorescence spectrometry as shown in Table 2. The high
content of silicon oxide (44.78 %) and magnesium oxide
(29.24 %) found in the soapstone powder is characteristic
of the mineral talc, the main constituent of steatite!'”..

Table 2. Composition of Steatite residue.

Compound Quantity (%)
. . SiO, 44.78
Table 1. Properties of Araldite LY — 1316 2BR and Hardener Aradur 2963 and ALO 365
the Mixture Thereof (Source: Huntsman Ltd.) 2 :
Fe,0, 8.34
Characteristics Product Data TiO, <0.001
Proportion of mixture (in mass) Resin 100g S 2.99
Hardener 48g MgO 29.24
Resin 1.0a1.05 g/cm?® NaO, <0.001
Density at 25°C Hardener 1.0 g/cm® KO, <0.001
Mixture 1.0 to 1.05 g/em? MnO 0.15
P,0, 0.01
Loss on ignition 10.36
Table 3. Particle size analysis of the steatite residue.
PARTICLE SIZE DISTRIBUTION - STEATITE (300g)
SIEVE SAMPLE 1 SAMPLE 2 % Mean
ASTM E11-17 [18] Opening (mm) | Retained mass (g) % Retained | Retained mass (g) | % Retained | Retained Cumulative percent retained Cumulative percent passing
3” 75.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
1.1/2” 37.50 0.00 0.00 0.00 0.00 0.00 0.00 100.00
3/4” 19.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
3/8” 9.50 0.00 0.00 0.00 0.00 0.00 0.00 100.00
4 4.75 5.17 1.73 5.37 1.79 1.76 1.76 98.24
8 2.36 22.10 7.38 22.80 7.61 7.50 9.26 90.74
16 1.18 47.20 15.77 47.07 15.72 15.74 25.00 75.00
30 0.60 72.59 24.25 71.79 23.97 24.11 49.10 50.90

Distributed under creative commons license 4.0
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50 ‘ 0.30 48.74 16.28 48.08 16.05 16.17 65.27 34.73
100 ‘ 0.15 32.82 10.96 31.53 10.53 10.74 76.01 23.99
PAN 70.77 23.64 72.88 24.33 23.99 100.00 0,00
TOTAL 299.39 100.00 299.52 100.00 100.00 226.40
Fineness modulus: 2.26

Subsequently, the powders were characterised by its
grain size distribution, as recommended by the standards
ASTM C136M-14" and NBR NM 248-03!"". An
electromagnetic stirrer and a set of standard sieves'"”
used to determine the grain size distribution of the steatite
residue from the pans manufacturing process (Table 3).

The grain size distribution of the steatite residue is
close to the limits established by standards NBR 7211-
09"" and ASTM C144-11"" but does not fully comply
with them. Therefore, to be used as fine aggregate in
concretes and mortars, the soapstone residue must have
its grain size distribution adjusted to suit the requirements
provided by these standards. The grain size distribution
curves are shown in Figure 1.

were

—-— Cumulative percent passing
—— Cumulative percent retained

100+

Percent (%)
n
?

45 6 7 8 9 10
Openning (mm)

Figure 1. Particle Size Distribution of Steatite Residue

The particle size distribution curve presents a
continuous behaviour in the size range between 4.75
mm and 0.15 mm. This behaviour indicates that the
investigated steatite residue is well-graded and does not
present discontinuities in the analysed range. Aggregates
with a continuous particle size distribution favour higher
particle packing densities”".

The particle size distribution of steatite used in this
work is obtained following the recommendations of
ASTM C136M-14"" and NBR NM 248-03'"". However,
the grain size range for composite manufacturing is
selected prioritising the best material suitability for
restorations. Dense particle packing is fundamental to
obtain particulate composites with low porosity and,
consequently, materials with enhanced mechanical
properties. Therefore, an effort is made to use an aggregate
with a large and continuous particle size distribution,
as these factors contribute positively to the increase of

4 Distributed under creative commons license 4.0

the particle packing density””". However, an upper limit
and lower limit of particle size are established aiming at
a better suitability of the material for its application in
restoration works.

Composites produced with particles larger than 1.18
mm showed little penetration capacity into cracks, turning
the material unsuitable for application in this type of
defect”. Composites made with particles smaller than
0.15 mm were also studied. These fine particles were
lighter in colour than the natural stone. Consequently,
the preliminary composites made of these particles
exhibited a very different physical appearance as the
rock”. Therefore, the lower (0.15 mm) and upper (1.18
mm) limits of the steatite particle size was established.
Within the established size range, the steatite is classified
in monodisperse particles according to the standards NBR
7211-09™ and ASTM C144-11""". These monodisperse
particles are denominated coarse, medium and fine, as
presented in Table 4 and in Figure 2.

Table 4. Monodisperse Particle Levels of Steatite (ASTM E11-17"*)

Particle Size Sieve passing Sieve retained
Coarse 16 30
Medium 30 50
Fine 50 100

Coarse

Medium Fine

Figure 2. Steatite Classified in Coarse, Medium and Fine
Monodispersed Particles.

The characterisation of the steatite particle morphology
was performed by scanning electron microscopy
(SEM), Hitachi MEV-TM 3000, using backscattered
electron mode (BSE) at 15 kV and carbon tape. Figure
3(a-c) shows the images of steatite particles at 50x of
magnification.

h

(From Left) Figure 3. (a) Coarse (1.18 — 0.60 mm), (b)
medium (0.60-0.30 mm) and (c) fine sized (0.30 — 0.15
mm) steatite particles.

DOL: https://doi.org/10.30564/jbmr.v1i1.546
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The SEM images were compared with the standard
NBR 7389-09% to define the levels of sphericity and
roundness of the particles. Through visual evaluation a
great heterogeneity in the particle shape is identified, with
particles of low sphericity and angular and subangular
surfaces showing little evidence of wear. This morphology
is characteristic of aggregates that undergo artificial
comminution processes, as is the case of the soapstone
particles used in this work. This type of morphology
presented by the soapstone particles contributes negatively
to the packaging. The further away from the spherical
and angular shape are the particles, the lower the packing
density of a distribution containing them. This is due to
friction effects between particles with irregular surfaces.
The smaller the size of the irregular particles, the greater
this effect will be, due to the greater specific surface
area",

2.3 Experimental Planning with Mixtures

In order to maximise the packing density of the steatite
particles, the mixture design of experiment was used in
this project. The simplex-centroid design for mixtures with
three components was applied in the system consisting
of coarse, medium and fine monodispersed particles.
This model is represented by an equilateral triangle with
seven points; the dots represent the different pre-selected
compositions that are tested. In a three-component
mixture, each experiment at the vertices represents the
formulations of a pure component, while the centre of
the edges of the equilateral triangle represents the binary
mixtures and compositions within the triangle the ternary
mixtures, as shown in Figure 4.

c1
(COARSE)

_.\
o

\
/ \

c7 A
\
. \
\\
\\
/ \
. @
c2 s a

(MEDIUM) (FINE)

Figure 4. Simplex-centroid Surface for Three Distinct
Particle Size Classes

The components of each composition were weighed
and mixed to homogenise the material. Subsequently, one

Distributed under creative commons license 4.0

at a time, the mixtures were placed in a graduated cylinder
and subjected to vibration on an electromagnetic stirrer for
three minutes. The packing density of each composition
is calculated by dividing the mass of each mixture by
the total volume occupied by the particles in the beaker
after vibration. This procedure was performed for the
seven different compositions and repeated twice, in order
to minimise the experimental error of the results”*. The
randomisation method was adopted during conduction of
the tests, allowing an arbitrary ordering of the different
compositions and avoiding that effects of uncontrolled
factors could affect the response-variable!*

The values obtained in the tests with pre-selected
compositions were used to determine the coefficients ()
of the canonical polynomials of Scheffé and to generate
the response surface (using Minitab software version 17,
module “Mixture”)*”.

Two polynomial models applicable to the simplex-
centroid design of three components (q = 3) were tested:
quadratic model (Equation 1) and special cubic model
(Equation 2).

V= Byxy + Boxy + Baxg+ Brpxyxo + Braxaxs + faaxax; (€]

¥ = Byxy + Poxy+ faxg+ Pipxyxs + Pag¥XeXs + FogXp¥y + FraaXyXp%s 2)

On the equations 1 and 2, ¥ is the expected response
for the proposed mixture, and x,, x, and x, represent the
proportion of each of the three components of the mixture.
The parameters S, x; represent the expected response for
the pure compositions. The terms f; x; x; represent an
alteration of the quadratic model response (degree two)
over the linear model (degree one). The third-degree term
Bixx: x; x; describes the response surface behaviour in the
interior of the surface simplex"”*. After the experimental
packing tests, the polynomial model (R? and R? adjusted)
that presented the best fit is chosen, and consequently,
the best predictive capability for the response variable
investigated.

The adjusted equation relates the packing density of
the particles to the proportions of the three monodisperse
particles used. By processing of the experimental data, a
response surface was generated for the variable packing
density. By means of the adjusted equation and the
generated response surface it was possible to predict
the behaviour of the response variable for different
combinations of the monodisperse particles used. Thus,
the packing density could be maximised by optimising the
amounts of the three distinct monodisperse particles of
different size ranges through non-linear programming.

2.4 Sample Preparation

Composite samples with the highest possible weight
percent of dispersed phase were manufactured after the

DOL: https://doi.org/10.30564/jbmr.v1i1.546 5
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optimisation of the amounts of the three monodisperse
steatite particles, aiming at the development of a material
with similar colour and texture as steatite rock. Based on
previous studies'™ " and preliminary tests, composites
were produced using three different weight percent
of matrix phase (35 wt.%, 30 wt.% and 25 wt.%) and
dispersed phase (65 wt.%, 70 wt.% and 75 wt.%).

The composites were manufactured by manually
mixing 100 parts by mass of resin and 48 parts by weight
of hardener for a period of 3 minutes, following the
manufacturer’s recommendations. After homogenisation
of the resin with the hardener, the polymer phase was
manually mixed with the steatite particles in the different
proportions over a period of 3 minutes. The materials
were cast in silicone moulds and subjected to vibration
in an electromagnetic stirrer for material accommodation
and elimination of air bubbles entrapped. A mould with
cylindrical shapes with dimensions recommended by
ASTM D695-10"" is shown in Figure 5.

Figure 5. Silicon Mould Used to Manufacture Sample

After 48 hours the specimens of 40 mm height and 20
mm diameter were removed from the mould, identified
and packed in a sealed plastic container. Curing of the
specimens was performed at room temperature for a
period of 7 days. Ten specimens from each of the three
compositions were fabricated in a randomised order. In
total, 30 specimens were produced, as recommended by
ASTM D695-10%".

3. Results

The simplex-centroid design for mixtures with three
components was applied to the system consisting of
coarse, medium and fine monodisperse particles. The
packing densities of the seven pre-selected mixtures by
the simplex-centroid design are shown in Table 5.

Table 5. Packing Density of the Pre-selected Mixtures of Steatite Particles

. Packing density (g/cm?)
Compositions —
R1 R2 Mean Standard deviation
Cl 1.420 1.429 1.425 0.006
C2 1.337 1.351 1.344 0.010
C3 1.238 1.225 1.232 0.009

6 Distributed under creative commons license 4.0

Cc4 1.453 1.471 1.462 0.012
C5 1.488 1.479 1.484 0.006
C6 1.374 1.359 1.366 0.011
C7 1.471 1.479 1.475 0.006

The values obtained in the tests with pre-selected
mixtures were used to determine the coefficients of the
canonical polynomials of Scheffé and to generate the
response surface for the variable packing density (using
Minitab software version 17, module “Mixture”). Two
polynomial models applicable to the three-component
simplex-centroid delineation (q = 3) were tested, the
quadratic model (Equation 1) and the special cubic model
(Equation 2).

The quadratic model was chosen because it presented a
better adjustment capacity to the experimental data (R? =
99.44 % and R? adjusted = 99.10 %). The adjusted R? and
R? values close to 100 % indicate that the quality of the fit
of the model is satisfactory. The adequacy of the statistical
model used is verified through the normal probability plot
for the residues presented in Figure 6. The behaviour of
the residuals for the response variable packaging density
of steatite particles was adequate for normal distribution
conditions. The points are located approximately along
a straight line and there are no outliers, which are points
distant from the line and may represent a source of error
in the data collection.

Percentage
22

1
-0.015

-0.010

-0.005 0.000 0.005
Residue

Figure 6. Normal Residual Probability Plot for the Pack-
ing Density of Steatite Particles

0.010  0.015

After the definition of the polynomial model and
the verification of the adequacy of the model, the
coefficients obtained through the statistical planning and
the experimental data were inserted in Equation 1. The
quadratic polynomial adjusted to the experimental data of
packaging density of the steatite particles is presented in
Equation 3.

§= 142x + 134, + 123x,+ 031xyx, + 0.63x,x; + 0.32x,x, 3

Equation 3 relates the variable response packing
density of the particles (,} ) with the proportions of the
monodisperse coarse (X;), medium (x,) and fine (x;)
particles used. By adjustment of the equation to the
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experimental data it is possible to predict the behaviour
of the variable response for all different combinations
of the monodisperse mixtures. Consequently, it was
possible to maximise the packing density of the particles
by optimising the particle size distribution in the range
investigated. The theoretical proportions of monodisperse
particles for maximum packing density were obtained by
maximising Equation 3.

The maximum particle packing density was obtained
for a ternary mixture, composed of 62% of coarse particles
(1.18 mm - 0.60 mm), 6% of medium sized particles (0.60
mm - 0.30 mm) and 32% of fine particles (0.30 mm - 0.15
mm). Inserting the values of the proportions in Equation 3,
a theoretical packing density of 1.50 g/cm*® was obtained.
This value was verified and confirmed by performing new
experimental tests using the statistical modelling data.

Through experimental design with mixtures it was also
possible to generate a contour plot for the behaviour of the
variable packing density for all different combinations of
proportions of the coarse, medium and fine monodisperse
particles, see Figure 7.

PACKING DENSITY (g/cm?)

COARSE

PACKING DEMSITY

COARSE PARTICLES = 621242 lgfem?)
MEDIUM PARTICLES = 00613452 = 1280
FENE PARTICLES = 0, 317412 = 1 5
PACKING DESSITY fg/em?) = 149990 - rid i
[ETE R
L340 1,565
165 - 13m0
EET TN 1
s 1440
W L0 Lot
W UEs - las0
= 1490

MEDIUM FINE

Figure 7. Contour Plot for the Variable Packing Density

Based on the contour plot it is possible to estimate
the region of the experimental space which maximises
packing density response of the steatite particles. As
shown in Figure 7, the coarse monodispersed particles
presented a higher packing density compared to medium
and fine monodisperse particles, however, the region
of the experimental space that presents the highest
packing density is a ternary mixture composed of coarse,
medium and fine particles. These findings confirm the
theories reported in previous work”", assuming that
larger irregular particles with a continuous particle size
distribution produces denser packages.

After the optimisation of the size distribution of the
steatite particles, composites were fabricated using an
epoxy polymer (Table 1) as matrix and different weight
percent of dispersed phase (65 w.t%, 70 w.t% and 75 w.t%)
with the optimised grain size distribution.

In the attempt to develop a material with aesthetic

Distributed under creative commons license 4.0

characteristics similar to those presented by soapstone,
the largest possible weight percent of dispersed phase
was incorporated to the composites. Therefore, based on
previous studies'’™ and preliminary tests, composites
with 25 wt.% of epoxy polymer and 75 wt.% of steatite
particles were manufactured. However, this material
presented very low fluidity, compromising the workability
and the capacity of densification, leading to a large
amount of external macro pores (Figure 8), especially
for a cylindrical sample that makes it difficult to remove
trapped air through its longitudinal length.

Due to the low fluidity of these composites, which
resulted in high porosity, the weight percent of polymer
matrix was increased, and the weight percent of steatite
particles decreased. Thus, composites were fabricated with
70 wt.% and 65 wt.% of steatite particles. Contrary to the
first percentage used, the mixture composed of 30 wt.%
epoxy polymer and 70 wt.% of steatite particles revealed
better workability and higher density with reduced amount
and size of external macro pores. The blend consisting
of 35 wt.% epoxy polymer and 65 wt.% steatite particles
also showed adequate workability and density. However,
this higher percentage of epoxy polymer (35 wt.%) was
excessive and caused segregation of the steatite particles.
The dispersed phase accumulated predominantly in the
lower part of the specimens, generating a heterogeneous
material along the longitudinal section (Figure 8).

e—

S/
65 wt.% T0 wt. % 75 wt.%
of steatite of stearite of steatite

Figure 8. Polymer-based Composites with 65 wt.%, 70
wt.% and 75 wt.% of Steatite Inclusions

The Hitachi MEV-TM 3000 Scanning Electron
Microscope operating with backscattered electron mode
at 15kV was used for the microstructural analysis of
the composites. Figure 9 shows the composite images
containing 65 wt.% (a), 70 wt.% (b) and 75 wt.% (c) of
steatite particles with a 40 x magnification. Composites
made with a large amount of steatite particles reveal the
presence of a larger amount of macro pores (Figure 9c),
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which can be attributed to the different rheology of the
system that can affect the removal of internal bubbles.
A good interface condition between the steatite particles
and the matrix phase is evidenced even for the inclusion
of large amounts of particles (75 wt.%), without pore
formation or discontinuity.

cles

Table 6 shows bulk density values for the soapstone
(natural stone) and composite materials. The bulk density
of the composites ranged from 1.753 g/cm?® to 1.828 g/cm?.
The composites obtained lower bulk density in relation
to the natural soap stone due to the low-density polymer
matrix (1.05 g/cm’, Table 1). The composites made with
30 wt.% of polymer and 70 wt.% of dispersed phase
reached the highest mean bulk density due to their lower
amount of matrix phase and internal pores. In addition,
composites made with 30 wt.% of polymer matrix and 70
wt.% of steatite particles also exhibited colouration and
texture very similar to natural rock as shown in Figure 10.

Table 6. Bulk Density of Natural Steatite Rock and Composite Materials

Compositions Bulk density (g/cm?)
Mean Standard deviation
Steatite (soapstone) 2.884 0.005
C1 (35 wt.% of polymer and 65 wt.% of steatite) 1.753 0.009
C2 (30 wt.% of polymer and 70 wt.% of steatite) 1.828 0.007
C3 (25 wt.% of polymer and 75 wt.% of steatite) 1.802 0.011
Soapstone

Composite

Composite Composite
with 65 wt.% with 70 wt.% with 75 wt.%
of steatite of steatite of steatite

Figure 10. Aesthetic Characteristics of Soapstone and
Composite Materials

Finally, composites made with 30 wt.% of polymer
matrix and 70 wt.% of dispersed phase reached the most
suitable properties and aesthetic characteristics for the

8 Distributed under creative commons license 4.0

restoration of soapstone structures. In previous works!"!

) the maximum weight percentage of steatite particles in
composites for restoration proposal was 60 wt.%.

4. Conclusion

The statistical methodology based on the three-
component mixture experiment was used to optimise the
particle size distribution of steatite particles. By means
of this technique, the packing density of the steatite
particles was maximised (1.50 g/cm?) by the optimisation
of the size distribution within the investigated range.
The optimised distribution allowed the production of
composites with 70 wt.% of dispersed phase, 10% higher
than the highest percentage used in previous works. This
high percentage of weight contributes positively to the
development of materials destined to the restoration of
soapstone structures, with aesthetic characteristics similar
to those of rock.
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1. Introduction

teel moment frames are designed in areas of high

and very high seismic risk as well as medium

to high ductility. These frames have sufficient
ductility and amortization capacity with tolerance of
great plastic deformities and rotations at the site of plastic
hinges and fittings. Thus, the coefficient of behavior is
considered to be large in the design of such frames and
their design forces are less than other structural systems.
Reinforcement of existing moment frames becomes
necessary in cases such as unpredictable incidents, severe
earthquakes or structural changes. Some researchers
have tried to examine the retrofitting of moment frames
using convergent and divergent braces!!”"*I°! Other
studies have been carried out to retrofit the steel frame
using buckling restrained brace'” or a steel shear wall"

*Corresponding Author:
Mohammad Naghavi,

In this paper, the behavior of retrofitted steel moment frames with
bracing has been investigated. Braces include double-channel cross
brace, cross braces with cable and brace with two cables passed through
a cylindrical steel sheath at the location of the cables. Nonlinear analysis
of frames has been carried out under cyclic loading with increasing
amplitudes. Comparison of numerical analysis results with laboratory
data shows the accuracy of finite element models. By determining
the hysteresis and plasticity behavior of the frames, advantages and
disadvantages of each of the retrofitting methods have been examined.
The results have shown the use of double channels and cables to retrofit
the frame increases the initial hardness and final load of the frame
considerably compared to the moment frames and reduces its ductility.
In frame with sheathed cable brace, the initial hardness was the same
with the moment frames and the frame has been shown to have ductile
behavior.

P "Some disadvantages are observed in conventional

retrofitting methods for moment frames, by adding braces
including increased axial force of pillars adjacent to
braces because of the bracing operation and therefore the
need for retrofitting the pillars and foundation, change of
the ductile frame behavior to brittle behavior, buckling
of the compressive member of brace and a permanent
deformation are observed in the frame''""""¥ In order
to eliminate these disadvantages, some studies been done
in which methods such as the use of non-pressure braces,
buckling-resistant braces, and dissipating steel bracing
have been examined in order to remove the possibility of
buckling and maintain the frame ductility!”. The research
seeks to find a way to simultaneously meet the goals
outlined above. A method for retrofitting steel moment
frames has been suggested using cable brace in which
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two steel cables are passed through a cylindrical sheath
at a point of impact. The bracing member does not come
into action for low to moderate amplitude of vibrations.
It controls the relative displacement for large amplitude
of vibrations among the floors in a given range. Also, the
frame behavior with a proposed bracing, moment frame
without brace and curved frames with cross cables under
cyclic loading have been experimentally investigated. In
the present paper, the behavior of steel moment frames
retrofitted with three types of bracing has been studied. To
retrofit steel moment frames, three ways including use of
cross brace with double-channels, cross brace with cables
as well as brackets are examined with two cables passed
through a cylindrical steel sheath at the junction of the
cables. Finite element models of single moment frame as
well as three retrofitted moment frames have been created
using the ABAQUS software!".

Nonlinear behavior of steel materials nonlinear
contact among cable components, brace and steel
sheaths as well as nonlinear geometric formulation have
been considered to predict rotating cylindrical sheath
in finite element models. Moreover, nonlinear analysis
of frames has been carried out under cyclic loading
with increasing amplitudes. Comparison of results
obtained from finite element analysis has been done
with increasing amplitudes. Comparing finite element
results with experimental data shows the accuracy of
finite element models. For the examined frames, Force-
displacement cyclic behavior, plasticity in frames and
failure mechanism of the frames have been determined
and investigated.

Retrofitted frame with cables passed through steel
sheath shows appropriate behavior against cyclic loading
with increasing amplitudes. The results show that these
frames have a ductile behavior like steel moment frames
and their energy dissipation capacity is the same as the
main frame capacity. In this method, due to the lack
of possibility of buckling, persistent deformation is
not created in the frame and ductility required for the
members is not increased by limiting relative displacement
between classes by cables. In this retrofitting method, the
axial force of the columns is limited and as a result, there
less need to retrofit columns and foundations.

2. The Moment Frame Geometry and Retro-
fitted Frames

Behavior of moment frame without being retrofitted has
been compared with the behavior of frames reinforced
by double channel cross brace, cross cable brace, and
brace with two cables passed through a cylindrical
sheath at the junction of cables. These frames have been
named as MF, MF-B, MF-C1 and MF-C2 respectively.

Distributed under creative commons license 4.0

Members of the beam and columns of frames, profile
H-150%150%7%x10 is of SN400B mild steel. The design
of the frames has been done with this philosophy that no
collapse or buckling in the column should not be created
in the event of a bounded frame failure. Also, in case of
bounded failure, the behavior of the beam and column
should be maintained. The used cable is of 316SUS type
with a 7%19 strings and a nominal diameter of 10 mm, a
Yield strength of 57.9 and a final strength of 2.60.2 kN.
The braces have been made from 2UNP10 profile. Figure
1 shows the geometric characteristics of the moment and
braced frames. The models details are listed in the Table 1.

Table 1. Model Details

Model Beam profile Column profile Brace profile | Cable diameter (mm)
MF H-150=150x7=10 H-150x150=7=10
MF-B | H-150x150x7=10 H-150x150=7=10 2UNP100
MF-C1 | H-150x%150x7=10 H-150x150=7=10 - 10
MF-C2 | H-150x150x7=10 | H-150x150x7x10 - 10
3 2200mm - -
. rem— pre—
279 mm
. H-150x150x7x10
1568 mm

Figure 1. Geometric Characteristics of the Moment Frame

In a sample with cable brace and cylindrical steel
sheath, specifications of the sheath include a length of
214, an internal diameter of 40 and a wall thickness of
15 mm. To prevent tension concentration and damage to
the cable, the inside edge of the sheath has been rounded
to a radius of 5 mm. Figure 2 indicates the finite element
model of steel frame with cable brace. In these models,
cyclic loading up to a maximum displacement of 300 mm
has been used.

Figure 2. Finite Element Model of Moment Frame with
Cable Brace
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The deformation of the braced frame with the cable
passed through the steel sheath is shown in Fig. 3 after
exerting the lateral forces. In this frame, the cable length
is greater than the diameter of the frame. Under the
influence of the Q load, the frame begins to change. From
the early stages of loading, tension occurs on all four
cables when the member of the AB directly becomes
straight (0 =0y) . The cable shows a considerable

resistance to the side movement. ¢ is determined due
to the relative permitted displacement of the floor in the

retrofitted frame and expected ductility from the moment
frame. The relative displacement Oy ,in which the
braces start to work, is calculated based on the length and
diameter of the cylinder, the dimensions of the frame and
allowable relative displacement between floors.

If the length of the cable inside the sheath is dp, cable
length out of sheath is Ly, the height of the frame and
its length are h, and h,, &g is the lateral displacement
created in the lateral frame deformation from the initial
state to another state in which the frame diameter reaches
the 2Lg+ dp. By adjusting the L, the diameter and length
of the sheath, the displacement can be limited by the

permissible lateral change O .

hy, o

cylindrical
member

member a member b

Figure 3. The Proposed System for the State with Cylin-
drical Member

3. Finite Element Model

The element used for the beam, column, and connector
components is the reduced S4R hexagonal type with 4
knots and a linear order. Cable with a reduced element of
type B31 has been modeled with two groups and a cross-
section area equal to the effective cross-section of the
cable.

In finite element model, nonlinear geometric behavior
of materials and large deformations have been considered.
For modeling of steel hardening

Isotropic and Kinematic compound has been
implemented which shows a more accurate behavior in
SeiSmiC loading[15][16][17][18][19][20][21][22].

Table 2 shows the specifications of consumed materials.
Young’s modulus of cylindrical sheath of steel has been
introduced to be 1500 times the modulus of the mild steel
in order to remove its deformation.

12 Distributed under creative commons license 4.0

Table 2. Specifications of Consumed Materials

Steel E (GPa) | Iy (MPa) | Fu(MPa) | Ultimate
strain
SN400 180 2810 3310 0.2
58400 180 2530 3330 0.19
A490 210 8020 9620 0.007

To prevent stress concentration at the location of
cable contact with the sheath wall, the inner edge of the
sheath is rounded to a radius of 5 mm. The collision in
the beam-to-column connection has been modeled as
a hard-frictional fitting with a detachment feature after
unloading. For modeling the pre-stress force, 0.55 of
tensile strength of the screw has been applied by using the
thermal properties of materials with the local temperature
reduction of the screw trunk! "9 7SI,

At the cable connection point to the brace plate,
the obtained concentration of tension and numerical
instability hinder the progress of analysis. To avoid
tension concentration, 12 rotational joint wire connectors
were used for each cable at the cable connection to the
latches"”"***"*? The loading of finite element models is
considered as a cyclic lateral displacement with increasing
amplitude. The appropriate size of the elements has been
determined by analyzing the convergence of each member.
The loading pattern is presented in Figure 4.

0.06
0.05
0.04
0.03

oor 1
oA
oo | AR 1

-0.02 “
-0.03
-0.04
-0.05
-0.06

Rotation (rad)

Cycles
Figure 4. Loading Pattern

In Figure 5, curves resulted from the experimental and
numerical work for the moment frame model of the steel
with the sheath are shown. As it can be seen in the figure,
loops of behavioral hysteresis curves in two finite element
and laboratory modes are very close together in both
methods and has a good compliance. As it can be seen
in 50 mm lateral displacement, the descending stage of
force-displacement curve is captured in the experimental
model but there is no sign of reduction in finite element
model. This is because of that experimental specimen
failed in 55 mm lateral displacement and in the finite
element model it is not considered.
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Figure 5a. Comparison of Experimental and Numerical
Results — A Force-Displacement Graph

Figure Sb. Comparison of Experimental and Numerical
Results — Deformation

4. Analysis of the Results

After analyzing the finite elements of these two models
in Abaqus software, the obtained results will be observed
in the visualization section. Therefore, the required results
have been extracted and compared.

4.1 Plastic Strain and Stress Contour

In Figure 6, the contour related to the distribution of
tension is shown in a variety of models. As it is seen
in Figure 6a, in a conventional moment frame, tension
concentration is situated at the location of column support
and in the area of the beam connection to the column.
The brace buckling occurs due to the compressive force
in a moment frame with a conventional brace (Fig. 6b).
As can be seen in Figure 6b, the stress concentration
is situated in the location of column support and in the
connecting area of the brace to the beam and column.
Considering that buckling and large deformations occur
in structural member of conventional brace during the
first loading process and stiffness and resistance of the
element is removed, it is impossible to use this member
under pressure load. Due to the extreme tensile strength
in a moment frame with a cable brace, one of the cables
which is under the influence of tension and other one
which is under pressure is left unused (Fig. 6¢). Due to
the presence of sheath in a moment frame with a sheathed
cable brace, all frames and cables contribute to unloading

Distributed under creative commons license 4.0

and it is expected that the cyclic behavior of the frame is
symmetric (Fig. 6d).
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Figure 6a. Stress Contour of a Conventional Moment
Frame

+3 9200 <01
146290 100

Figure 6b. Stress Contour of a Frame with Conventional
Brace

.
I—' b oo i S

Figure 6d. Stress Contour of a Frame with Sheathed
Cable Brace
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In Figure 7, the contour related to the distribution
of plasticity is shown in a variety of models. As
it is shown in Figure 7a, the focus of plasticity in
the conventional moment frame is situated is at the
location of column support and in the area of beam-to-
column connection. Due to the compressive force in
the moment frame with conventional brace, buckling
is made in the brace (Fig. 7b). As it can be seen in
Figure 7b, focus of plasticity is on the location of
column support and in the area of beam-to-column
connection.

According to the extreme tensile strength in
moment frame with cable brace, one of the cables
which is under the influence of tension effect and
other one which is under pressure is left unused and
the major plasticity occurs at the linking point of cable
to connecting plate of beam to the column (Fig. 7c¢).
All the frames and cables have shares in each cycle of
loading in a moment frame with a cable brace due to
the sheath and plasticity occurs mainly in the sheath.
Moreover, the rest of the structural components
including the beam and the column are in the elastic
state (Fig. 7d).

Third plastic section /

rst plastic section

Second plastic section

Third Plastic Section

-3.455-03

First Plastic Section

Figure 7b. Plasticity of a Frame with Conventional Brace
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Figure 7d. Plasticity of a Frame with Sheathed Cable
Brace

4.2 Hysteresis Graph

Figure 8a shows the force-displacement diagram in the
moment frame under cyclic loading.as it can be observed,
the hardness in the moment frame is very low. Stiffness is
made due to the fact that lateral element loading is only
the moment system of the frame. As it is shown in Figure
9a, this frame can withstand a maximum force of 211 kN.

According to Figure 8b, frame is associated with
intangible losses after 30mm displacement in a moment
frame with a cross brace based on Figure 8b, the
mentioned frame can withstand 1250 kN in all cycles.

This means that the conventional brace shows uniform
behavior in successive cycles, but the cycles have a small
area. As it can be observed in Figure 8c, the frame faces
a rupture in a moment frame with a conventional cable
brace after 75 mm displacement. According to Figure 8c,
this frame tolerates a maximum force of 1050 kN in the
final cycle which means the cable brace has a high initial
hardness, but its rupture occurs suddenly.

As it is seen in Figure 8d, after displacement of 30
mm in the moment frame with cross brace, the frame is
accompanied by intangible losses. In Figure 8, the force-
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displacement diagram of the moment frame with the
sheathed cable brace under cyclic loading is demonstrated.
According to Figure 8d, this frame tolerates a maximum
force of 1050 kN in all cycles. This means a conventional
brace shows the uniform behavior successive cycles.
Comparison of the graphs shown in Fig. 8 indicates that
curve cycles in model of moment Frames with sheathed
cable brace is more obese compared to other models.
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Figure 8a. Force-displacement Graph of a Conventional
Moment Frame
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Figure 8b. Force-displacement Graph of a Frame with
Conventional Brace
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Figure 8c. Force-displacement Graph of a Frame with
Cable Brace
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Figure 8d. Force-displacement Graph of a Frame with
Sheathed Cable Brace

5. Dissipated Energy

Figure 9 shows the energy dissipated for a variety of
models. As it can be seen, using sheathed cable brace
increases the dissipation energy. The results of Figure 9
shows that braced frame and frame with sheathed cable
brace dissipated energy more than other models.
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=3
=]

1500

1000

Dissipated Energy (KN.m)

th
(=3
=]

Moment frame Braced frame Cabled frame Sheathed cable
frame

Figure 9. Dissipated Energy of Models

6. Conclusion

Finite element models of moment frame only and
moment frame retrofitted with cable brace passed through
a cylindrical steel sheath, cross brace with angles and
cross brace with cable were created with the help of
ABQUS software.

Nonlinear analysis of frames under cyclic loading
has been done with increasing ranges. Comparison of
numerical analysis results and experimental outcomes
shows the accuracy of finite element models.

Basic cut, plasticity, cyclic force-displacement behavior
and exact tension concentration have been precisely
determined and reviewed.

The use of double channels for reinforcing steel
moment frame leads to significant increase in the initial
hardness and final load of the frame and results in
decline in the final displacement. Reduced ductility and
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energy dissipation capacity indicates that the permanent
deformation is created in the frame due to the buckling of
the compressive member in this type of retrofitting. In the
frame reinforced with cross brace, the cables work from
the early stages of loading to the tension and increase
the initial stiffness of the frame in comparison with the
hardness of the moment frame. In this case, the final load
increases and the failure displacement decreases. In the
mentioned frame, the cable brace transforms the frame’s
behavior from a ductile behavior to brittle behavior.
Moreover, the results show that using sheathed cable
brace increases the dissipation energy.

Narrow and unstable hysteresis cycles demonstrate
the small capacity of this frame to resist lateral forces. In
this method of reinforcement, retrofitting of columns and
foundation is remarkable. The initial stiffness of the frame
is the same for both the sheathed-cable brace and the
moment frame. Force displacement diagrams of the two
mentioned frames are consistent until the displacement
of the 53. The cable does not affect the moment frame
behavior up to the noted amount of displacement and
straightening brace. Then, in the event of an invasion of

forces from lateral forces such as §S, brace contribute
to the frame’s behavior with delay. Consequently, the
behavior of the frame is a form of ductile behavior of
moment frame up to displacement of & « By adding brace
to these frames, resistance of the frame is increased while
its ductility is maintained. In this retrofitting method,
due to the lack of possibility of buckling, persistent
deformation cannot be made. In addition, required
ductility for the members is not increased by limiting

relative displacement between floors using cables.
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1. Introduction

everal types of control systems including active,

semi-active and passive control systems have been

developed to systematically control the structure
under destructive effects of earthquakes!!*"*I°1 The
Buckling-Restrained Bracing Frame (BRBF) is a new
type of braced system with energy dissipation that uses to
improve the behavior of concentric brace frames. In this
system, the brace element is placed in a sheath that pre-
vents buckling of the element. With this equipment, the
behavior of the brace is the same as its behavior in tension
with yielding (rather than buckling) under pressure, and
thus resulting in improved ductility and energy dissipation
than in conventional braces. The elastic stiffness of the
bracing frames is comparable in terms of the stiffness of

*Corresponding Author:
Mohammad Naghavi,

In this paper, a method is proposed to provide a simple model of
buckling restrained braces. After introducing the elements, taking into
account all parts of buckling restrained braces, a sample of this type of
braces is modeled in finite element Abaqus software. After confirming
the numerical model using the available laboratory results, which is
carried out by static nonlinear analysis, moment frame model with
chevron bracing is compared with moment frame with chevron buckling-
restrained bracing. In this study, the behavior of buckling restrained
braces as a hysteretic damper was investigated and a good performance
was observed in energy absorption compared to conventional bracing.

the frames that have eccentric braces. The results of real-
dimensional experiments on these members show that
the equipped frames with buckling restrained systems
using this method and proper implementation details are
included. These systems show stable and symmetrical
behavior under pressure and elasticity, and even in very
large deformations! P n addition, the ductility
and energy-absorbing capacity of these frames are in the
range of special steel moment frames (steel frames with
a high ductility) and more than special bracing frames,
which is a result of the high level of ductility resulting
from the enclosure of the steel core of the braces against
buckling" ™" In order to prevent possible damage to
existing buildings in future earthquakes and to develop
these buildings, their performance and their behavior are
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quintessential. Methods of reinforcing these structures
as well as their design criteria are possible in different
ways. The reinforcement of steel frames by using bracing
systems has been considered by many researchers as one
of the most practical and effective methods!P71FIE)
19 Therefore, it is necessary to develop the use of steel
braces conducting a number of investigations. The results
of experiments carried out in 2002 on buckling restrained
braces showed that the gusset plates actually created a
rigid opening and the the rotation of the nodes would be
considered due to the high rigidity of the gusset plate in
analysis and design'”. Rahnavard et al. (2018) studied
the numerical methods of buckling restrained bracing
modeling. They presented the method of using spring as
an alternative method for modeling concrete and casing,
the results of which were more accurate than the complete
modeling of concrete and casing®”'"""""* In 2005, Choi
and Kim, using the hysterosic energy spectrum, presented
a method for designing frames equipped with buckling
restrained braces!?. In this method, it is assumed that
the beams and columns remain under gravity loads in
an elastic state, and energy dissipation and the resulting
damage occur only in buckling restrained braces. In
2006, Fahnestock and his colleagues presented a research
program on buckling restrained braces!'*\. Jea et al. (2014)
studied and compared the analysis of the periodic function
of moment frame system with buckling restrained brace
and moment frame without bracing. Their results showed
that moment frame with buckling restrained braces
tolerated shear force more than twice that of a moment
frame without bracing!”.

1.1 Buckling Restrained Braces

Shocking statistics published on the status of existing
buildings, the observation of urban construction and a
look at the causalities and financial losses of earthquakes
in recent years, is an indicative of the vulnerability of
most of the existing buildings in the face of a relatively
severe earthquake. With this in mind, precise control
over the calculation and execution of buildings is an
important factor in preventing or reducing casualties is
necessary. However, it should be noted that there are
a bulk of buildings built in the past, and some actions
should be taken to improve their seismic performance.
In addition, buildings damaged by earthquakes need
structural reinforcement, due to several factors including
the following:

* Due to their lack of sufficient lateral stiffness and
strength, these structures require lateral reinforcement and
drift control.

* Due to some weaknesses, such as infilled frames or
brick infilled frames as part of a seismic isolation system,

Distributed under creative commons license 4.0

or the inability to use suitable bracing or ductility systems,
there is a potential for sudden and crisp destruction, and
as a result, in addition to damages to the structure, there is
no chance for escape from the collapse of the inhabitants,
and casualties will increase.

« [t may be necessary to increase the number of floors,
increase the level of floors, or change in utilization. Due
to the increase in loads and the change in the structural
characteristics of the structure, reinforcement may be
needed

The idea of using a yielding steel element to absorb
energy was introduced more than 30 years ago. The new
approach was to squeeze the compression element before
buckling. The important point is that the yielding does
not take place locally and its distribution throughout the
element is appropriate and uniform, so that the depreciated
energy reaches its maximum during a reciprocal loading,
such as an earthquake. This research was based on the
prevention of buckling of the compression bracing using
concrete coating around it. In this kind of braces, the
pressure bearing is obstructed by the steel core, and the
concrete coating only prevents the buckling of the steel
core, which causes the lateral distribution of the internal
pressure in the coating concrete”™*"° Figure 1 shows
the ideal behavior of the buckling-restrained brace.

BRE Behavior

/
4
Fi
[N
.
| Usually Brace Behavior | S~
-

Compressive

Figure 1. The Ideal Behavior of Buckling-restrained
Brace[9]

In order to avoid the axial compressive force
transmitted to the concrete from the steel core, a thin
layer of special material is placed on the joint surface
of steel and concrete. This layer, by preventing the
friction between the core and the concrete, transmits the
compressive force due to the lateral displacement of the
core steel to a single wide load transverse to concrete.
Ultimately, this way of transferring force in the buckling
element has led to the use of this type of braces as an
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unbonded brace. Figure 2 shows a variety of buckling
restrained braces.

’ The selecmd.shaue ]

B @

Figure 2. Variants of Buckling Restrained Braces

The use of this type of braces began in Japan in the
1980s. In the 1990s, researchers from the United States
carried out extensive research on unbounded bracs, which
led to the use of this type of braces in various buildings to
improve seismic rehabiliation. The research is ongoing in
other countries in the world, including India and Taiwan.
The devastating consequences of an earthquake, combined
with loss of life and economic damage, make it more
important than ever to perceive the proper understanding
of the behavior of structures under earthquake vibratory
stimulations. This is one of the main concerns of civil
engineers in designing various structures and forcing
them to design strong structures against earthquake
forces. In the design of structures, a combination of
resistance, ductility and energy absorption capacity should
be provided. Given that the inherent capacity of most
structures to absorb energy from earthquake forces is
very low, a certain level of ductility and volnirability in
structures will be acceptable. The damages to structures
are largely unrecoverable and will result in high economic
costs. The use of buckling braces can significantly
increase the energy absorption capacity of the structure
and ultimately reduce structural damage"”**1°!,

In this research, moment frame modeling with chovern
conventional brace and moment frame with chovern
buckling restrained brace are compared with each
other using finite lement method and using ABAQUS.
Moreover, new method for BRB modeling is presented.

2. Numerical Modeling

The purpose of such studies is to estimate and calculate
the design parameters of these elements. In this step,
loading will only be done in the form of reciprocal
displacement. The loading procedure in this case is
considered as a linear increase load applied to the two
ends of the columns as a cyclic loading. Given that in the
step stage, the analytical method is nonlinear static, so it

20 Distributed under creative commons license 4.0

is possible to study the nonlinear behavior of the models.
In Figure 1, the overall model used for conventional and
buckling restrained braces is shown. These models are
called VCBF (Shervon CBF) and VBRB (Shervon BRB),
respectively. The length of the openings in this model is
6 meters and the height of each floor is 3.4 meters. The
sections IPE27 and 2IPE27 are considered respectively
for columns and beams. Also, 2UNP12 and PL110 x 10
mm were used for conventional and buckling restrained
braces.

r

3400 mm

3400 mm

6000 mm

} 6000 mm |

Figure 3b. Moment Frame Model
with Buckling Restrained Chovern
Brace (VBRB)

Figure 3a. Moment Frame Model with
Conventional Chovern Brace (VCBF)

In this section, for evaluating and comparing the
laboratory sample and numerical model, we study the
modeling of the moment frame with buckling restrained
braces. To achieve this goal, the laboratory model of
Jea et al. was selected"”. Figure 4 shows the geometric
dimensions of the laboratory model. A spring was used for
modeling the casing and filler concrete. All parts of the
model were also performed using the S4R shell element.
This element has four nodes and six degrees of freedom
for each node. To determine the mechanical properties of
steel, the value of the elasticity module is 210 GPa, and
the amount of final yielding and stress for the core are 263
MPa and 379 MPa, for beams 261 MPa and 413 MPa,
and for the enclosing steel and the column are 298 MPa
and 366 MPa, respectively. Steel hardness is also used
for isotropic and kinematic combinations. This hardening

shows a good behavior in cyclic loading 711 R0ZHE2)

BIR43I6) To Joad the models of this research, two types
of near and far loading SAC have been used (Figure 4).
Figure 5 shows a kernel-spring numerical model. In Fig.
6, we show curves drawn from laboratory and numerical
models or springs. As can be seen in the figure, the
behavioral hysteresis curves in both the software and the

laboratory are very close in each case and have a good fit.
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Figure 7. Comparison of Hysteresis Curves of the Numer-
ical Model and Laboratory Samples

3. Analysis of Results

After finite element analysis of these two models in
the Abaqus software, the results will be visible in the
Visualization section. Therefore, the required results have
been extracted and compared.

3.1 Plastic Stress and Strain Contour

In Fig. 8, the contour related to the distribution of
stress in a moment frame with a conventional brace
and a moment frame with buckling restrained braces is
shown. As can be seen, in the conventional brace, the
focus of stress in the middle of the openning has led to
the buckling of the brace and the intermediate beam. In
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the buckling restrained brace, there is no buckling due
to the bracing of the steel core. On the other hand, by
observing the distribution of stress in the steel core, as
shown in Fig. 8b, due to the stress distribution along the
steel element, the maximum stress in this element has
also been reduced. Given that in the conventional brace,
the structural element experiences buckling and enlarged
deformation during the first loading process, and that the
hardness and strength of the element disappears, so it
makes it impossible to use this member under pressure
load. Consequently, in buckling restrained braces, due
to improved compression strength of the member, these
types of braces can be used to withstand tensile and
compressive loads.

5, Mises
ENEG, {fraction = 1.8
Ty

£ TR ]
+3, 550+
i35 heh

Figure 8a. Conventional Brace Stress Contour

Figure 8b. Buckling Restrained Brace Stress Contour

In Fig. 9, the plastic strain distribution contour related
to moment frame with a conventional brace and moment
frame with buckling restrained braces is shown. As can
be seen, in conventional brace, the focus of plasticization
is in the middle of the openning, the brace and the gusset
spring of the column. On the other hand, by observing the
distribution of plastic strain in the steel core, as shown
in Fig. 9b, due to the strain distribution along the steel
member, its intensity in other elements was reduced. Due
to the fact that in the conventional brace, the structural
member during the first loading process is plasticised
and the stiffness and strength of the element disappears,
it is impossible to use this member under pressure load.
Consequently, in buckling restrained braces, due to
improved compression resistance of the member, these
types of braces can be used to dissipate energy in the

22 Distributed under creative commons license 4.0

plastic region. To explain the same distribution observed
along the conventional brace for both the stress and the
strain, it is probably due to the proportionality between
the stress and the strain.
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Figure 8b. Buckling Restrained Brace Stress Contour

3.2 Evaluation of Hysteresis Curve Under Far
Load Pattern

In Fig. 10, the force-displacement diagram of the
moment frame with a conventional brace and the moment
frame with buckling restrained braces is shown under a far
loading pattern. As it is seen, in the moment frame with a
conventional brace, after a 30 mm displacement, the frame
is accompanied by a sharp collapse. The reason for this
deterioration is the buckling resistance of the brace under
the influence of compressive force. As shown in Fig. 10a,
this frame tolerates the force of 1800 kN in the first cycles,
but after the bracing buckling, the shear force is about
950 kN. As seen in Fig. 10b, in the moment frame with
buckling restrained brace, after a 300mm displacement,
the frame experiences with an intangible collapse. As
shown in Fig. 10b, this frame can withstand 1800 kN in
all cycles. This means that the buckling restrained brace
shows a uniformity of behavior in successive cycles.
Comparison of the two diagrams shown in Figure 10
shows that the resistance decline in in the moment frame
with buckling restrained brace (300 mm) decreases by
up to 10 times compared to the moment frame with the
buckling brace (30 mm). Moreover, the curving cycles
in the moment frame model with the buckling restrained
braces are more obtuse.
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Figure 10a. Force-displacement Diagram under the Influ-
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Figure 10b. Force-displacement Diagram under the
Influence of Far Pattern (Frame With Buckling Restrained
Brace)

3.3 Evaluation of Hysteresis Diagram under Near
Load Pattern

In Fig. 11, the force-displacement diagram in the
moment frame with a conventional brace and a moment
frame with buckling restrained braces is shown under near
loading pattern. As it is seen, in the moment frame with a
conventional brace, after 50 mm displacement, the frame
is associated with a severe collapse. The reason for this
deterioration is the buckling resistance of the brace under
the influence of compressive force. As shown in Fig. 11a,
this frame can withstand a force of 1,750 kN in the first
cycles, but after buckling, the shear force is about 850 kN.
As seen in Fig. 11b, in the moment frame with buckling
brace, after displacing a 350mm the frame experiences
an intangible collapse. As shown in Fig. 11b, this frame
can withstand 1800 kN in all cycles. This means that
the buckling brace shows a uniformity of behavior in
successive cycles. The comparison of the two diagrams
in Fig. 11 shows that resistance reduction in the moment
frame with the buckling restrained brace is up to 7 times
as compared to the moment frame with the buckling brace.
Also, the curving cycles in the moment frame model with
the buckling restrained braces are much more obtuse.
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Figure 11b. Force-displacement Diagram under the In-
fluence of Near Pattern (Frame with Buckling Restrained
Frame)

4. Conclusion

In this study, using finite element method, two moment
frame models with conventional chovern brace and with
buckling chovern brace were compared under SAC far
and near loading patterns. The use of buckling restrained
braces led to increased bracing strength and ductility.
Therefore, it creates a symmetry in the resistance of the
element under the axial load of the strain and compression,
and therefore the full capacity of braces in strain and
pressure is used in the structural frame systems in which
the braces are used double. Given that the main task of
braces is to withstand lateral loads, the use of buckling
restrained braces, in addition to increasing the safety
of the structure, will make the rest of the structure thin,
making the design more economical. The use of buckling
restrained braces makes the structure of the frame
function symmetrical, and therefore the performance of
these structures will be improved against actual loads
such as earthquakes that have reciprocal nature. Proper
reinforcement, based on ease in executive problems as
well as economic considerations, provides this structural
optimization method with a very good performance for
resistance, stiffness and ductility, which is one of the
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basic principles for an optimization plan. Also, the results
indicate that collapse in resistance in buckling bracing
system is 10 times slower than the conventional frame
system. Moreover, this results are supported by other

research investigation"”.
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1. Introduction

here are about 15342 tons of plastic waste

produced in India every day, only 9205

tons recycled and dumped onto the soil''.
Environmental sustainable development is one of the
most important problems facing the world today. The
use of plastic is quickly growing for different reasons
worldwide. It can have damaging impacts because of
the use of chemical additives in plastic production. This
plastic waste must therefore be monitored or recycled.
Plastic bags are not degradable and take 1000 years to

*Corresponding Author:
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Plastic is used in many forms in day-to-day life. Since plastic is
non-biodegradable, landfills do not provide an environment friendly
solution. Hence, there is strong need to utilize waste plastic. This creates
a large quantity of garbage every day which is unhealthy and pollutes
the environment. In present scenario solid waste management is a
challenge in our country. The production of solid waste is increasing day
to day and causes serious concerns to the environment. In this study, the
recycled plastics are used in the concrete as a partial replacement of fine
aggregate in concrete. The main purpose of this study is to investigate
the mechanical properties of concrete such as workability, compressive,
flexural and split tensile strengths of concrete mixes with partial
replacement of conventional fine aggregate with aggregate produced
from plastic waste. The use of plastic aggregate as replacement for fine
aggregate enhances workability and fresh bulk density of concrete mixes.
The mechanical properties of concrete such as compressive, flexural, and
tensile strengths of concrete reduced marginally up to 10% replacement
levels..

degrade, causing groundwater contamination. It produces
issues such as soil, water and air pollution because of
the non-degradation property of plastics. Thus, these
materials can be used suitably in other sectors to decrease
these effects on the environment”. Concrete is one of the
most common and widely used construction materials in
the world™. Concrete industry conducts numerous tests
for using such waste' to decrease environmental burdens.
The use of various types of solid waste as building
material may decrease the demand for natural raw
materials. This reduces the demand for natural resources
to achieve sustainable development by using plastic waste
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in concrete mixtures.

1.1 Generation of Plastic Waste

Approximately 6.3 billion tonnes of plastic waste
was produced worldwide in 2016, while the amount of
plastic waste produced in India amounts to 15.342 tonnes
everyday.

1.1.1 State of Art

The investigation of concrete combinations with the
use of plastic waste to replace fines in several percentages,
10%, 20%, 30% and 40% by Ghernouti, Rahebi, Safi,
& Chaid (2009) in their investigation”. There has been
an increase in workability because the plastic waste
has nonabsorbent property. There have been significant
reductions in flexural and compressive strength. The
volume of void in concrete rises by plastic waste, which
reduces the concrete’s compactness.

Ismail & Al-Hashimi (2010)" reported the addition
of polymeric material leads to the formation of polymer
film during hydration resulting in co-matrix during
which polymer is amalgamated with cement hydrate!”.
Another study by Raghatate (2012) revealed a decrease
in mechanical properties by incorporating plastic as fine
aggregate into concrete’®’. But mechanical properties
decreased by 10% and according to BIS 456 (2000)"), this
is acceptable. The findings achieved by earlier scientists
have been contradicted by Mathew et al., (2013)"".

Distributed under creative commons license 4.0

Khilesh (2014) in his study, reports that the use of plastic
waste together with the addition of steel fiber into concrete
enhances the mechanical properties of concrete!'").

The substitution of natural ground aggregate with
plastic aggregates improves the concrete compressive
strength by roughly 10 per cent relative to control
concrete, at a replacement of 20 per cent. Chen et al.
(2015) recorded the observation of only a 15 percent loss
of strength at 10 percent replacement level, whereas a
remarkable decrease was noted at another replacement
level!”. It also has been indicated that the HDPE is able to
limit the formation of cracks due to the increase in tensile
strength. Mashaly et al. (2015) indicated that replacing
10% coarse aggregate from plastic wastes in concrete
marginally lowered workability and dry density!"”. The
concrete that has been modified using plastic waste as
fine aggregates (1% 3% and 5% by weight) reduces the
mechanical characteristics of the concrete marginally and
that reduction of 10% is acceptable'*.

The substitution of sand by plastic waste (10%, 15%
and 20%) decreased the working ability of mixed concrete
by uneven size and overall shape, which lowered the
fluidity!"”. The hydrophobic property of the plastic reduces
the hydration process, which reduces the mechanical
strengths of concrete mixtures.

Studies by previous researchers have shown that the
use of plastic wastes as a good aggregate in concrete
blends has no adverse effect. The present study focuses on
the use of fine aggregates produced from the crushing of
solid plastic waste in concrete mixes as replacement 5%,
10%, 15%, 20% and 25% by weight for conventional fine
aggregate. The mechanical characteristics of concrete are
assessed, including working ability, compressive strength,
split tensile strength and flexural strength.

2. Material Characterization

In this research the cement used meets the limitation
of BIS 1489 Part 1-1991 (1991)""". Table 2 shows the
physical characteristics assessed in the laboratory.

Table 2.1 Properties of Cement

Initial setting time 30 min.
Final setting time 610 min.
Compressive strength
3 day 28 N/mm*
7 day 37 N/mm®
28 day 59 N/mm*
Consistency 28 %
Specific gravity 3.14

The fine and coarse aggregate confirms the BIS: 383-
1960 (1997)""". The physical characteristics of aggregates
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are listed below in Table 2.2. Figure 2.1 shows the
gradation of aggregates.

Table 2.2 Properties of Aggregates

Sr. Property Natural Sand |Plastic Aggre-| Natural
No gate Coarse
Aggregate
1 | Specific gravity 2.73 - 2.90
2 | Water absorption 1.62 Nil 0.60
(%) by weight
3 Grading Zone | Zone Il As per |Zone II As per | As per Table
Table 4 of BIS |Table 4 of BIS| 2 of BIS 383
383 383
=
=

Figure 2.2 Production of Aggregate from Plastic Waste

The plastic waste aggregate is of a variety of sizes.
The particle size ranges between 0.15 mm and 12 mm in
length and between 0.15 and 4 mm in thickness. Table 2.2
shows the physical characteristics of the plastic aggregate,
and Figure 2.2 shows the manufacturing method.

3. Methodology
3.1 Mix Proportioning

The concrete M20 mixture is designed with a water-
cement ratio of 0.55 in accordance with the BIS
10262:2009 (1999)"'*. All the ingredients were mixed dry
for 3 minutes and added water to obtain the homogeneous
mixture. The sand has been substituted by a plastic

28 Distributed under creative commons license 4.0

aggregate of 5%, 10%, 15%, 20% and 25% at separate
levels. Table 3.1 shows the mix proportions.

Table 3.1 Mix Proportion

Mix Water Cement Natural sand Plastic aggre- Natural Coarse

code (lit/m*) (kg/m’) (kg/m®) gate Aggregate (kg/
(kg/m®) m’)

co 197 394 703 0 1219

c5 197 394 668 35 1219

c1o0 197 394 633 70 1219

C15 197 394 598 106 1219

c20 197 394 563 141 1219

C25 197 394 528 176 1219

Note:
C0 - Shows reference mix designed as per BIS 10262-2009

C5,C10, C15, C20, C25 - Shows concrete mix containing 5%, 10%,
15%, 20%, 25% plastic waste as fine aggregate respectively.

3.2 Experimental Program

The cubes of 150 mm X 150 mm x 150 mm and
beams of 600 mm X 150 mm x 150 mm were cast as per
BIS: 516 (1959) for compressive and flexural strength
determination”. For the determination of Split Tensile
Strength of concrete the specimens of size 300 mm x
150 mm were used. All samples were held aside at room
temperature after casting, 24 hours later. BIS 1199 (1959)
used evaluate concrete workability"”. The compressive
and flexural strengths of concrete samples were calculated
at the age of 7 and 28 days as per BIS: 516-1959 (2002)"*".
At the age of 7 and 28 days of curing the compressive and
Flexural strengths of concrete specimens were determined
as per BIS: 516-1959 (2002)"".

4. Result and Discussion

4.1 Workability Test

The freshly prepared concrete mix was used to measure
the workability of concrete by using slump test and results
were presented in Figure 4.1.

Mix Water Cement Natural Sand Plastic Ag-  Natural Coarse

code (lit'm’) (kg/m’)  (kg/m’) gregate Aggregate (kg/
(kg/m?) m’)

Cco 197 394 703 0 1219

C5 197 394 668 35 1219

c10 197 394 633 70 1219

C15 197 394 598 106 1219

Cc20 197 394 563 141 1219

C25 197 394 528 176 1219

Figure 4.1 Workability of Concrete Mixes
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Results of the slump cone test showed the working
ability of the plastic aggregate substitution to be increased
considerably. The working ability of concrete mixes was
improved by roughly 12%, by 15%, 19%, 26% and 33%,
respectively, in relation to C5, C10, C15, C20 and C25.
Due to the incorporation of plastic waste into concrete,
a soft surface and plenty of open water led to enhanced
working capacity. The plastic aggregate does not absorb
water, so the followability of concrete can also be
increased.

4.2 Density

The fresh wet densities of all the concrete mixtures are
presented in Figure 4.2.

248

=)
b
5o
ta
.
b

Treshbulk density
b [
boohy M
b n s b
=
F +
=
™
Fs

15

Percentage of Plastic Aggregate

Figure 4.2 Density of Concrete Mixtures

The finding shows that, the fresh density tends to
decline by 1.20%, 2.42%, 3.2%, 5.6% and 6.8% at 5%,
10%, 15%, 20% and 25% respectively to that of reference
mixture. The density of concrete is mostly governed by
the densities of the ingredients used in the blend. This is
helpful in lightweight concrete manufacturing because of
the low density of plastic waste as compared to sand.

4.3 Compressive Strength

Figure 4.3 presents the compression strength of
concrete made using plastic waste as a fine aggregate. The
compressive strength is determined at 7 and 28 days and
compared with the reference mixtures.

B Tdays 28 days

1824
16:75

compresyive strength (Nmm2)

percentage of plastic sggregale

Figure 4.3 Compressive Strength of Concrete Mixtures

In all the concrete mixtures made with plastic
aggregates, the significant reduction was observed. At 7
days, the compressive strength decreased from 3% to 56%

Distributed under creative commons license 4.0

at 28 days it approximately decreased from 16% to 57% at
5% to 25% replacement ratios respectively relative to that
of reference blend. This reduction was probably caused by
the poor adhesive strength in the concrete blends between
the plastic aggregate layer and the cement paste.

4.4 Flexural Strength
The difference in flexural strength of all concrete mixes
for 7 days and 28 days are shown in Figure 4.4.

"_? _'"25 7 days 15 days
g 5.1 R s
z | | 536 = .
= 2 165 a5 ”
¥ a4 | 349462
g | | | | 41
= i | | Il | | 364
g 5 | I 1 il |
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percentage of plastic agzregate

Figure 4.4 Flexural Strength of Concrete Mixtures

The flexural strength of concrete prepared with plastic
aggregate gradually decreased. The 7-day flexural
strength of concrete mixture with plastic aggregate
reduced from 5% to 35 %, at 28 days it reduced by 10%
to 35% at replacement levels of 5% to 25% respectively.
This decline was due to the low cohesive bond between
the plastic aggregate and cement paste. Also, plastic
aggregates are of hydrophobic nature which restricts
cement hydration resulting in a loss in strength.

4.5 Split Tensile Strength

The results obtained in the laboratory testing of split
tensile strength are shown in Figure 4.5.

split temsile streng th (N/'mm2)
JE2Ea -6 b
R

plastic aggregate as (%) of total fine aggregate

Figure 4.5 Split Tensile Strength of Concrete Mixtures

The findings showed that the split tensile strength
of waste plastic concrete mixtures at each curing age
is prone to decrease with the replacement of plastic
aggregate. The split tensile strength of concrete produced
with plastic aggregate decreased by roughly 5% to 50%
at replacement rates of 5% to 25% as concerning that of
reference blend. The findings of this test are consistent
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with the compressive strength test.

5. Conclusion

An investigation was conducted to examine the
mechanical characteristics of plastic-modified concrete as
a substitute for natural sand and was noted that,

* There was an increase in slump values in concrete
blends generated by plastic aggregates. In order to
decrease the water-cement ratio, excess water would be
used.

* The compressive strength of the prefabricated
concrete mixture was significantly reduced as the
substitution percentage increased.

* Flexural and split tensile strength findings are as in
the compressive strength test line.

The concrete produced was generally appropriate
in mechanical characteristics for the use of this plastic
waste. A more thorough research is needed to preserve
the mechanical characteristics of concrete mixtures made
as a whole with plastic waste. This means that the issue
of landfill and dumping can be substantially decreased by
using such waste in concrete.
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1. Introduction

ndustrialization promotes the generation of industrial

by-products along with the usable final products.

These wastes may be in solid, liquid and gasecous
form. Nowadays, finished stone is an important building
material used at various parts of a household. The stones
generally are of different types, such as granite, marble,
limestone, Kota stone etc. The stone can be used in the
construction following a dimensioning process, which
makes it more suitable for use as required. During
the cutting and polishing process of stone blocks, a
continuous stream of water is sent over the saw-blade
to cool down the machine. The waste water, along with
very fine particles of stone, comes out as slurry, which is
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The evolution of industries is essential for the economic growth of any
country; however, this growth often comes with exploitation of natural
resources and generation of wastes. The safe disposal and utilisation
of industrial wastes has become essential for sustainable development.
A possible approach would be to utilize these wastes in construction
industries. The stone industry is one such flawed industries that generates
waste in dust or slurry form; this leads harmful impacts on human
beings, animals, and surrounding areas which, in turn, can lead to soil
infertility. In the present study, stone waste was examined for its influence
on maximum dry density (MDD), optimum water content (OMC) and
unconfined compressive strength (UCS) of soil experimentally. Stone
waste was used at 0%, 4%, 8%, 12%, 16% and 20% by weight of soil
and UCS tests were conducted at maturing periods of 7, 14 and 21 days.
Test results reported that the incorporation of stone waste improved the
compressive strength value significantly. Maximum dry density was
enhanced; however, optimum water content was reduced with the use of
stone waste in soil due to its fine particles. Linear regression equations
were also derived for various properties.

dumped into surrounding area.

Within the overall production of stone waste of
approximately 80 lakh metric tonne (MT) per year, about
12 lakh MT is produced as fine dust waste, and from
which 4-5 lakh MT is disposed nearby mine sites, and rest
of them disposed directly to the lands and water courses.

Safe disposal of the industrial wastes has become a
serious threat to humans. Direct disposal of wastes to
the land or water courses is not a mere nuisance; it also
unbalancing the ecosystem. Stone industry also produces
waste in the form of block pieces, slurry or dust that
originates during the dimensioning of stones. The waste
produced from the stone industry is non-biodegradable
and direct dumping in open land may cause soil infertility
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by clogging the soil pores. If this waste contaminates
water sources, flora and fauna dependent on these water
sources may experience other serious problems and
even death. Dry stone powder is very dangerous to both
humans and animals, as its direct exposure may give
rise to respiratory problems, eye and throat diseases too.
Considering its severity, a safe and manageable disposal
is needed!"’. Road construction industries may utilise the
stone waste as a raw material or soil stabiliser. As the
stone waste is available free of cost, weak geological
formation may be stabilised by using stone waste. In the
past, many investigators have used the stone waste as an
additive or stabiliser for weak soil and found better results
against loading and weathering conditions. Replacing
the marble powder in marble bricks with Kota stone
powder improved the compressive strength™. Intrusion
of Kota stone in clayey subgrade has shown appreciable
changes in California Bearing Ratio (CBR) value and
compressibility characteristics”. Stone slurry waste
was also found effective for soil stabilisation in terms
of compaction, strength and CBR properties of soil".
Improvements in soil properties were also observed in
highly compressible soil like black cotton soil (BCS)
with other additives such as sawdust and fibres. The
improvement was noted from 26% to 35% and higher
content of fibres may reduce the dry density of soil due to
its low density as compared to soil®™®. Replacing marble
slurry with Kota stone sludge revealed better results'”.
Kota stone slurry was found to be a good stabiliser for
BCS subgrade. The treated soil showed remarkable
changes in UCS and CBR values". Calcium-based
additive i.e. eggshell powder was found as a good waste
material to improve the strength characteristics of silty
soil, as observed through physicochemical tests”.

In the present study, stone waste was used to improve
the compaction and strength characteristics of a clayey
soil. As the stone waste mainly contains calcium content,
so it may be effective for the treatment of clayey soil. In
addition, utilization of stone waste in the soil stabilization
reduces its disposal-related problem and other associated
issues. For the rationalisation of the results, linear
regression equations were also utilised. The objective of
study was to utilize stone waste in soil to minimize its
consequences to the ecosystem, along with improvement
in soil properties.

2. Materials and Methodology

To realize the objectives, the whole procedure
commenced in two phases. The first phase comprised of
the determination of MDD and OMC of parent and treated
soil using standard proctor test method as per IS: 2720
(VII) 1974, and strength test by performing unconfined

Distributed under creative commons license 4.0

strength test referring IS: 2720 (X) 1991""™ During the
second phase, analysis of results was done to generate
linear regression equations for the compaction and
strength parameters.

2.1 Materials

The soil was procured from the potholes of a
construction site at Kurukshetra, India. Before digging the
potholes, the vegetation must be peeled off to avoid all
alien objects. Indian Standard Classification System (ISC)
confirmed the subjected soil as the CL type according
to plasticity chart method and other necessary index
properties of soil (tabulated in Table 1). Granulometric
curve of the soil is shown in Figure 1. Stone slurry, a
waste material obtained from Kota stone, from Rajasthan,
India, generated during the processing of stones, was
dried and grinded to powder to use as an additive.
The stone powder was sieved through a 425um sieve
before use. The idea behind sieving was to maintain the
uniformity of the size of material. Usually, stone waste is
white in color, with chemical properties as per Table 2.
The scanning electron micrograph and energy dispersive
X-ray spectrogram of stone waste are shown in Figures 2a
and 2b""?. The laboratory’s available tap water supply was
used during whole course of experimentation.

o

Figure 1. Grain Size Distribution Curve of Soil

Table 1. Properties of Soil

Physical Parameter Value
Liquid limit 29%
Plastic limit 20%

Plasticity index 9%
Soil type CL
Y, max 1.72g/cc
OMC 14.5%

Table 2. Typical Chemical Composition of Stone Waste

Chemical Constituent Chemical Composition (%)
Calcium oxide 49.78
Silica 17.01
Aluminium Oxide 2.92
Magnesium oxide 0.61
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Figure 2a. SEM of SSP

Figure 2b. EDS of SSP

1.2 Test Procedure

2.2.1 Standard Proctor Test

A series of tests was conducted to determine OMC and
MDD of parent and treated soil, confirming to IS: 2720-
1974 (Part VII)!'". Stone waste was taken by dry weight
of soil, and was mixed and dried during whole testing.
After every layer of soil was scratched with a brush to
improve its bond with the proceeding layer, the proctor
mould was filled up to the attached collar in 3 layers using
the lightweight compaction procedure. The stone waste
was used at different percentages. The designated mixes
have been given in Table 3.

Table 3. Mix Designation for Experimentation

Mix Number Stone waste (%)
S1 0
S2 4
S3 8
S4 12
S5 16
S6 20

1.1.2 Unconfined Compressive Strength

The samples were prepared in the cylindrical mould
confirming to IS: 2720-1991 (Part X)!""!. The wet
homogenous mixture was placed inside the specimen
mould in seven layers using a spoon, levelled and gently
tap-compacted by lcm diameter mild steel ram. The
sample was kept under static load for at least 10 minutes
in order to account for any deformation occurring due to
moisture change. The sample was then removed from the
mould with the help of the sample extruder and measured
for its dimension. To maintain the consistency of the
sampling, each sample was prepared for 38 mm diameter
and 76 mm in length. To maintain the repeatability of the
results, samples were prepared in triplicity and mean of
the results of each sample was taken for the calculation.

2.2.3 Statistical Analysis

After performing the laboratory tests, the results were
analyzed to create linear regression equations.

3. Results and Discussion

3.1 Optimum Moisture Content and Maximum
Dry Density

34 Distributed under creative commons license 4.0

The consequences of stone waste on maximum dry
density and optimum moisture content were investigated
experimentally, and results of MDD and OMC have
been shown in Figures 3a and 3b respectively. Figure 3a
showed that the increase in stone waste content in soil
enhanced the maximum dry density. The increase in MDD
may be due to finer particles of the stone waste.
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Figure 3b. Variation in OMC of Soil Using Stone Waste

The use of stone waste in soil had reduced the moisture
content as shown in Figure 3b. The very fine particles of
stone waste were responsible for the reduction in moisture
content of soil. The similar trend of MDD and OMC was
also observed in other related studies! """,

Figures 3a and 3b also show that stone waste increased
the dry density. The increase in dry density was 0.58% to
3.49% as compared to the parent soil. A possible reason
for the improvement in maximum dry density upon the
inclusion of stone waste is the fineness of stone waste
that fills the voids of the soil and helps to create a denser
material. A decrease in optimum moisture content was also
observed. Stone waste contains an appreciable amount of
lime. As long as lime present in the mix, more water is
required to react. As a result, this reaction, known as the
pozzolanic reaction, results in the greater consumption of
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water in the mix.

3.2 Unconfined Compressive Strength

Figure 4 shows the effect of stone waste on the
unconfined compressive strength (UCS) of the soil at
various curing ages i.e. 7, 14 and 21 days. From Figure
4, it has been observed that UCS varied proportionally
to increases in stone waste percent and curing ages. The
enhancement in UCS may be due to addition of fine
particles of stone waste. The maximum strength gain was
obtained at 20% intrusion of stone waste for all the curing

ages. The similar results also reported in related studies'”.
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Figure 4. Variation of UCS at Varied Curing Age

Stone waste increased the UCS linearly and was found
to be very effective in increasing the UCS of the subjected
soil. The percentage increase in UCS varied from 0.58%
to 3.49% after incluusion of stone waste from 4% to 20%.

3.3. Regression Analysis

To check the rationalization of the presented study,
a regression analysis of the responses was also carried
out. Linear regression analysis of MDD, OMC and UCS
was done and has been shown in Figures 5a, 5b and 5c

respectively.
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Figure 5. Regression Analysis for (a) MDD; (b) OMC;
and (c) UCS at 7, 14 and 21 Days
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From Figures 5 (a), (b) and (c), it can be seen that
regression equations showed good results in terms of
R-squared i.e. near to unity. As such, these regression
equations can be used in future to predict the compaction
and strength characteristics of such type of low
compressible soils.

4. Conclusion

Present study represents the occurrence of stone waste
inclusion in plastic soil. Stone waste was introduced in
soil at varied percentages and the effect on compaction
and strength characteristics was researched. For viability
of the results, regression equations were also obtained
using responses of the experiments under laboratory
conditions. The following conclusions can be drawn from
the present study:

1. Maximum dry density increased and optimum
moisture content decreased linearly with the increase in
stone waste.

2. Fine particles of stone waste filled the voids and
helped to increase the dry density of soil.

3. Available calcium of stone waste reacted with clay
minerals and started pozzolanic reaction, which helped for
the attainment of long-term strength.

4. Linear regression equations showed reliability of the
results.

In the present study, utilisation of stone waste in soil
works resulted in improvement of soil parameters. So,
freely available stone waste can be utilized to stabilize
the subgrade of pavement and make it cheaper for
practitioners and engineers. As a wise step to make
environment safe and eco-friendly always appreciated.
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