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Abstract

Article history:
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In this study, the effect of hexagonal boron nitride (hBN) and modified
(carboxylic acid functionalized) multi-walled carbon nanotubes (MWCNTSs-
COOH) on tensile and flexural behaviour of 30% short glass fiber reinforced

Revised 7 Oct 2021
Accepted 10 Oct 2021

Polyamide 66 (PA 66/30SGF) is investigated. Initially, MWCNTs-COOH, hBN and
MWCNTs-COOH/hBN are mechanically mixed with PA 66/30SGF granules in
ethanol and stirred via a magnetic stirrer for one hour. After ethanol evaporates,
MWCNTs-COOH, hBN and MWCNTs-COOH/hBN integrated granules are
conditioned in an oven and the obtained granules are transferred to the plastic
injection moulding machine for the fabrication process of specimens. Thus five
types of specimens are produced; and their mechanical behaviors are examined
by Instron 5982 test machine. The test results show that elastic modulus and
flexural properties of PA 66/30SGF are improved with the addition of MWCNTSs-
COOH, hBN and MWCNTs-COOH+hBN.

Keywords:

Composite material;
Polymer
nanocomposite;
Polyamide 66; Glass
fiber; Carbon nanotube;
Hexagonal Boron
Nitride; Nanofillers;
Plastic injection
molding
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1. Introduction

Plastic materials have been widely used in medical, biomedical, military, aerospace,
structural applications and so forth [1, 2]. In the last years, production of plastics globally
almost reached up to 370 million tonnes [2]. However, among all plastics, thermoplastics
are the most preferred given that they account for virtually 80% of the plastics used
throughout the world [3]. Thermoplastics owe this popularity to their advantageous
properties such as high strength, easy processibility, and reasonable production cost and
lightweight. Yet, despite these advantages, some thermoplastics such as PA 66 might suffer
from micro-cracking during use or production [4]. In order to prevent such mechanical
problems, thermoplastics could be improved by micro-scale or nano-scale reinforcing
fillers. The mixtures of polymers with inorganic or organic fillers that have certain
geometries (fibers, flakes, spheres, and particulates) are known as polymer composites
and if these fillers are of nano-scale dimensions, the materials are known as polymer
nanocomposites [5].

In polymer matrix composites, short glass fiber (SGF) has been frequently used as
reinforcing filler due to its relatively low cost and superior mechanical properties [6].
Additionally, nano-scale materials provide considerable enhancement in mechanical
properties of the polymers. However, in fabrication process of polymer matrix composites
or nanocomposites, achieving the uniform dispersion of the fillers in the polymer could

“Corresponding author: ozgur.demircan@omu.edu.tr
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even be a lot challenging due to the fact that some nano-scale fillers tend to form bundles
or agglomerates in the polymer matrix [7].

Polyamide 66 (PA 66), also known as Nylon 66, is a semi-crystalline commercial
thermoplastic mostly used as engineering resin in high-performance applications where
good mechanical, chemical and thermal properties are required [8, 9]. With the addition
of various fillers or nano-fillers, such as glass fibers, carbon fibers, carbon nanotubes, nano
clays, mechanical properties of PA 66 could be altered. Among a variety of fillers, glass
fibers are extensively preferred owing to their ability of increasing the stiffness and heat
resistance of the composite as well as their relatively low processing costs [10]. Addition
of glass fibers into PA 66 matrix up to a certain ratio leads to a large amount of
improvement in the mechanical properties [11-18].

For the last a few decades, various nanomaterials, such as single-walled or multi-walled
carbon nanotubes, nanoclays, boron nitride nanoparticles and so forth, have become
commercially available. A number of studies revealed that multi-walled carbon nanotubes
could be ideal candidates for polymer reinforcement owing to their high tensile strength,
which is 11-63 GPa [19], and Young’s modulus reaching up to 1 TPa [19, 20].

Regarding CNT/polyamide composites, a number of investigations have been carried out
so far [21-35] and majority of them state that CNTs are able to enhance the mechanical
performance of polymeric composite systems. Miyagawa et al. [36] and Coleman et al. [37]
produced overall reviews on the mechanical reinforcement of polymers by the use of CNTs.
And some studies focusing on CNT-polymer matrix interaction and crack behaviour of
CNTs/polymer composites are also available in literature [38-42]. Mechanical and
morphological investigations demonstrated that CNTs prevent crack opening and
propagation by stretching across the cracks during the fracture and hence improves the
mechanical performance. Ajayan et al. [43] and Liu et al. [44] obtained the SEM images
indicating the bridging phenomenon of CNTs in polymeric matrices. Zhang et al. [45]
investigated the mechanical properties of MWCNT/Polyamide 6 composite prepared by
simple melt-compounding and revealed that the tensile strength and the elastic modulus
of the composite increase by nearly 120% and 115%, respectively, with the addition of 1
wt.% MWNTs content. This significant enhancement in mechanical performance was
attributed to uniform dispersion of MWNTSs in the polymer matrix and the strong
interaction between MWNTSs’ surface and polymeric matrix. Similarly, Ferreira et al. [46]
explored that the presence of 1 wt.% pristine-CNT in PA 6 matrix increases the elastic
modulus by 43% and the tensile strength by 33%.

A vast majority of the studies on polymeric nanocomposites point out that mechanical
behaviour of the CNT/polymer composites are highly dependent on the dispersion,
distribution and alignment of CNTs throughout the matrix and the interfacial interaction
between CNT and polymer [22, 32, 47-50].

Despite the high reinforcing potential of CNTs, it is extremely difficult to have them well-
dispersed in the polymer due to their agglomeration tendency caused by their long length
and high polarizability as well as the van der Waals forces between their surfaces [51, 52].
Agglomerated CNTs may cause stress concentrations and act like defects, which brings
about reduction in mechanical performance. One of the most effective ways to avoid CNT
agglomeration and achieve efficient load transfer between matrix and CNT network is
functionalization [22, 30, 37, 51]. Chopra et al. [53] carried out a study on functionalized-
MWCNTs/PA 6 composites and reported that the inclusion of functionalized-MWCNTSs
(MWCNTs-COOH) increases the tensile strength of Polyamide 6 by almost 12%. The
authors explained this improvement by efficient interaction between well-dispersed
MWCNTSs and Polyamide 6 matrix. The study of Chen et al. [27] on the properties of PA
66/MWCNTs-COOH fibers showed that tensile strength of PA 66 fibers improves by 24%,
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when 1 wt% MWNTs-COOH is incorporated. This effect was attributed to the
homogeneous dispersion of MWNTSs in PA 66 matrix.

In recent years, thanks to the developments in nanoscience and nanotechnology, new
nanomaterials have been introduced to the market and one of the most prominent of them
is hexagonal boron nitride (hBN) [54], which is a 2D crystal material composed of equal
boron and nitrogen atoms in a honeycomb arrangement [55-57]. Due to its structural
similarity to graphene and novel properties such as excellent thermal stability, chemical
inertness and high strength, hBN has become the subject of many studies to date [57-59];
and it is considered to be a potential reinforcement for polymer matrix composites.
Mortazavi and Cuniberti [60] calculated the elastic modulus and tensile strength of pristine
hBN films as 800-850 GPa and 150+15 GPa, respectively. Similar results regarding the
mechanical properties of hBN were also presented by several authors in literature [61-64].
In addition, Joy et al. [65] provided an overall review on boron nitride based polymer
nanocomposites.

Nanofillers such as nanoparticles and nanoplatelets could alter the direction of crack
propagation and thereby stop the crack propagation and crack pinning along the original
direction [66], which improves the mechanical performance of the composite system.
According to the computational study of Spanos and Anifantis [62], even small volume
fractions of boron nitride nano sheet (BNNS) can significantly contribute to the
reinforcement of matrix material. The authors pointed out that sufficient interface, matrix
stiffness and BNNS size and volume fraction are the critical parameters determining the
elastic mechanical properties of BNNS-based nanocomposites. Similiarly, the study of
Muralidhara et al. [67] revealed that presence of hBN results in increment in mechanical
properties of CF filled epoxy. Moreover, Randhawa and Patel [68] reported that tensile
strength and modulus of PA 6 increased by 15.2% and 64.5%, respectively, after the
addition of 8 wt.% hBN.

Despite the large number of research on polymer nanocomposites in literature, to the best
of our knowledge, merely a few of them discuss the mechanical performance of the
composites filled with binary or ternary hybrid reinforcements. Thus, this paper aims to
present the tensile and flexural properties of the nanocomposites consisting of PA 66
matrix and glass fiber+MWCNTs-COOH+hBN hybrid fillers. The results obtained in this
study are expected to make a contribution to the relevant fields of science and technology
in designing high-performance nanocomposites.

2. Experimental
2.1. Composite Constituents

Neat PA 66 and 30 wt.% short fiber reinforced PA 66 (PA 66/30SGF) granules used as
matrix materials were purchased from Mat Polymer, Istanbul/Turkey. MWCNTs-COOH
with a mass purity of more than 95%, 2.00 wt.% COOH-content, outer diameter from 10 to
20 nm, interior diameter from 5 to 10 nm, length from 10 to 30 pm, were purchased from
Ege Nanotek Kimya Sanayi, Izmir/Turkey. hBN with size of 300-400 nm were supplied by
the National Boron Research Institute (BOREN), Ankara/Turkey.

2.2. Fabrication Method

Specimen preparation process of hBN integrated PA 66/30SGF hybrid composites are
demonstrated in Figure 1 (a) to (g). MWCNTs-COOH and/or hBN integrated composite
specimens were also prepared through the same method and instruments. The list of the
produced specimens and the labels assigned to them are shown in Table 1.
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Table 1. List of the composite specimens

Labels Specimens

C1 Neat PA 66

C2 PA 66/30SGF

C3 0.4 wt.% MWCNT-COOH integrated PA 66/30SGF

C4 0.4 wt.% hBN integrated PA 66/30SGF

c5 0.2 wt.% MWCNT-COOH + 0.2 wt.% hBN integrated PA 66/30SGF

Firstly, C2 granules were mixed with MWCNTs-COOH and hBN in different beakers and
stirred in ethanol for one hour by means of a hot plate magnetic stirrer. After ethanol
vaporized, 0.4 wt.% MWCNTs-COOH integrated C2 and 0.4 wt.% hBN integrated C2
granules were obtained. By following the same steps, 0.2 wt.% MWCNTs-COOH + 0.2 wt.%
hBN integrated C2 granules were produced. These three types of granules, as well as C1
and C2 granules, were conditioned in an oven at 100 °C for 2 hours and transferred to the
plastic injection moulding machine for the production of specimens. During this process,
the granules fed to the funnel of the machine proceeded towards the nozzle passing
through three hot zones, in which the temperature was approximately 285 °C, via a
rotating screw. Owing to this high-temperature and the rotation of the screw in the hot
zones, MWCNTs-COOH and hBNs efficiently mixed in C2 matrix.

hBN powder onthescale

hBN and ethanol mixture on
the magnetic strirrer

hBN integrated PA
66/30SGF in ethanol

Oven that conditions PA 66/30SGF/hBN Plastic injection moulding machine

/

1S0527-2 type-1A standard PA 66/30SGF /hBN 1SO 178 standard PA 66/30SGF/hBN
composite specimen for tensile test composite specimen for flexural test

Fig. 1 Preparation process of PA 66/30SGF/hBN composite specimens
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2.3. Characterization

During the plastic injection moulding process, five types of composite specimens in
accordance with ISO 527-2 type-1A and ISO 178 standards were produced. Tensile and
flexural properties of the specimens were analysed using Instron 5982 100 KN (USA) test
machine at room temperature with a crosshead speed of 5mm/min. Scanning electron
microscopy (SEM) images were obtained in a J[SM-7001 F analytical field-emission SEM
(Japan). Chemical structures of the specimens were analysed by Perkin Elmer Spectrum
Two Fourier transform infrared spectrometer.

3. Results and Discussion
3.1. Surface Characteristics of the Fractured Composite Specimens

Figure 2 (a) to (c) represents the SEM images of the surface morphology of the fractured
C3 specimen. Agglomerated MWCNT-COOH can be clearly seen in Figure 2 (b) and (c).
When used as reinforcement material, CNTs stretch or bridge across the cracks and absorb
the fracture energy; thus, they prevent crack opening and propagation during the fracture.
This stretching behaviour of CNTs was monitored in some studies [44, 69, 70]. Moreover,
in the hybrid reinforced composite systems where CNTs and fibers are used together as
filler material, CNTs can create an interconnecting effect between the fiber and matrix,
which leads to improvement in mechanical properties.

Figure 2 (b) demonstrates that MWCNTs-COOH are strongly embedded within C1 matrix,
which is the evidence of strong interfacial adhesion between MWCNTs-COOH and the
matrix. However, entangled MWCNTs-COOH or agglomerates were also observed in Figure
2 (c). They limit the mobility of PA 66 chains and hence decrease the crystallinity and
confinement effect deployed by the MWCNTs-COOH [71, 72]. Despite the presence of
embedded MWCNTs-COOH, agglomerated MWCNTs-COOH may cause stress
concentrations and act as defects; which may lead to deterioration in mechanical
properties.
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Fig. 2 SEM images of (a) fractured C3; (b) MWCNTs-COOH embedded in C1 matrix; (c)
MW(CNTSs-COOH agglomeration
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SEM images of surface morphology of fractured C4 are shown in Figure 3 (a) to (d). There
is a certain amount of hBN to absorb the fracture energy and stop the crack propagation
and crack pinning [60]. However, as indicated in Figure 3 (d), agglomerated hBN particles
may act as defects and thereby contribute to the occurrence of microcracks within the
composite system.

Fig. 3 SEM images of (a) fractured C4; (b) and (c) individual hBN particles; (d) hBN
agglomeration

Figure 4 (a) to (c) represent the SEM images of surface morphology of fractured C5
specimen. Agglomerated hBN particles were observed, as shown in Figure 4 (a). Figure 4
(b) and Figure (c) show that MWCNTs-COOH are strongly embedded in PA 66, which
indicates that an sufficient surface interaction between MWCNTs-COOH and the PA 66
matrix is achieved. However, Figure 4 (c) demonstrates a few MWCNTs-COOH pull-out
probably due to the fracture or poor interfacial interaction between MWCNTs-COOH and
PA 66. When the fracture ends, CNTs somewhat close and loosen getting a worm-like form,
as shown by yellow arrow in Figure 4 (c). This worm-like form is due to the relaxation or
uneven crack propagation [40]. On the other hand, no direct interaction between MWCNT-
COOH and hBN was observed.
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Fig. 4 SEM images of (a) fractured C5; (b) MWCNTs-COOH embedded in PA 66; (c)
MWCNTSs-COOH pull-out

3.2. Chemical Analysis

Understanding the chemical structure of the components in a material is quite useful so as
to achieve good mechanical properties by controlling the process parameters. From
Fourier Transform Infrared (FTIR) spectra of the injection-moulded composite specimens,
shown in Figure 5, it can be seen that the signature regions do not exhibit a significant
difference by the addition of micro- and nano-scale fillers. In neat PA 66, the absorption
band at 3267 cm-1 is correlated to the stretching vibrations of N-H group. The absorption
bandsat2912 cm-1, 2843 cm-1and 1192 cm-1 stem from the symmetric and asymmetric
C-H stretching vibrations and C-H twisting. The peaks appearing at 1636 cm-1 and 1545
cm-1 are assigned to the stretching vibration of the C=0 group of the amide I and the N-H
bending and C- N stretching vibration of amide II, respectively. The peak at 1283 cm-1 is
associated with C-N-H coupling vibration of amide III. The presence of glass fibers does
not bring about a significant change in the molecular structure of PA 66, which could be
due to the lack of chemical interaction between glass fibers and PA 66 matrix [63].
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Fig. 5 FTIR spectra of the specimens

In Figure 5 (c), the absorption band at 1747 cm-1 results from C=0 symmetric stretching
of carboxyl, which confirms the presence of MWCNT-COOH. Similar observations were also
made by Al-Hobaib et al. [64] and Chen et al. [26]. And also, considering the observations
made by B. Zhang et al. [65], characteristic peaks of hBN at 1353 cm-1 and 803 cm-1
shown in Figure 5 (d) can be correlated to in-plane B-N stretching and out-of-plane B-N
bending vibrations of hBN, respectively. The appearance of the characteristic peaks of
carboxyl group of MWCNT-COOH and hBN indicates that no chemical reaction occurred
during the melting and mixing step of plastic injection process. Therefore, physical
interactions alone are likely to be responsible for any change in the mechanical properties
of the composite system. Yet, considering the study by Demircan et al. [66], due to the high-
temperature (nearly 285°C) in the hot zones of the plastic injection machine chemical
interaction at some level might have occurred.

3.3 Tensile Test Results

Load-displacement curves and the tensile-fractured specimens are represented in Figure
6 (a) and (b) respectively. As shown in Figure 6 (c), C2 exhibits the highest tensile strength
(87.05 MPa) whereas C5 exhibits the highest elastic modulus (5.17 GPa). The graphs
demonstrate that the inclusion of glass fibers improves the tensile strength and elastic
modulus of C1. This result is in accordance with the results of relevant studies in literature
[10-12, 15, 17]. However, the addition of 0.4 wt.% MWCNTs-COOH into C2 leads to
reduction by 28% in tensile strength while increasing the elastic modulus by 14.7%. This
failure can be explained by the agglomeration of MWCNTs-COOH in the matrix. Similarly,
presence of 0.4 wt.% hBN in C2 increases the elastic modulus by nearly 11.2% and reduces
the tensile strength by 20.6%. The findings of some relevant studies in literature support
these results [69, 77-80].

Considering the number of similar investigations in literature, it can be claimed that
mechanical performance of hybrid composites incorporating ternary fillers has not been
fully revealed yet. However, the present study revealed that the addition of MWCNTs-
COOH and hBN together increases the elastic modulus of C2 by 15.4% and decreases the
tensile strength of it by 13.33%. It is obvious that C3 exhibits better tensile performance
over C4. Moreover, the addition of MWCNTs-COOH and hBN together further improves the
tensile properties, which indicates that these two nanomaterials are compatible with each
other in a ternary-filler polymeric composite system.
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Fig. 6 (a) Load-displacement curves of the specimens after tensile tests; (b) Tensile-
fractured specimens; (c) Tensile properties of the specimens

3.4 Flexural Test Results

Figure 7 (a) and (b) represent the load-displacement curves after 3-point flexural tests and
the fractured specimens, respectively. According to the results, shown in Figure (c), C5
exhibits the highest flexural strength (170.48 MPa) and flexural modulus (3.89 GPa)
whereas C1 exhibits the lowest flexural strength (65.33 MPa) and flexural modulus (1.07
GPa). It is clear that the presence of short glass fibers enhances the flexural performance
of C1. As aforementioned, this improvement can be attributed to the good mechanical
properties of glass fibers as well as their homogeneous distribution in the matrix. With the
addition of 0.4 wt.% MWCNTs-COOH, flexural strength and flexural modulus of C2 increase
by nearly 7% and 13%, respectively. This positive effect can be explained by the fact that
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CNTs prevent crack opening and propagation by bridging across the cracks during the
fracture. Moreover, they cause an interlocking effect between fibers and matrix and
thereby improve the flexural and tensile properties of the composite system.
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Fig. 7 (a) Load-displacement curves of the specimens after three-point flexural tests; (b)
Flexural-fractured specimens; (c) Flexural properties of the specimens

In the present study, 0.4 wt.% hBN integration results in better flexural performance over
that with 0.4 wt.% MWCNTs-COOH whereas the composite with 0.2 wt.% MWCNTs-
COOH + 0.2 wt.% hBN fillers exhibits the best flexural performance. Since good filler-
matrix facial interaction allows the fillers to absorb the fracture energy and thus
contributes to the enhancement in mechanical properties, the improvement in flexural
properties can be attributed to the good surface interaction between the fillers and the PA

10
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66 matrix. Similar results were obtained and discussed in a number of studies in literature
[80, 88].

Figure 8 (a) to (d) represents the optical micrographs of fractured specimens after 3-point
flexural tests. Failure modes of the specimens were mainly matrix cracks along the
direction of tension. Longer cracks were observed in fractured C2.

Fig. 8 Optical micrographs of fractured C2, C3, C4 and C5

5. Conclusions

In this study, mechanical properties of MWCNT-COOH and/or hBN integrated PA
66/30SGF composites were investigated. Mechanical analyses showed that the presence
of short glass fibers positively influences the tensile and flexural performance of PA 66.
This behavior can be explained by good mechanical properties of glass fibers and their
sufficient facial interaction with the matrix surface.

The obtained test results demonstrated that the highest tensile strength and elastic
modulus were exhibited by PA 66/30SGF and MWCNTs-COOH+hBN integrated PA
66/30SGF composite specimens, respectively. However, it was observed that the addition
of MWCNTs-COOH and hBN leads to deterioration in the tensile strength. Since the desired
reinforcement highly depends on the uniform stress transfer between the filler and matrix,
we can conclude that the external stress applied to the specimens incorporating MWCNTs-
COOH was not well distributed along the matrix due to the presence of agglomerates;
consequently, the tensile strength decreased.

On the other hand, addition of MWCNTs-COOH and hBN enhanced the flexural properties
of PA 66/30SGF composites. Having tubular form, MWCNTSs are able to stretch across the
cracks absorbing the fracture energy and hence prevent crack opening and propagation.

11
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Besides this bridging phenomenon, MWCNTSs can cause interlocking effect between the
fiber and matrix and prevent glass fibers from slipping, which improve the mechanical
performance of the composite system. hBN particles, on the other hand, can stop crack
propagation and crack pinning by changing the direction of crack propagation and hence
make a contribution to the mechanical properties. The specimens with 0.4 wt.% hBN
exhibit higher mechanical performance than that with 0.4 wt.% MWCNTs-COOH, which
might be due to their mechanical and geometrical or morphological differences as well as
the difference in their agglomeration tendency. The highest flexural values were found in
specimens where MWCNTs-COOH and hBN were integrated together; therefore, we can
conclude that the hybrid reinforcement mechanism worked efficiently and that MWCNT-
COOH and hBN are compatible with each other. The shorter cracks in MWCNT-COOH and
hBN filled PA 66/SGF observed by optical microscopy confirm this conclusion.

FTIR spectra of the specimens confirmed the molecular structure of PA 66 as well as the
presence of MWCNT-COOH and hBN in the system. It was also observed that glass fibers
do not bring about a drastic change in the chemical structure of PA 66. Although a chemical
interaction due to the high temperature applied in the specimen production process might
have occurred, since no significant chemical bond was detected, the increase in mechanical
properties are dominantly due to the physical interactions.

Considering the increments in elastic modulus, flexural modulus and flexural strength of
the specimens, MWCNT and hBN integrated PA 66/glass fiber composites are expected to
be quite promising for future applications in which high mechanical performance is
required.
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) . Finding a suitable waste utilization approach to produce a cleaner environment
Article history: is the most crucial aspect globally. Geopolymer is the most promising alternate
Received 16 Apr 2021 for cement and source for major waste utilization. Disposal of waste rubber tires
Revised 06 Oct 2021 is a challenging task for the cleaner environment. Hence, abundant wastes, which
Accepted 03 Nov 2021 create environmental pollution, such as wood waste ash and waste rubber, are
used to invent the green geopolymer concrete in this research. The geopolymer
Keywords: is uncomfortable with carrying impact energy, ductility, and energy absorption.
Fibre addition could enhance the above properties. Waste wood ash is replaced
Green Geopolymer by 30 percent with fly ash. This research assesses the individual effect of adding
Concrete; polypropylene and rubber fibre by 0, 0.5%, 1%, 1.5%, and 2% of volume
Wood Waste Ash; fractions. In addition, the effects of fibre hybridization on the mechanical and
Water Absorption; durability characteristics of green geopolymer concrete have also been analyzed.
Electrical Resistivity; The study finds the maximum performance in mechanical and durability

behaviors with the mix having 0.5% PP and 0.5% rubber. The microstructure
characteristics are also assessed using SEM for understanding the phase
development in green geopolymer concrete. The research hypothesis proves
that an intellectual approach is made to utilize the waste materials such as
rubber and waste wood ash in the invention of green geopolymer concrete,
which can help to eliminate the environmental impact and can act as a
sustainable concrete.
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1. Introduction

An amorphous form of polymer (i.e., Geopolymer) was made in nature by dissolving silica
and alumina from raw materials such as fly ash, metakaolin, and slag with extremely
concentrated alkaline hydroxide and silicate solution [1]. Most of the researchers used fly
ash as the binder for the production of geopolymer concrete [2-10]. Fly ash-based
geopolymer concrete requires heat curing of 60°C for 24hrs and needs a high alkaline
solution to achieve the characteristic strength [11,12]. The molarity of NaOH played a vital
role in the enhancement of GPC strength. The geopolymerization was formed easily with
the molarity up to 12, whereas it was disrupted with the increased molarity beyond 12M.
The geopolymer concrete with up to 12M promoted silica and alumina dissolution from
raw materials [13]. The strength reduction was noted with the molarity exceeds 12M [8].
According to the fly ash production and use in 2017, while production fell to 169.25Mt, use
increased to 107.10Mt. The demand for fly ash in forthcoming years was enlarged to high
[14]. Hence, the researchers needed to find the alternate raw material to reduce the
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amount of fly ash utilization in geopolymer concrete. GGBS (Ground Granulated Blast
furnace Slag), which has high calcium, was used as alternate source material for fly ash
[15]. In GGBS, the high calcium was the threat that could take the alkaline compounds for
producing the geopolymer reaction at earlier ages [16]. The formation of the geopolymeric
reaction enhanced the strength at an early age. However, the silica and alumina were left
unreacted with the disruption of calcium [17,18]. The reaction of silica and alumina with
an alkaline solution was also a vital chemical formation in the geopolymer formation [19].
If the reaction was not formed properly, the alkali-silica expansion was formed on the
prolonged ages. Therefore, the raw material with less calcium which requires a lower
alkaline activator might be the solution. Moreover, the raw material with inbuilt alkaline
compounds (K20) [20] was also suggested to substitute the fly ash.

The wood waste ash with inbuilt potassium composition was used as a binder material in
conventional concrete, enhancing strength slightly [21]. Waste woods procured from
timber industries are used to fuel food production in roadside hotels [21]. The wastes were
burnt in the boiler but not limiting the temperature and resulted in the production of
flyable ash [22]. The ash derived from the available local hotels was thrown into landfills,
polluting the environment equally to global warming [23]. The chemical composition of
wood ash was analyzed and showed the presence of potassium oxide in the inside matrix
of wood ash [24]. Biomass Wood Ash was used to produce the geopolymer concrete, and it
was limited to 10 percent due to the uncertainty of later age geopolymer reaction [25].
High Calcium wood ash was used as an aluminosilicate source material to produce
geopolymer concrete, resulting in reduced strength in later ages due to high calcium [26].
When partially substituted, the waste wood ash with less calcium could be a promising
binder material [27]. Hence, the waste wood ash procured from nearby hotels with less
calcium was partially substituted for fly ash in this research to invent green geopolymer
concrete.

Geopolymer concrete was weak in brittle, ductile, impact energy and energy absorption.
The major solution invented for improving the above-mentioned properties of geopolymer
was the incorporation of fibres within the specified limit. Incorporation of any type fibres
had its capability of enhancing the properties. However, there was a specified limit of 2%
of volume fraction for the incorporation of any type fibre. The most used type of low
modulus fibre was polypropylene fibre which helped to enhance the bonding effect and
first crack load. Due to its surface texture and bonding capacity, polypropylene fibre was
chosen [28]. The flexural strength and toughness were increased with the addition of
polypropylene fibre, and also it limits the deformation due to shrinkage. Meanwhile, the
incorporation of polypropylene enhanced the impact strength of geopolymer concrete by
6.25 percent [29,30]. Ductility was increased, and the degree of compression was reduced
by incorporating polypropylene [31]. Moreover, polypropylene fibre was specialized in
limiting crack formation and propagation [32]. Enhancement in resisting the crack
formation was observed with the 0.5 percent PP fibre addition [33]. However, the
enhancement in the crack resistance and mechanical properties of GPC by incorporating
polypropylene fibre was not efficient in using the GPC in heavy-loaded structural elements.
Hence, hybridization of two or more different types of fibres could be adopted to improve
the impact and energy absorption of GPC. This study aimed to choose one of the low
modulus fibre which could enhance the GPC performances to use it in heavy loaded
members.

Dumping waste rubber tires led to the formation of bacteria and fungus [34]. The burning
of waste rubber tires produced some toxic gases, which led to death [35]. In the meantime,
the burning of rubber tires releases an eminent amount of carbon di-oxides [36], and some
developing countries banned it. Hence, disposal of that waste rubber tire was a challenging
task for the cleaner environment. Awareness on utilizing waste rubber tires in concrete
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composites was increased, and it was used as a filler material and coarse aggregate [37].
Crumped rubber was replaced by 15percent with fine aggregate, which enhanced better
performance; however, it reduces the compressive strength [36]. The strength reduction
was due to the high amount of replacement of rubber tires. Hence, the addition of rubber
as fibre instead of replacement, can be appropriate in the effective utilization of waste
rubber [38]. The mechanical and durability properties were enhanced with the
incorporation of rubber fibre [39]. Meanwhile, the increased amount of rubber fibre
decreased the compressive strength of GPC, and enhancement in energy absorption was
observed with the rubber addition [40,41]. The impact strength of GPC was also enhanced
with the incorporation of rubber fibre, which can retain the plastic state [42]. The
incorporation of rubber fibre was limited to a smaller volume fraction, which could also
increase the mechanical properties of GPC [43]. There was a research gap on utilizing the
rubber as a fibre with a smaller volume fraction in this study. Further, a combination of
both PP and rubber fibre could allow enhancing the properties of GPC in all aspects to use
in heavy-loaded structural elements [44].

In the author’s previous study [45], the ratio of aluminosilicate binder materials, molarity
optimization, and alkaline activators to binder ratio optimization was done. Hence the
effect of individual fire addition on the mechanical properties of green geopolymer
concrete was studied in this research. In addition, the effects of the hybridization of
polypropylene and rubber fibre on the mechanical characteristics of green geopolymer
concrete were investigated. Further, microstructural characterization analysis of hybrid
fibre reinforced green geopolymer concrete was assessed by SEM.

2. Material Properties

In this research, Fly Ash (FA) derived from the thermal power plant station situated in
Neyveli, was used as the raw binder [45]. Energy Dispersive X-Ray analysis was performed
to find the chemical compounds present in the fly ash, as shown in figure 1, and also to
define the class of fly ash type [46]. Standard ASTM procedures were followed to find the
physical characters of FA [47]. The substitute raw material for FA was waste wood ash
collected from the nearby hotels [48]. Figure 2 illustrates the Energy Dispersive X-Ray
analysis performed to find the chemical compounds present in the waste wood ash and
define the calcium present in the low calcium waste wood ash (LCWA) [26]. The
composition of LCWA was found in EDX, which has 14.5% of K20, which could help to
reduce the requirement of alkaline solution [20] [24]. The required physical properties of
constituent materials are illustrated in Table 1.

Table 1. Physical characteristics of the constituents

Properties Consistency Initial Final Fineness  Specific
Constituents Setting Setting Modulus Gravity
Time Time

Fly ash 38% 18.00 36.00 6% 2.3
Waste Wood ash 58% 2.30 3.00 9% 1.7
Fine Aggregate - - - 291 2.62
Coarse Aggregate - - - 7.6 2.42
NaOH - - - - 1.61
NazSiOs - - - - 1.47

In this research, fine aggregate and coarse aggregate [49] were also used, and their
properties were tabulated in Table 1. The optimal size of FA and CA used in this study was
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1.18mm and 10mm. Further polypropylene fibre and waste tire rubber fibre of length
20mm was added individually by 0%, 0.5%, 1%, 1.5% and 2% of volume fraction [50].
Hybridization of polypropylene and rubber fibre was also done by varying 0, 0.25, 0.5, 0.75,
and 1% volume fraction. Table 2 lists the chemical compounds present in the FA and LCWA.

Table 2. Chemical composition of fly ash and LCWA [48]

Chemical compound % by Mass
LCWA FA
Al203 0.6 17.4
Si0: 8.01 23.6
K20 14.49 0.9
Ca0 3.61 1.8
Fe20s3 - 1.99
MgO 3.02 60
Gd 0.51 -
P20s 3.06 -
TiO: - 0.99
MnO - -
C 10.22 2.99
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Fig. 1 Microstructure analysis of FA through SEM and EDX
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Fig. 2 Microstructure analysis of LCWA through SEM and EDX

3. Mix Proportion

In this research, the mix proportion for low calcium green geopolymer concrete was
designed by the Indian standard modified guidelines for geopolymer concrete mix design
[51]. The design mix was calculated as 1:1.05:1.57 with an activator to binder ratio of 0.61
[48]. The individual fibres such as polypropylene and rubber fibres were added by 0%,
0.5%, 1%, 1.5% and 2% of volume fraction [50]. The quantity of materials as per the mix
design of individual fibre addition was tabulated in Table 3. This study found the influence
of individual fibre on the mechanical characteristics of low calcium green geopolymer
concrete. Table 3 shows the references of different mix id.

Further, the combination of rubber and polypropylene fibre was carried out by varying the
percentage of both fibre at a variation of 0%, 0.25%, 0.5%, 0.75%, and 1% of volume
fraction. Table 4 illustrates the quantity of material required for the hybridization of
rubber and polypropylene fibre.

24



Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43

Table 3. Material quantity required for different fibre addition

Mix id Polypropylene fibre

(kg/m?3) GC 0.5PFRG 1.0PFRG 1.5PFRG 2.0PFRG
FA 385 385 385 385 385
LCWA 96 96 96 96 96
NaOH 110 110 110 110 110

NazSi03 276 276 276 276 276
Sand 667 667 667 667 667
CA 994 994 994 994 994
Fibre 0 2.41 4.82 7.22 9.63

Table 4. (Con.) Material quantity required for different fibre addition

Mix id Rubber Fibre
(kg/m3) GC 0.5RFRG 1.0RFRG 1.5RFRG 2.0RFRG
FA 385 385 385 385 385
LCWA 96 96 96 96 96
NaOH 110 110 110 110 110
NazSiO3 276 276 276 276 276
Sand 667 667 667 667 667
CA 994 994 994 994 994
Fibre 0 241 4.82 7.22 9.63

Table 5. Material quantity required for hybridization of fibre

Mix id PP Rubber Fly LCWA NaOH NazSiOs Sand CA
Fibr Fibre ash (kg/m3*  (kg/m3* (kg/m3) (kg/m3) (kg/

e (kg/m3  (kg/ ) ) m?)
(kg/ ) m3)
m?)
993.
GC 0 0 385 96.3 110.2 275.59 666.58 -
0P/1.0R 993,
HFRG 0 4.82 385 96.3 110.2 275.59 666.58 -
0.25P/0. 993,

75R 1.21 3.61 385 96.3 110.2 275.59 666.58

HFRG 7
0.5P/0.5 993.
RHERG 241 241 385 963 1102 27559  666.58 ;
0.75P/0. 993

25R 361 121 385 963 1102 27559  666.58 >

HFRG
1.0P/OR 993.

uFRe 482 0 385 963 1102 27559  666.58 ;

4. Experimental Program
4.1 Mechanical Characterization

In accordance with ASTM C109 [52], ASTM- C215 [53], ASTM-C293 [54] standards, the
compressive strength, tensile strength, and flexural strength of the mix was determined by
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testing the standard specimens in the Universal Testing Machine. The standard specimens
for compressive strength testing were taken as 100mm x 100mm x 100 mm size cubes, and
for computing tensile strength, 100mm x 200mm size cylinder was cast. 500mm x 100mm
x 100mm size prism was casted for the computation of flexural strength. The specimens
were cured at ambient temperature till the occurrence of testing ages of 3, 7 and 28 days.
In this study, the effect of both rubber and polypropylene fibre on the compressive, flexural
and split tensile strengths of low calcium based GPC was carried out at the required ages.
Average of three specimens test results were taken as strength parameters for all ages of
curing. The failure of specimens was shown in figure 3.

4.2 Durability Characterization

The water absorption of concrete specimens was a simple way of assessing the potential
of concrete in durability aspects. In compliance with ASTM C 642 [55], the water
absorption test was performed. For 24hrs, oven-dried specimens were soaked in water.
Percentage growth in weight as water absorption was noted. According to time, the
measurement of capillary water suction in a uniform direction was sorptivity. According
to ASTM C267 [56], the resistance to acidic conditions was assessed. 3% sulfuric acid
solution was used for submerging the specimens to find the reaction against the acidic
environment. Initial specimen weights were determined.
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Fig. 3 Failure of specimens

Mass loss, the residual strength of compression, and physical conditions of the tested
specimen were noted after 30 days. Based on the procedure given in ASTM C1760[57], the
electrical resistivity of the specimen was derived. While considering the determination of
durability in terms of electrical resilience, this electrical conductivity method was easy and
fast. The test was performed by measuring the variable voltage at the ends of the specimen
using DC power. The current was measured for the average current for each applied
voltage. Calculation of resistivity was done by using q = RA/L where R=V/I, L = In between
distance of electrodes and A was c/s area of the specimen.

5. Result and Discussion
5.1 Mechanical Characterization
5.1.1 Effect of Polypropylene Fibre

The influence of polypropylene fibre incorporation on the mechanical characters of low
calcium green geopolymer concrete is shown in figure 4 (a-c). The various proportion of
polypropylene fibre incorporation was 0, 0.5, 1, 1.5, 2% of volume fraction and their effects
on low calcium green geopolymer concrete were assessed. Table 5 represents the test
results.

The specified limit of fibre incorporation was up to 2% of volume fraction due to
augmentation of fibre in one place and reduced workability [50,58]. From the test result,
at all ages of concrete, there was an enhancement in all strength noted with the 1% of PP
fibre [59]. The strength parameters were started to decrease with the fibre addition
exceeds 1% due to the augmentation of fibres in one place [31]. While comparing the
testing ages, the specimens tested after 3 days of ambient curing was achieved the highest
percentage of strength gaining than the control mix [60].
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Fig. 4 a Influence of PP fibre in compressive strength

Table 6. Results of each mix

Mix ID Compressive Strength (MPa) Tensile Strength (MPa)
28D 7D 3D 28D 7D 3D
0GC (Control 15.9 33.4 9.45 2.4 2.8 33
Mix)
0.5PFRG 39,5 29.1 22.7 3.5 2.9 2.5
1.0PFRG 42.9 30 24.5 3.7 3.1 2.7
1.5PFRG 38.1 28.8 23.6 3.4 3 2.5
2.0PFRG 35.3 28.1 22.4 3.4 2.9 2.5
0.5RFRG 35.9 29.3 22.4 3.4 3 2.5
1.0RFRG 36.5 29.8 23.6 3.7 3.1 2.7
1.5RFRG 36.1 29 23.1 3.5 3 2.6
2.0RFRG 35.8 27.6 221 3.3 2.9 2.4
0P/1.0R
HyFRG 36.5 29.8 23.6 3.5 3.1 2.7
0.25P/0.75R
HyFRG 37.5 30.2 24.1 3.7 3.3 2.8
0.5P/0.5R
HyFRG 43.9 32.5 25.3 3.9 3.4 3
0.75P/0.25R
HyFRG 38.6 31.7 249 3.7 3.2 2.7
1.0P/OR
HyFRG 35.9 30 24.5 3.7 3.1 2.7

28



Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43

Table 7. (Con.) Results of each mix

Flexural Strength (MPa)

Mix 1D 28D 7D 3D

0GC (Control Mix) 4.3 3.8 3.3
0.5PFRG 45 4.1 3.4
1.0PFRG 48 43 3.6
1.5PFRG 4.4 4 35
2.0PFRG 4.3 3.9 33
0.5RFRG 43 4 33
1.0RFRG 4.4 4.2 3.4
1.5RFRG 43 4 3.4
2.0RFRG 43 3.9 33
0P/1.0R HyFRG 4.3 3.8 33
0.25P/0.75R HyFRG 4.3 3.9 33
0.5P/0.5R HyFRG 4.4 4 3.4
0.75P/0.25R HyFRG 4.8 4.1 35
1.0P/OR HyFRG 4.4 4 3.4

The percentage of strength gaining of the specimens was noticed a gradual increment up
to 1 % PP fibre, then a sudden drop down in strength was noticed in the mix with 1.5% PP
fibre. While at the age of 28 days showed an increment in strength compared to the control
mixture [33]. Compared to other curing ages, the increment rate was less. The maximum
increment rate in compressive strength of 61.4% was observed with 1% PP fibre [61]. In
the meantime, the fibre addition of 1% enhanced the compressive strength in 3, 7, and 28
days by 61.4%, 47%, 22.2%, respectively [29].
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Fig. 4 b Influence of PP fibre in tensile strength
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Fig. 4 c Influence of PP fibre in flexural strength

Meanwhile, the GPC incorporated with 0.5% polypropylene and 1% polypropylene
achieved the maximum rate of increment in 28days tensile strength of 5.2% and 15.7%,
compared to the control mixture [62]. The GPC mix incorporated with 1% polypropylene
enhanced the tensile strength in 3, 7 and 28 days by 10.2%, 9.4% and 15.7% [50]. The
findings showed that incorporation of polypropylene fibre up to 1 % achieved the
maximum rate of increment compared to other mixes. Hence, the polypropylene fibre
improved the tensile and flexural strength of GPC [28]. The GPC incorporated with 0.5%
polypropylene and 1% polypropylene achieved the maximum rate of increment in 28days
flexural strength of 5.13% and 11.4% compared to the control mixture [50]. On the other
hand, The GPC mix incorporated with 1% polypropylene enhanced the flexural strength in
3,7,and 28 days by 8.38%, 10.75%, and 11.46% [44]. incorporation of polypropylene fibre
up to 1 % achieved the maximum rate of increment compared to other mixes. [32].

5.1.2 Effect of Rubber Fibre

The influence of various percentages of rubber fibre addition on the mechanical characters
of low calcium GPC was illustrated in figure 5 (a-c). In the previous studies, the rubber was
replaced with fine aggregate at various percentages [42], and rubber replacement up to 5
percent achieved equal performance related to the control specimen [39]. The studies
stated that the addition of rubber in smaller volume fractions could help in improving
mechanical performance. The rubber was incorporated with smaller volume fractions such
as 0.5%, 1%, 1.5%, and 2% in this research. The 1% rubber fibre addition enhanced the
compressive, flexural, and tensile strengths by 8.5%, 3.19%, and 11.83% [48]. The rate of
increment in compressive strength at all curing ages was gradual with 1% rubber,
compared to the control mixture [35]. The strength character was reduced with increasing
the rubber fibre addition above 1% due to the unstiffened matrix developed by the
augmentation of fibres [63]. The rate of increment in early age compressive strength was
higher than the other ages [24]. The maximum increment rate in compressive strength of
59.89% was observed with 1% rubber fibre [36].
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Fig. 5 a Influence of rubber fibre in compressive strength

In the meantime, the rubber fibre addition of 1% enhanced the compressive strength in 3,
7, and 28 days by 59.89%, 46.66%, 8.65%, respectively [48]. However, the addition of PP
fibre enhanced the compressive strength than the rubber fibre addition due to the lower
degree of compressibility of rubber fibre [64].
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Fig. 5 b Influence of rubber fibre in Split Tensile Strength
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Fig. 5 c Influence of rubber fibre in flexural strength

The maximum rate of increment in 28 days tensile strength of 2.38% and 11.83% was
attained by adding 0.5% rubber and 1.0% rubber fibre, and the rate of increment of each
mix was illustrated in figure 5 b [48]. The GPC mix incorporated with 1% rubber enhanced
the tensile strength in 3, 7, and 28 days by 11.19%, 10.58%, and 11.83% [42]. [50]. The
findings showed that incorporating rubber fibre up to 1 % achieved the maximum
increment rate compared to other mixes. Hence, the rubber fibre improved the tensile and
flexural strength of GPC [37,42].

The GPC incorporated with 0.5% rubber and 1% rubber achieved the maximum rate of
increment in 28days flexural strength of 1.85% and 3.19% compared to the control
mixture [39,65]. On the other hand, The GPC mix incorporated with 1% rubber enhanced
the tensile strength in 3, 7, and 28 days by 4.09%, 7.95%, and 3.19% [48]. The
incorporation of rubber fibre up to 1 % achieved the maximum rate of increment
compared to other mixes. [66,67].

5.1.3 Effect of Hybridization of Polypropylene and Rubber Fibre

The research found that the optimum percentage of individual fibre addition on the
geopolymer concrete was 1% for both polypropylene and rubber fibre [44]. In addition,
mechanical characteristics of hybrid fibre reinforced green geopolymer concrete due to
the various percentage of hybridization of polypropylene and rubber were assessed [62].
The results are illustrated in figure 6 (a-c).
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Fig. 6 (a) Influence of hybrid fibre in compressive strength

The maximum increment rate in all strength parameters was noticed with the mix having
0.5% rubber and 0.5% polypropylene [44]. The rate of increment in early compressive
strength of the optimum mix (0.5P/0.5R HyFRG) was higher than the other curing ages.
Meanwhile, the optimum mix attained the maximum compressive strength and high rate
of increment at 28 days [17]. The optimum mix increment rate in 3, 7, and 28 days of
compressive strength was enhanced by 62.6%, 51.2%, and 23.9% than the other mixes
[32]. The findings explored a decrease in strength when the rubber fibre addition exceeds
0.5% [62]. In the meantime, compressive strength was enhanced with the addition of
polypropylene fibre [50]. The GPC with 1% polypropylene fibre attained higher
compressive strength than the mix with 1% rubber fibre [68].
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Fig. 6 (b) Influence of hybrid fibre in split tensile strength

The maximum rate of increment in 3, 7, and 28 days tensile strength of 20.1%, 16.7%, and
15.2% were attained by the optimum mix (0.5P/0.5R HyFRG), and the rate of increment of
each mix was illustrated in figure 6 b [66]. The enhancement in tensile strength was higher
with the rubber fibre addition than the polypropylene fibre addition [39]. The maximum
rate of increment in early age tensile strength was higher than the other curing ages [33].
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The maximum rate of increment in flexural strength was achieved with the optimum mix
(0.5P/0.5R HyFRG). In the increase of flexural strength, the percentage increment was
much higher than that of tensile strength. The maximum strength was achieved by adding
0.5% polypropylene fibers and 0.5% rubbers [44]. The maximum rate of increment in 3, 7,
and 28 days of tensile strength of 6%, 7.1%, and 12.0% were attained by the optimum mix
(0.5P/0.5R HyFRG), and the rate of increment of each mix was illustrated in figure 6 c [33].
The enhancement in flexural strength was noticed with the increasing the rubber fibre.

5.2 Durability Characteristics
5.2.1 Water Absorption
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Fig. 7 Initial and final water absorption capacity of each specimen

The water absorption capacity of each specimen was evaluated by comparing the wet
weight to the oven-dried weight. For the initial capacity to absorb water, the specimen was
weighed 60 minutes after immersion, and the final capability for water absorption was
quantified 24 hours later [66]. The chart in Figure 7 depicts the absorption capacities of
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each specimen. Initial and final water absorption was lower for the control mix (0GC). The
control mix absorbed water at 1.32 and 3.05 at the start and end. The 1P/OR HyFRG
mixture absorbed 3.66 percent of the total water [20]. The optimal 0.5P/0.5R HyFRG
mix observed 3.27 closer to the control mix. The percentage of hybrid fibre added
increased the capacity of the geopolymer concrete to absorb water. Incorporating hybrid
fibre may allow for greater water absorption than the control mix. The greater water
absorption was because of the large surface area and porous medium of the mix, which
allows it to absorb more water [69]. However, the mix with 0.5 percent PP+0.5R absorbs
less water than the mix with 100% PP and can be used for efficient hybridization [70].
Relation between the replacement percentage of hybridization(x) to the water absorption
of each mix(y) obtained from regression analysis was y=-0.0005x2+0.0633x+3.0119, R* =
0.9935 [71].

5.2.2 Electrical Resistivity

Each specimen's electrical resistivity was measured in K-Ohm-cm [69] per ASTM C1760
[57] standards. The electrical resistivity of various mixtures is shown in Figure 8. Adding
PP and rubber fibres reduced the electrical resistivity of GPC beyond the optimum limit.
The optimum 0.5PP/0.5R HyFRG mix had the highest electrical resistivity of 440 compared
to other mixes [72]. The control mix had 375K-Ohm-cm resistivity. The 0.5PP+0.5R
hybridization displayed superior resistivity to the control sample. The super resistivity
was due to rubber fibre with a greater surface area and higher specific electrical resistance
[73]. The relation between the hybridization of fibre (x) to the electrical resistivity of each
specimen was obtained by regression analysis. The relation is y=--13.214x2+78.786x+311,
R%=0.9142 [27].
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Fig. 8 Electrical resistivity of LCGPC mixes

5.2.3 Acid Attack Resistance

Figure 9 shows the resistance to sulphuric acid attack for each mix, and Figure 10 shows
the percent weight loss and percent compressive strength loss for each mix. The sample
weight was determined and compared to the starting weight of oven-dried samples after
immersion in sulfuric acid for 1 day [69]. Its compressive strength was also measured. The
findings showed that the addition of 0,5PP+0,5R in the acidic medium was most responsive
[74]. The increase in the replacement percentage of GPC fibre increased the mass loss
percentage [20]. With a mix of 1 percent PP fibre, maximum losses were observed in 6.39
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percent. The 1% rubber fibre mix lost 4.28 percent weight. Thus, rubber fibre may be able
to withstand acidic environmental conditions. The regression analysis was performed for
the % loss in weight of each mix under the sulphuric acid environment. The relation
between hybridization of fibre (x) to the percentage loss in mass of the specimen(y) was
determined as y = -0.0025x2+ 0.2565x+3.9504, R* = 0.9882. The value of R2 closer to 1
showed that there is a good correlation of results.

Fig. 9 Specimens after exposure to the acidic environment

Acid Attack
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Fig. 10 Percentage loss in mass and compressive strength of LCGPC mixes due to acid
attack

In the meantime, for each specimen, there was a percent loss in compression strength.
Control specimens were sufficiently capable of resisting the reaction in acidic
environments [66]. After being attacked by sulphuric acid, the specimens suffered a 4.28-
4.79 percent reduction in compressive strength. The loss of compressive strength, when
exposed to acidic conditions, has increased due to the addition of PP fibre [75]. However,
adding PP at a concentration of 0.5 percent resulted in a loss of compressive strength
comparable to that of the control mixture [22]. It demonstrates that the rubber fibre has
enhanced compressive strength performance and resistant to compression strength loss
in acidic conditions. The relation between hybridization of fibre (x) to the percentage loss
in compressive strength(y) was determined as y=0.0339x2+0.1442x+4.0967, R* = 0.9944.
The value of R2 closer to 1 showed that there is a good correlation of results.
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5.3 Microstructural Characterization
5.3.1 Scanning Electron Microscope

HyFRG-specimens were analyzed microstructurally with the aid of a scanning electron
microscope (SEM) and shown in Fig 11. (a-f). Figure 10 shows the pores bridging of PP
fibre (a-c). The PP fibre micrograph shows a heterogeneous and cracked matrix with a
nonremoved solvent after being cured. These findings indicate a greater linkage among
reacted and unreacted microspheres [68]. On the other hand, the particle pore bridging
determines the results. The 0.5P/0.5R HyFRG mix has good porosity and microcracks, but
the early strength production is limited. Replacing LCWWA results in a better
geopolymerization and microstructure reaction [11].
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Fig. 11 Microstructure Analysis of HyFRG Mixes (a-c) PP fibre (e-f) Rubber Fibre
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The ITZ zone of the geopolymer matrix and rubber fibre presence was established in Figure
10 (d-f). More homogeneous and dense gel matrices were observed when the optimum mix
of 0.25P/0.75R HyFRG was used compared to a PP fibre-containing mixture [76]. The pore
bridging impact among both fibres was enhanced by adding a small number of fibres to the
mixture.

6. Conclusion

In this research, an intellectual approach for the utilization of wastes in the invention of
green geopolymer concrete was made for a clean and sustainable environment. Influences
on the mechanical characters of the green geopolymer concrete by rubber and
polypropylene fibre have been studied. In addition, the mechanical and durability
characteristics of green geopolymer concrete were characterized by the effects of the
hybridization of polypropylene and rubber fiber. In contrast to the control mixture, the
addition of PP up to 1% exhibited an increasing trend in all mechanical strengths at all
curing periods. While increasing the addition of fibre over 1% resulted in decreasing all
strength parameters. In the age of 28days curing period, the mix with 1% PP attained a
maximum increase in compressive, flexural, and tensile strength as 61.4%, 47.0%, and
22.2%, respectively. The mix with 0.5%PP and 1%PP showed the maximum percentage of
increase as 5.13% and 11.4% compared to the control mixture cured for 28 days. On the
other hand, up to 1% rubber addition enlarged the highest strengths in all mechanical
characterizations. Compared with the control mixture, the compressive strength, tensile
strength, and flexural strength were increased by 8.65%, 11.83%, and 3.19%, respectively.
Meanwhile, rubber addition over 1% results in decreasing the strength attainment. While
hybridization of fibres, the compressive, tensile, and flexural strength of mix with 0.5% of
PP fibre and 0.5% of rubber fibre had increased by 23.9%, 15.2%, and 12% at the age of
28 days compared to other mixes with and without fibres. The mix with 0.5P+0.5R
performed better in water absorption, electrical resistivity, and acidic environmental
exposure in the durability characteristics. The optimum mix of 0.5P/0.5R HyFRG was
observed water absorption of 3.27, which was nearer to the control mix. The optimum mix
0.5PP/0.5R HyFRG observed the electrical resistivity of 440, which was the maximum
resistance value compared to other mixes. Also, the mix 0.5P/0.5R HyFRG showed the most
reactive and retained its compressive strength in the acidic environment. In the
microstructure of the optimum mix 0.5P/0.5R HyFRG showed increased homogeneity and
density of gel matrices. The bore bridging effect of both the fibres was enhanced with the
limited addition of fibres. The replacement of LCWWA leads to improving the
geopolymerization reaction and also the microstructure. Hence, the research hypothesis
was proven that waste materials like rubber tire fibre and wood ash could be effectively
utilized to produce green geopolymer concrete, and it paved the way for a clean and
sustainable environment.

7. Future Study

In the future study, the study will be extended by investigating low calcium fibre reinforced
Ferro-geopolymer concrete paver block. The optimization of size, shape, and surface
texture of the paver block will be studied in detail.
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1. Introduction

A composite is a combination of two or more materials, where each material retains its
unique characteristics and contributes its own structural properties, enabling the newer
material to have better properties in many aspects. The composites have many desirable
properties as compared to the other conventional materials such as light weight, higher
stiffness, resistance to heat and corrosion, lower cost and easy availability. The composites
structures are the most valuable products for the future of space and automobile industries
as they have higher strength with the lowest weight. [1]

There are three main classifications of composites materials i.e. particle-reinforced, fiber-
reinforced and structural composites.

A fibre-reinforced polymer composite material can provide considerable high tensile
strength but they lack in bending strength. The bending strength of a fibre-reinforced
polymer composite can be enhanced by increasing the thickness of the composite. But
increasing the thickness of composite may lead to higher cost and considerable time
consumption. One more side effect of fabrication of thicker composite materials is the
possibility of generation of exothermic reactions leading to the detrimental effects on
different chemical and physical properties of the fabricated materials. So to avoid these
limitations related with higher thickness of the composite materials, a unique type of
reinforcement is needed to increase the bending load bearing capacity of composite
materials. The composites having this type of reinforcement are called as Composite
sandwich structures.
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Composite sandwich structures and different core dimensions are shown in Figure 1. A
composite can be produced by inserting a low density, lightweight and thick core between
two strong, stiff and thin facesheets. To join these different layers of facesheets with core,
an adhesive material has to be used. Due to the insertion of a thick core, the overall
thickness of the composite structure increases which ultimately leads to an increased
bending load bearing capacity of the composite sandwich structure.

Fig. 1. Composite sandwich structure and core directions

The three basic elements of a composite sandwich structure can be described as -

Face Sheet - [t will be responsible for bearing the bending stress of the sandwich structure.
Carbon, Glass and Basalt Fibers are most widely used as Facesheet materials for fabrication
of composite sandwich structures [15]. Kumar et al. [12] observed that the stiffness of
sandwich structure initially increases at a faster rate and then reduces and tends to
become constant with increasing thickness of face sheet.

Core - Mainly four types of cores are used in sandwich structures i.e. Corrugated,
Honeycomb, Balsa wood and Foams. Most required property of a core of a composite
sandwich structure is “the low density” to reduce the sandwich weight. Vamja et al. [2]
describes that the sandwich panels having hexagonal core leads to a weight savings of
approximately 39% as compared to other sandwich panels. The density, shear modulus,
shear strength etc. are the most important properties of a core. J. S. Kumar et al. [3]
observed that cell size along with core height was the most influencing structural
parameters and the cell wall thickness was the least influencing one. Kumar et al. [6] in his
study on sandwich structure observed that the tensile and flexural strength of the
composite sandwich increases with increases of the height of the core. Arbaoui et al. [8]
observed that the stiffness of the sandwich structures increase with core thickness.
Thomas et al. [9] observed that Honeycomb core performance was dependant on
geometrical parameters like cell size, node length, cell wall thickness and cell
configuration. Rao et al. [10] in their research observed that the core height is not very
effective parameter on the crushing behavior of sandwich structure having honeycomb
core. But the wall thickness of a core cell is a pretty important parameter for the crushing
strength of the sandwich panels. Akiwate et al. [11] made experimental investigation of
bending behavior of aluminum alloy honeycomb sandwich structure using four point
bending tests. They studied the Effects of the variation in honeycomb core height and
honeycomb sandwich panel skin. Mohammed et al. [13] made experimental and numerical
Study of bending behavior for honeycomb sandwich panel with different core
configurations. Their results show that the square honeycomb's core shape bears the
highest load from the other core shapes and the hexagonal have the lowest value and this
value increased by increasing the facing thickness. Wahl et al. [17] observed that the
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stresses are highest at a core orientation between the L or X and W or Y -direction and the
weakest angle is 62° and the L-direction is the strongest direction. Lister [18] also
observed that Core ribbon orientation has an important role in a sandwich beam’s bending
behavior. Kiran et al. [21] described that core cell size and core sheet thickness has
negligible effect i.e. they contribute only 4% towards the stiffness per unit weight as
compared to other design factors.

Core is always supposed to bear the shear and the core shear strains produce deformations
and core shear stresses. For this reason, always such a core has been chosen which would
not fail under the applied transverse load and whose shear modulus is high enough to give
the required shear stiffness. The core shear stresses in composite sandwich can be found
using straight forward formulas loaded by transverse forces. Zhang et al. [22] explain that
the out of plane shear strength and stiffness of honeycombs are independent of core cell
size ultimately they have very little effect on the stiffness of the composite sandwich panel.
Prakash et al. [7] found that for the given core density the core shear modulus of the Fiber
Reinforced Plastic (FRP) honeycomb core is far higher than that of Polyurethane (PUR)
foam, but the shear strength of the FRP sandwich panels is only a little bit higher than PUR
foam sandwich panel.

Honeycomb core can be made of metallic or non-metallic materials such as aluminium,
impregnated glass or Aramid fibre mats, such as Nomex. Uddin et al. [14] found that an
Aramid honeycomb sandwich structure with carbon Prepreg system can be used as
primary structures in aircraft, in wind turbine, automotive etc. Liu et al. [19] observed that
due to the different manufacturing methods the different honeycombs have different in
and out-of-plane properties. But, Nomex honeycomb core is weak in, out-of-plane
direction.

Adhesive - The purpose of an adhesive in a composite sandwich structure is to provide a
good bond between the materials components. Epoxy Resins are most widely used
adhesive as they are low temperature curing materials, normally between 20 to 90 °C. The
biggest advantage of use of epoxy is that due to the absence of solvents, epoxies can be
used with almost every type of core material. Epoxies are available in almost every form
such as paste, films, powder, or as solid adhesives. The shear strength of most of the
epoxies are about 20-25 MPa. Also other adhesives are available such as Modified Epoxies,
Phenolics and Polyurethanes and Polyester and Vinyl ester Resin etc. [6]

Rupani et al. [4] supported modelling of sandwich structure as equivalent homogeneous
structure leading to best results. They observed that core gives high compressive strength
in Z direction whereas face sheet gives shear strength in Z and Y direction. Altan et al. [5]
successfully determined the reliability of the individual in-plane and out-of-plane effective
elastic constants of honeycomb cores. Ijaz et al. [16] observed that the modified ‘Gibson
and Ashbey model’ is the best analytical model to determine the orthotropic properties of
a honeycomb core. Gibson and Ashbey initially determine the formulae for detection of
nine orthotropic properties for honeycomb materials with constant wall thickness
followed by the number of revisions by ‘Zhang and Ashbey’ to include the double wall
thickness for the out of plane values. [22]

Hussain et al. [24] observed that the “Three point bending test (3PBT)” can be performed
using numerical analysis and its result can be verified using the experimental setup. The
FEA is the best option for testing of different sandwich structures.

Form the literature review; it has been observed that the performance of a composite
sandwich panel depends on the different design factors such as material, thickness,
orientation of factsheet and core, core cell size, use of adhesive, panel shape etc. Double-
wall thickness regular hexagon honeycomb type cores are the extensively used cores
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because of its low density and relatively higher shear properties. Aluminium, Steel and
Nomex have been widely used materials for making honeycomb cores. The finite element
Analysis (FEA) is the most widely used and accepted simulation method to predict the
physical behaviour of systems and structures. For FEA the core can be converted onto an
equivalent solid. But to develop an equivalent solid of a honeycomb core, the elastic
orthotropic properties have to be calculated.

The most of the research has been done on determining the effects on various mechanical
properties of sandwich structure due to variation only in the Sandwich’s core height, core
materials and core cell wall thickness [6, 7]. So the objective of this research is to find out
the effect of two other design factors i.e. varying ‘Honeycomb Core Cell Size & Panel Width’
on Stiffness of a composite sandwich structure.

In this research, for numerical modelling of a sandwich structure, a sandwich structure,
having Carbon fiber reinforced face sheet and a non-metallic material (Kevlar®
Honeycomb) will be modelled. Gibson and Ashbey model formulae for honeycomb core
will be employed to determine the equivalent orthotropic properties of Kevlar®
Honeycomb core so that the honeycomb core can be converted into an equivalent solid.
3PBT will be performed on sandwich panel using Ansys as per C393 ASTM standard and
ultimate load, deformation and the equivalent stiffness will be calculated. Then for
experimental results, a composite sandwich will be fabricated and a 3PBT also will also be
performed on it. The stiffness value obtained from numerical and experimental model will
then be compared and if the values from different analyses will be successfully match then
the model will be assumed as valid and will be recommended for numerical modelling of
other similar sandwich panels. Then the three panels with different Core cell size and three
panels with different Panel Width, with all others parameters remaining constant, will be
designed and tested as per ASTM C393 standard [20] using ANSYS. After finding the values
of equivalent stiffness for different configurations, an analysis of the effect of varying
Honeycomb Core cell Size and Panel Width on the equivalent stiffness of sandwich panels
will be made.

2. Material and Methods
2.1 Materials for different elements of a Sandwich Panel

The Carbon Fiber Reinforced Plastic, Regular Hexagon Kevlar Honeycomb and Epoxy have
been used as the Face sheet, Core and Adhesive material respectively for design and
fabrication of the sandwich structure. These different materials have been chosen as they
are responsible for providing the different properties to the final Sandwich Structure. The
different characteristics of face sheet, core and adhesive materials are as under-

Face Sheet Material (Carbon fiber)

Carbon fibers have elastic constants almost equivalent to steel, so they act as best material
for face sheet manufacturing. They are resistant to moisture and chemicals and low in
weight resulting in, reduced overall weight of the panel [15]. The different properties of
Carbon Fiber Reinforced Plastic are shown in Table 1.
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Table 1. Properties of Epoxy Carbon Woven (230 GPa) [6]

Property Value
Young’s Modulus (X- Direction) 61340 MPa
Young’s Modulus (Y- Direction) 61340 MPa
Young’'s Modulus (Z- Direction) 6900 MPa
Poission’s Ratio XY 0.04
Poission’s Ratio YZ 0.3
Poission’s Ratio XZ 0.3
Shear Modulus XY 195000 MPa
Shear Modulus YZ 2700 MPa
Shear Modulus XZ 2700 MPa

Core Material (Kevlar Honeycomb core)

[t is made up of Aramid fibers which are arranged in the form of Para-Aramid fibers. Kevlar
is about five times lighter than steel in terms of the same tensile strength. PK2 (Plascore)
[23] has been used here as core material and the different in and out plane properties of
the core has been shown below in Table 2.

Table 2. In and Out plane properties of the core [22]

S.N. Property Cell Size 3.2 mm Cell Size 4.0 mm Cell Size 4.8 mm

1 Ex (MPa) 0.287 0.25 0.142

2 Ey (MPa) 0.287 0.25 0.142

3 Vyy 0.999 0.999 0.999

4 Gxy (MPa) 0.013 0.009 0.006

5 E. (MPa) 480.48 450 420.42

6 Vxz and Vy 0 0 0

7 Gxz (MPa) 70 65 60

8 Gyz (MPa) 110 100 100

Adhesive (Epoxy Resin)

Epoxy Resins are low temperature curing materials, available in almost every form such as
paste, films, powder or as solid adhesives and mostly have the shear strength of about 20-
25 MPa.

2.2 Design Parameters

For designing the sandwich panels, four different design parameters i.e. Core Cell Size, Face
Sheet Thickness, Core Height and Panel Shape have been selected.

To analyze the effect of variation of core cell size on stiffness property of a sandwich
structure, three different sandwich Structures having three different core cell sizes i.e. 3.2
mm, 4 mm and 4.8 mm have been chosen. The other three design parametersi.e. Face Sheet
Thickness, Core Height and Panel Shape for all the three sandwich structures have been
kept same having the values .8 mm, 12.7mm and 45x200 mm?respectively.

To analyze the effect of variation of panel width on stiffness of a sandwich structure, three
more sandwich structures having three different panel widths i.e. 40 mm, 45 mm and 50
mm have been chosen. The other three design parameters i.e. Core cell size, Face sheet
thickness and Core height for the three sandwich structures have been kept same having
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the values 3.2 mm, .8 mm and 12.7 mm respectively. The Figure 2 shows an equivalent
composite sandwich structure having b, c, t and d as width, core thickness, face sheet
thickness and overall thickness of composite respectively with a panel size of 45x200 mm?.

4
Fig. 2. Equivalent Composite Sandwich structure

2.3 Modelling and FEA of Sandwich Panel

Modelling is done in the Ansys. The Face sheets are modelled orthotopically in the Ansys
composite prep-post while the homogenised core is modelled in Design modeller available
in Ansys. The homogenised core is modelled by replacing honeycomb cells with a solid core
that acts as a honeycomb itself in a macroscopic view as shown in Figure 3(a, b). The solid
core is given the same orthotropic properties as the honeycomb core. The main advantage
of this method is that the number of elements in solid core is highly reduced than the actual
honeycomb geometry. Hence this method is computationally cheap. The homogenized core
is meshed using SOLID 186 elements while face sheet is meshed using SHELL 181
elements.

Bonded contact is assigned such that face sheet have ‘contact body’ and core have ‘target
body’ setting. Default ‘program controlled’ was used to set up the formulation of contact,
hence it considers the FEA approach as penalty method.

(a) (b)

Fig. 3. Sandwich model (a) honeycomb core (b) equivalent solid core
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The Finite Element Analysis is the best and much powerful numerical techniques to solve
the complex physical phenomenon regulated by the differential equations. Lots of practical
engineering problems can be analyzed by the Finite Element Analysis. Out of the above
mentioned 6 sandwich configurations, a sandwich panel having core cell size 3.2 mm, face
sheet thickness .8 mm, core height 12.7mm and panel shape of 45x200 mm?2 has been
randomly selected for Finite Element and Experimental Analysis, so that the model can be
validated.

2.4 Fabrication of sandwich panel

The process of fabrication of sandwich structure having Honeycomb Core and Carbon fiber
has been completed using the “Vacuum Assisted Hand Layup Method”. Initially a surface
has been prepared and a mold has been set with double side tape. Than wax coating has
been applied on the working area for easy removal of sandwich plate after fabrication.
After 10 minutes of application of wax, epoxy resin has been applied on the surface and
then a carbon fiber of required specification has been placed on it and again epoxy has
been applied on it. Then honeycomb core has been placed on the carbon fabric layer and
again epoxy resin has been properly applied on it followed by placing of carbon fabric on
the top of honeycomb core. Then the structure has been covered with a blue perforated
film followed by peel ply. Then the entire set up has been covered with breather fabric so
that the vacuum process can be easily performed. After fixing of breather fabric layer
vacuum bag is connected and close the all sides carefully. After that a vacuum pump has
been switched on so that air can be sucked from the bag as shown in Figure 4. Utmost care
has to be taken during this process as leakage in the system and possibility of air bubble
can lead to defects in the sandwich structure layer bonding.

Fig. 4. Final set up for sandwich structure

Then this set up has been left for about a day for curing and then the sandwich has been
brought out followed by cleaning of the edges of the sandwich panel with carbide tip/grit.
Figure 5 shown below gives the view of a finally fabricated sandwich structure having
Kevlar as a honeycomb core.

Fig. 5. Final sandwich structure
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The Three Points Bend Test has been performed on two sandwich panels as per ASTM
C393 standard and the values of critical load and deflection has been calculated for both of
these specimens. The testing setup on universal testing machine has been shown in Figure
6.

Fig. 6. Three-point bend testing set up for sandwich pane
4. Results and Discussion

4.1 FEA of Sandwich Panel

After defining the material properties and modelling of the sandwich panel, the panel is
imported in the static structure module of Ansys. A load is applied until the failure of the
panel according to the standards of ASTM C-393. The sandwich will fail due to shear
crimping which arrives due to weak core material as compared to the face sheets and when
the shear stress due to load in the homogenized core reaches the shear strength in the X
direction. This load is called the Ultimate load.

Ultimate Force calculated by FEA for sandwich panel using Ansys as per ASTM C 393
standard has been shown in Figure 7 and it has been observed that the Ultimate Load
achieved for this sandwich panel is 1949.5 N.

0.00 40.00 80,00 (mm)
20.00 60.00
I\ APrint Preview )\ Report Preview/.
Graph 2 Tabular Data
200. Steps | Time (5] [[v X [N] [[v Y [N][[v Z[N]
0. 4 |1l o 0. 0. 0.

500, 211 200. o. 0. 19495

~1000.

~1500.

-1949.5

Fig. 7. Ultimate load using FEA
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Figure 8 shown below determines the deformation of composite sandwich panel using
Ansys as per ASTM C 393 standard. The Deflection found at Ultimate load is 2.017 mm.

Fig. 8. Deformation at ultimate load using FEA

For Pre-buckling stage i.e., from starting of application of load to the ultimate load
condition, the sandwich panel gives a linear elastic deformation and the ratio of ultimate
load to deflection gives the stiffnessof the sandwich panel.

Ultimately, the Stiffness of panel= Load/deflection= 1949.5/2.017= 966.53 N/mm.
4.2 Experimental Analysis of Sandwich Panel

3PBT have been performed on two samples of sandwich panel as per ASTM C393 standard.
Figure 9 (a) shows the condition of a test specimen during the 3PBT whereas the Figure
9(b) shows the condition of two test specimens after 3PBT. The values of critical load,
deflection and stiffness have been calculated for two samples as shown in Table 3. It has
been observed that the sandwich panel failed due to shear crimping which arrived due to
weak core material.

(@ (b)
Fig. 9. Test specimens (a) under 3PBT (b) after 3PBT
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Table 3. Load, Deflection and stiffness of Test Samples

Critical Load, Avg. Critical Deformation DeAf(‘),:r:laagt(ieon Stiffness
Pc [N] load [N] [mm] [mm] [N/mm]
1703 1.680
1736 1719.5 1713 1.696 1013.85

4.3 Validation of Finite Element Model
To check the validity of the generated model, the values of stiffness obtained from 2 types
of analyses has been compared as shown in the Table 4-

Table 4. Comparison of results of FE and Experimental analyses

FEA Results Experimental Results
. . % Error
Stiffness (N/mm) Stiffness (N/mm)
966.53 1013.85 4.66%

Table 4 shows that the difference between the results of Numerical and Experimental
methods is below 5%. This shows that the two types of analysis are in good agreement
with each other and the Model generated is valid and hence this model can be utilized for
analysis of similar type of composite sandwich structures.

4.4 FEA of all six Sandwich Structures

FEA of all sandwich panels have been done using same model with different design
parameters mentioned above and the results obtained are under in Table 5.

Table 5. Stiffness of panels for varying cell size and panel width

Confi. Design Value Ultimate Deformation Stiffness
No. Factor Load (N) (mm) (N/mm)
1 Core Cell 3.2 1949.5 2.016 967.01
2 Size (mm) 4 1932 1.99 970.85
3 4.8 1928 2.0 964
4 Panel 40 1741.5 1.86 936.29
5 Width 45 1949.5 2.016 967.01
6 (mm) 50 2181 1.62 1346.29

Table 5 shows the different values of ultimate load, deformation and ultimately the
stiffness of these sandwich structures. The stiffness for three sandwich panels having cell
sizes as 3.2 mm, 4mm and 4.8 mm are 967.01, 970.85 and 964 N/mm respectively and it is
evident from the Table 5 that honeycomb core cell size does not have a significant effect
on the stiffness properties of a composite sandwich panel. This is in accordance with the
analytical results made by Gibson and Ashbey [1] that, the stiffness in mainly a factor
dependent on the properties of the facesheet and the thickness of the core of sandwich
panel.

Also three different panel widths i.e. 40 mm, 45 mm and 50 mm have been chosen for 3
different sandwich structures and FEA for these sandwich panels have been done. The
stiffness for three sandwich panels having panel widths of 40 mm, 45 mm and 50 mm are
936.29,9670.01 and 1346.29 N/mm respectively. It is clear from the Table 5 that with the
increased panel width the stiffness of composite panel increases significantly.
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5. Conclusions

This research is aimed to analysis the effect of variation of core cell size and panel width
on stiffness property of sandwich panels, for which six different configurations of sandwich
structures have been proposed, three configurations have the varying cell size i.e. 3.2 mm,
4 mm and 4.8 mm and the other three configurations have the varying panel width i.e. 40
mm, 45 mm and 50 mm keeping rest of the design parameters unchanged. Then FEA in
ANSYS has been performed for all these six configurations and stiffness has been calculated
for each panel. From the analysis of the stiffness values based on different criteria-

e It has been observed that honeycomb core cell size doesn’t have a significant effect
on the stiffness properties of a composite sandwich panel. This is in accordance with
the observations made by Kiran et al [21] and Zhang and Ashbey [22] that the core
cell size of a honeycomb core has negligible effect on the stiffness property of a
composite sandwich panel.

e Also it has been found that with increased panel width the stiffness of composite
panel increases significantly.
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1. Introduction

Inspection is one of the main steps in quality control of manufactured parts. Although there
are different inspection methods used in different industries, liquid / fluorescent
penetrant inspection (FPI) method has found wide industrial application. The main
disadvantage of FPI is its need for a very smooth examination surface. Therefore, surface
roughness of the examined parts should be lowered by machining, polishing or similar
techniques before FPI [1]. Due to this disadvantage, researchers have investigated
different alternatives for FPI. One of the alternatives for FPI is infra-red (IR) thermography
which is less affected by surface roughness [2]. IR thermography depends on thermal
properties of the material and thermal gradients occurred in the inspected part rather than
material geometrical parameters which makes it a good inspection alternative to FPI [3].

When an object is heated, it radiates electromagnetic energy. This energy depends on
object’s temperature. When temperature sensors are used, these sensors collect the energy
and make a relation between the intensity of the gathered radiation and object’s
temperature [4]. Temperature distribution of the surface exposed to a thermal gradient
can be recorded by an IR camera [5]. If a material with a crack in the surface and/or sub
surface is heated, the thermal gradient over the crack will be different from the
surrounding area. This thermal gradient difference can be used to detect and quantify the
related crack [6]. Based on this philosophy, IR thermography is a contactless non-
destructive testing method for determining the temperature response of a material by
converting the radiation that is given off by the surface as it is heated up into an electrical
signal through the use of specialized sensors that convert infrared radiation into electrical
signals [7].

In electromagnetic spectrum, the infrared spectrum covers 0.74-1000 pm wavelength
range. The most widely used wavelength ranges in infrared thermography applications are
near IR (NIR) (0.74-1 pum), short-wave IR (SWIR) (1-3 um), mid-wave IR (MWIR) (3-5
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pum) and long-wave IR (LWIR) (8-14 pm). MWIR and LWIR are widely used for detection
of sub-surface defects in non-destructive testing applications [8].

The basis of IR thermography is thermal rays whose existence was believed to be proposed
by Titus Lucretius Carus (99-55 BCE), but the first person officially discovered the IR
radiation in 19th century is Sir William Herschel who first called it “invisible light” and
later “infrared” [9]. Then in 20th century, German physicist Max Planck (Planck’s law)
precisely described blackbody radiation. Later, Albert Einstein suggested that photons
with separate energies are the basis of an electromagnetic wave, such as light [10].In 1947,
transistor was discovered and after this discovery, the first cryogenic cooled IR detectors
emerged. In 1965, first commercial IR cameras were discovered to detect scene images
which used a single detector mounted to an optical-mechanical scanning mechanism. From
1970s to 1990s, different IR cameras with more and more resolution have started to be
seen commercially (nowadays largest arrays are 2048 x 2048) [11]. Due to the
unavailability of IR cameras with high temperature resolution until 1990s, pioneering
works lacked continuity but with the development of affordable IR cameras with high
temperature resolutions (between 20 to 30 mK range) in the late of twentieth century, IR
thermography started to be used widely in different industries [12].

IR thermography needs an external stimulation to produce thermal gradient in the
material. This stimulation can be heatlamps, eddy current or mechanical excitation. Based
on stimulation types, IR thermography can be categorized mainly as lock-in thermography,
pulsed thermography, eddy current thermography and vibrothermography (Fig. 1) [13].

Active thermography
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-Hot or cold water/air (external)
L -Thermoelastic heating

(e

xternal)
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(internal) excitation

Eddy currents Lock-in Burst
thermography vibrothermography vibrothermography

Optical (external)
excitation

Lock-in Pulsed
thermography thermography

AVAVAY L ) MWW
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-etc.

Fig. 1 Active thermography methods [13]

2. Basics and History of Vibrothermography

Vibrothermography is a type of IR thermography methods in which ultrasound excitations
are used to produce thermal gradient in the material (Fig. 2) [14]. Thermosonics,
ultrasonic infrared thermography, sonic IR, acoustic thermography, vibro IR, elastic-wave-
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activated thermography or thermal vibration method are some of the similar names given
to vibrothermography in scientific literature [15]. Vibrothermography is based on the idea
of applying a vibration pulse with a high frequency of typically 20-40 kHz to a material for
avery limited time of less than one second and with the help of produced thermal gradient
at the crack/defect area, using an IR camera to produce images of changes in heating and
cooling process [16]. In general, vibrothermography has mainly three main steps;
vibration, heat generation and heat detection. First of all, vibration pulse must be applied
to the part with the help of a vibration source to interact with any existing defects in
inspected specimen. Next, thermal gradient is generated at the defect area due to different
mechanisms. Then, this thermal gradient will radiate away from the defect region via
conduction and be detected by an IR camera [17].

COMPUTER

IR CAMERA

DEFECT

%

m Ultrasonic Generator
00030 a
- -

SONOTRODE & INSPECTED
ULTRASONIC BOOSTER PART
GENERATOR

Fig. 2 Vibrothermography with ultrasonic thermal excitation

When a surface and /or a subsurface crack are excited by a nearly 20 kHz vibration pulse,
it becomes a thermal source, because of frictional dissipation at the surfaces of the crack
[18]. Thomas stated that this thermal source reveals a crack’s presence on a time scale
much less than a second. He also suggested that only the crack (not saw-cut) heats up
significantly in the presence of the vibration excitation [19]. On the contrary to IR
thermography, where very narrow cracks may not be detected due to low thermal gradient
they produce when subjected to heat, vibrothermography is based on the idea of relative
motion of crack faces when sample is excited with ultrasounds. This relative motion
produces heat which spreads out in the material and finally reaches surface of the
inspected part. IR camera detects this surface temperature elevation revealing the
presence of the crack [20]. As Renshaw et al. stated, since frictional rubbing, one of the heat
generation mechanisms in vibrothermography, is not affected by crack openings for an
effective inspection, vibrothermography has greater reliability with detection of tighter
cracks than other non-destructive testing methods [21].

In 1970's Henneke et al. used vibrothermography in composite materials and observed
and measured large temperature variations around delaminations. He attributed this
thermal gradient to generated heat at delaminations and low thermal conductivities of
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polymer-based materials [22]. This was the first usage of vibrothermography in scientific
literature, but the details of mechanics of vibrothermography was given by Reifsnider et
al. in 1980 [23]. In 1981, Mignogna et al. used vibrothermography technique to detect
cracks in steel, brass, copper and aluminum parts. They concluded that if there were no
large defects in the material, heat was observed to flow uniformly through the material,
but if there were natural and artificial defects, such as grain boundaries, fatigue cracks and
saw cuts, then heat gradient was observed at the sites of these defect regions [24]. Lock-in
vibrothermography where response of a material was analyzed with respect to the
modulation frequency was proposed in 90s [25]. Then later, in 21st century, ultrasound
burst phase thermography [26] and ultrasound frequency modulated thermography [27]
were proposed.

Being a very effective technique with simple and robust test setup and short measurement
time, vibrothermography requires only simple image processing which makes it easy to
implement in various applications [28]. It finds its usage in different industries and
applications as non-destructive defect detection; aircraft structure wings, automobile
engines, biomedical devices etc. [29]. Zweschper et al. stated that vibrothermography can
detect areas of cracks in rows of rivets, hidden corrosion, disbonds, delaminations and
impacts in aerospace structures [30]. DiMambro et al. used vibrothermography and
detected several cracks in a Boeing 767-wheel half, bolt, brake key and brake manifold and
in second and fourth stage turbine blades from a Pratt and Whitney JT-8D aircraft engine
[31]. Zalameda et al. used vibrothermography method in helicopter blades and their study
successfully revealed core damages in sandwich honeycomb structures [32]. Guo and
Ruhge used vibrothermography in service-retired gas turbine blades to inspect low-cycle
fatigue cracks. They stated that vibrothermography favors FPI and visual non-destructive
testing in terms of defect detection [33]. Szwedo et al. applied vibrothermography to
fuselage panels and mating parts of a jet fighter aircraft successfully [34]. Apart from
aviation industry, vibrothermography has been applied to bonded joints in modern
automobiles to detect defects including entrapped air, kissing bonds, poor adhesion and
non-cured or missing adhesive [35], to historical and archaeological discoveries for surface
crack and defect detection [36] and to sports equipment for detection of mechanical
performance of tennis racket strings [37, 38].

3. Vibrothermography Equipments

Generally, a vibrothermography set up consists of a transducer system, specimen, IR
camera and in some cases vibrometer. A transducer system or vibration source consists of
a piezoelectric transducer, a sonotrode which conveys the signal to the inspected part and
a booster, which changes the signal [39]. To prevent hammering action on the surface of
inspected part and harmonic generation, contact between transducer and inspected part
should be maintained. For that purpose, sometimes a pneumatic cylinder can be used to
press transducer against the inspected part. Holding the specimen in place especially
during vibration excitation and inspection is very important in vibrothermography since
itis an ultrasound process. For that purpose, clamps can be used. Between clamps and the
specimen, rubber mounts can be placed to reduce the vibration effect of the mounting on
specimen [17]. When excitation is applied to the specimen, the defected area will behave
differently than the surrounding area which will be detected and visualized by vibrometer.
IR or thermographic cameras are used for radiation detection in the range of 0.9-14 um
electromagnetic spectrum [40].

In most of the cases, a coupling media is strongly recommended to be inserted between
the transducer and the sample to reduce the risk of specimen damaging, to place the
specimen correctly, to increase quality of ultrasound transmission and to reduce the
possibility of unwanted heat creation in the vicinity of excitation point [13]. In scientific
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literature, different coupling medias such as moisten fabric, aluminum or water-based gels
have been used [15]. Zweschper et al. suggested using thin aluminum plate [41], Renshaw
et al. used a business card or piece of cardstock [17], and Guo and Vavilov used 0.16 mm-
thick piece of plastic as coupling media [42].

4. Types of Vibrothermography

Depending on oscillating amplitude and excitation frequency, vibrothermography can be
classified as ultrasonic ultrasonic burst phase thermography, lock-in thermography and
ultrasonic sweep or ultrasonic frequency modulated thermography [43, 44]. In ultrasonic
lock-in thermography, a frequency of a few tens of millihertz is used to excite the part and
produce a phase and an amplitude image [45]. On the other hand, in ultrasonic burst phase
thermography, a single vibration pulse with a frequency of 20-40 kHz is used to heat the
defect locally in a very short period of time [46]. When there is a subsurface defect in the
specimen, defect surfaces will move relative to each other giving rise to a heat increase in
this area which then be monitored by IR cameras [47]. Ultrasonic sweep or ultrasonic
frequency modulated thermography is based on determining the thermal gradient change
with respect to ultrasonic excitation at various frequencies in the range of typically 15 - 25
kHz and at constant vibration amplitudes [48, 49].

5. Vibrothermography Advantages and Disadvantages

All IR thermography methods are based on producing thermal gradient in the material and
are constrained thermal diffusion rate within specimen. Apart from other IR thermography
techniques where the heat has to travel from the surface to the defect area and return to
the surface again, in vibrothermography, heat has to travel from the defect area to the
surface only which make vibrothermography a very fast method [50]. Ibarra-Castanedo et
al. compared different types of IR thermography techniques and stated that
vibrothermography is capable of determining deeper damages than other techniques
because in this technique, thermal waves have to travel shorter distances due to internal
heat generation [51]. Surface-breaking and subsurface cracks with any orientation with
respect to the surface of the part can be seen without the necessity for applying paint, or
other emissivity-modifying coatings in vibrothermography [52]. Bolu et al. applied
vibrothermography to defected and undefected turbine blades and stated that no apparent
change in the resonance behavior of blades was observed which showed
vibrothermography as a safe NDT method for turbine blades [53].

The general advantages of vibrothermography can be listed as follows [54, 17]:

e Itcan detect surface and sub-surface defects over a large area in a few seconds;

e [t is a simple inspection method where the inspected parts often do not need
cleaning;

e The probability of defect detection is high;

e [t is sensitive to material thermal properties differences rather than material
geometrical properties differences (scratches, high surface roughness, etc.) which
is a real problem in most of other non-destructive inspection methods.

Despite these advantages, the widespread application of vibrothermography has been
limited so far due to repeatability issue. Renshaw et al. stated that some permanent
microscopic changes including fretting, plastic deformation, oxidation, adhesive wear and
phase transformations can occur within the material in vibrothermography which causes
the problem of lack of repeatability and suggested using minimum vibrational stresses
[55]. The need for contact between the sample and the transducer is one of the most
important challenge in vibrothermography. Since this contact is mostly made manually,
the produced vibration spectrum is variable from contact to contact [56].
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6. Materials and Probability of Detection

Vibrothermography can used in different industries and applications for defects detection
in different materials. In aerospace applications, vibrothermography has been used in
different parts made of CFRP, C/C-SiC and different metals [57]. Rantala et al. applied
vibrothermography for defect detection in polymer and composite specimens. The results
showed that material discontinuities, such as small cracks, voids and impact damages can
be easily detected by using this technique [44]. Vibrothermography was successfully
applied to Glass Reinforced Fiber Metal Laminates (GLARE) for detection of artificial
defects [41].

Inspection capability or probability of detection of any non-destructive testing is very
important for suitable selection of the method for the target material. The cracks in rigid
and heavy metal structures are more difficult to detect due to their greater mass and
stiffness, [58]. Favro et al. employed high frequency excited vibrothermography for
detection of small fatigue cracks (about 0.7 mm in length) in aluminum and delaminations
between plies in CFRP composite specimens [16]. Vertical fatigue cracks in aluminum alloy
specimens, with 2 mm, 3 mm and 4 mm crack depths and with crack lengths of
approximately 1.5 mm were successfully detected via vibrothermography [18]. Solodov et
al. stated that aluminum aviation components can be inspected via vibrothermography
with 11.6 kHz excitation frequency [59].

Mabrouki et al. stated that vibrothermography has capable of detecting surface cracks as
shortas 0.1 mm in steel plates [60]. Weekes et al. applied vibrothermography on airplasma
sprayed CoNiCrAlY coated Inconel parts and concluded that cracks buried beneath a
metallic coating remain detectable by vibrothermography, although they are less easily
detected [61]. DiMambro et al. performed vibrothermography on 144 Ti64 specimens and
92 Inconel 718 specimens. These specimens had known fatigue cracks (0.016-0.182 inches
lengths for Ti64 and 0.022-0.422 inches lengths for Inconel 718). They stated that for crack
sizes 0.04 inches and more, vibrothermography came out to have higher probability of
defect detection than FPI inspection [62]. Vibrothermography can be applied to detect as
small as 20-micron long cracks in titanium fatigue samples [63].

Han et al. used vibrothermography for crack detection in a complex-shaped massive
aircraft engine disk. They detected very small cracks (20 um) in this study [64]. Almond et
al. used laser spot thermography, eddy current thermography and vibrothermography for
crack detection in metal parts. They stated that they detected corrosive cracks with 8 mm
lengths and opening less than 1 pm in a last-stage steam turbine blade with
vibrothermography technique [65]. Studies conducted by Montanini et al. revealed that 3.5
mm depth discontinuities below the surface can be detected with vibrothermography [46].

7. Principle of Heat Generation in Vibrothermography

As stated before, vibrothermography relies on heat generation in cracks due to excitation
of the material with vibration pulse. Generally, three mechanism have been proposed for
heat generation in cracks: frictional rubbing of crack surfaces / faces, plastic deformations
due to propagation of cracks and viscoelasticity / material damping [66]. Many researchers
simply labeled heat generation in vibrothermography as friction induced, but other
researchers suggested that thermo-plastic heat generation or thermoelasticity,
viscoelasticity and anelasticity, or a combination of these mechanisms are the sources of
crack heating [67]. For instance, Montanini et al. stated that for flat-bottomed hole defects,
viscoelasticity is the primary heat source, on the other hand the combination of
viscoelasticity and friction is the primary heat source for elamination and cracks [68].
Vavilov et al. stated that friction between defect surfaces or plastic deformation are the
main source of defect detection in composites [9]. Bai et al. stated that crack frictions and
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viscoelasticity are main contributions to the heat generation in vibrothermography [69].
The study conducted by Schiefelbein suggests that friction or adhesion are the main cause
of heat generation in vibrothermography rather than plastic flow, linear absorption or
thermoelasticity [67].

For frictional heating in crack faces, three relative motion modes were proposed in the
literature (Fig. 3). It was suggested that the anti-plane shear mode (mode III, rubbing
mode) and the tensile mode (mode I, clapping) might be the two modes responsible for the
heat generation at the crack faces. It was also noted that the in-plane shear mode (mode II,
rubbing) has very little contribution to the heat generation at the crack faces due to its
significantly smaller relative magnitude when compared to the other modes [70].

+ [
7= <2
k2 >

Tensile mode In-plane shear mode Anti-plane shear mode
(Clapping) (Rubbing) (Rubbing)

Fig. 3 Possible crack vibrational modes I to III (from left to right) [70].

In vibrothermography, if the parts go compression loading, the heating effect in crack
closure tends to decrease due to limited friction between contacting faces [71]. On the
other hand, Renshaw et al. have shown that under tensile loading of titanium, heat
generation due to crack moves to the crack-tips without a heat generation in the central
region. This is due to the fact that, under tensile loading, no relative movement toward the
crack-tips and away from the crack-tips are observed. On the other hand, heat is generated
due to the relative movement of contacting faces between these two regions [21]. The same
conclusion was proposed by Weekes et al. when inspection of austenitic nickel super-alloy
samples with vibrothermography [72].

Since determination of heat generation mechanism in vibrothermography is rather
complex, artificial defects can be used to investigate the heat generation mechanism.
Renshaw et al. used viscous material-filled synthetic defects in vibrothermography for heat
generation. They stated that when the specimens were excited with resonant modes,
honey filled drilled holes generated heat very efficiently when the beam vibrated in
resonant modes [73].

8. Factors That Affect Vibrothermography Performance

Table 1 shows vibrothermography measurements for different materials and technical
details of these experimental studies performed in literature. There are several factors that
affect defect detection in vibrothermography: excitation frequency, crack size, loading
mode, dynamic stress, crack closure etc.

Excitation frequency and amplitude of the vibration are two key parameters in successful
detection of cracks in vibrothermography. For efficient crack detection, sufficient
amplitude vibrations should be used. On the other hand, when high amplitude vibrations
are used, specimen may be damaged [74]. Experimental studies have shown that metal

63



Glilcan / Research on Engineering Structures & Materials 8(1) (2022) 57-73

parts depend highly on frequency when inspected [75]. Holland et al. showed that when
frequency is increased, heat generation also increases in fatigue cracks detection [76]. On
the other hand, Qingju et all. stated that the higher frequency results in noisier phase
image. Therefore, it is hard and sometimes impossible to detect defects for larger
frequencies [77]. Song and Han studied the effect of frequency on crack detectability in
vibrothermography. They used three different frequency (20, 30 and 40 kHz) on Al bars.
They concluded that when frequency is increased, acoustic energy and detectability of
cracks decrease [78].

Due to convenience and commercial availability, fixed frequency excitation is commonly
used in most of the studies. However, it has been demonstrated that each defect has a
particular resonant frequency, referred to as the local defect resonance (LDR), at which its
response will be maximized. For instance in a study conducted for defect detection in 28 x
13 cm graphite epoxy beam, it was revealed that two artificial and embedded defects of 10
x 7 mm and 7 x 7 mm sizes can be seen only between 13.5 and 15.0 kHz excitation
frequencies [79]. For overcoming this problem, one promising approach is finding LDR
values of defects via FEM analysis and stimulating the material with these values or using
multi-frequency excitation [80]. By using this method, different defects with different sizes
can be detected by changing the vibration at related LDR frequency [81-83]. For
distinguishing damaged regions from surroundings, multi-frequency excitation is a very
useful method which enables that the resulting heat generation covers the whole length of
the material [84, 85]. There are two advantages of multi-frequency excitation; first,
reducing the number of excitation locations needed to form a complete picture of the
defects present within a material; and second, reducing the number of blind zones that
cannot be detected with single frequency implementation [86].

There are two other factors which affect crack detectability in vibrothermography: the
crack closure amount and closure stresses distribution between crack faces [21]. If the
crack surfaces are too close, then the relative motion between crack faces will be limited
and heat generation at defects will not be enough for detection by IR camera [17].

Low surface emissivity is also a very important thermal property which can reduce the
detectability of cracks in vibrothermography [17].

Type of mounting, excitation point location, pressure applied against mounting faces, and
quality of coupling quality are main factors which are responsible for proper crack
detection in vibrothermography [42]. For sample mounting methods, Xu et al. conducted
vibrothermography experiments on a thin aluminum beam where three cracks were
located in different locations. They suggested that for these types of thin specimens, double
fixed ends configuration is the best way for detecting of cracks [87]. For holding pressure,
Min et al. concluded that when engagement force increases, the temperature rise also
increases [88]. For the location of the excitation point, Liu et al. stated that this location
should be closer to the defects which are located at greater depth from the surface [89].
For coupling media, Song et al. compared duct tape and leather tape and stated that the
duct tape is better than leather tape [78]. Bolu et al. performed vibrothermography
inspection on high strength Nickel alloy turbine blades and stated that a general increase
in the temperature rise can be seen with an increase in the horn static force, vibration
amplitude and excitation time. Also, they tried gaffer tape, Silicone tape, electrical tape,
paper and duct tape as coupling material and concluded that maximum temperature rise
was seen with electrical tape, followed by gaffer tape [90].

Power, excitation duration and distance between sample and the horn also affect
detectability of cracks in vibrothermography. Sathish et al. stated that when excitation
power was increased from 500 to 1000 W, the highest temperature that the specimen
gained also increased if distance between sample and the horn and excitation time were
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fixed. When excitation duration was increased from 250 ms to 1000 ms, then the highest
temperature that the specimen gained also increased if power and distance were fixed. If
distance between sample and the horn increased, change in maximum temperature
decreased exponentially power and excitation duration were fixed. They suggested that
larger distance between horn and sample, longer excitation time and minimum excitation
power should be used in applications [91].

Table 1. Vibrothermography measurements for different materials and technical details

Excitation Excitation Excitation

Material IR Camera  Vibrometer . Reference
Frequency Power Time
InSb Flir
CFRP Phoenix - 20 kHz - - [15]
Cedip
AISI304 Titanium 560 TOVCPSV- yoo 195kHz 350W 20 [16]
M 400-H4
.. Titanium 560
Graphite =y gy PSV-A00-HY, o oz 0-22kw [46]
castiron Polytec GmbH
Systems
Cedip
AISI304 Titanium 560 OVCPSV- o osiH,  0-22kW 20 [47]
M 400-H4
S355 steel Flir Phoenix - 15-25 kHz - - [48]
Ti64 and Phoenix-
Inconel MWIR 9803 - 40 kHz - 800 ms [62]
718
Austenitic
mickel = y1orin Indigo . 40KkHz 400 W - [72]
super-
alloy
. 750, 800,
Aluminum - OFV 511  20,30,40kHz 1000 W - [78]
InfraTec Polytec PSV- .
GFRC VarioCam hr 400 0-1600 Hz - 5 min [84]
Aluminum FLIR E60 - 40.7 kHz - 1-2s [87]
C45
ferritic ~ FLIR T640 - 0.4 Hz - 5s [88]
steel

Table 2. (Con.) Vibrothermography measurements for different materials and technical
details

Excitation Excitation Excitation

Material IR Camera Vibrometer . Reference
Frequency  Power Time
CFRP  Flir Phoenix - 15-25 kHz - 10s [89]
Ti-6 Merlin Mid- Polytec -PSV- 250-1000

A4V IR, Indigo Inc. 400, OFv-5000 20 KHz ~ 1000W 0 0 [91]
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Nickel
based Cedip Jade
superalloy

Inconel Indigo Merlin-

100 Mid

Indigo Merlin
MWIR
Tungsten InSb Phoenix
carbide Indigo

Nickel
based
superalloy Cedip Jade
and mild

CFRP

steel
FLIR
Azloi:i}r-lT?n ThermaCAM
WM ge 3000
CEDIP/FLIR
Metal  ciiver 420M
Aramid b b 567600
composite
IRCAM Equus
CFRP 327
CFRP InSb Phoemx
Indigo
GFRC InfraTec

VarioCam hr

CFRP  FLIR A6750sc

CFRP  FLIR A6750sc

VHB3914
and FLIR SC6000
VHB3095

Polytec PI,
sensor head:
OFV 353,

controller: OFV

3001

Polytec PSV
300

Polytec PSV-
400
Polytec PSV-
500-3D XTRA
Polytec PSV-
500-3D XTRA

20 kHz

20 kHz

40 kHz

15-25 kHz

40 kHz

10 Hz - 20kHz

35 kHz

35 kHz

0-100 kHz

20 kHz

0-1250 Hz

1-250 kHz

1-250 kHz

12-30 kHz

400 W 0.5s

2000 W -

1w 0-30s

- 0.8 ms

400W  0.4-0.6s

50-3000
ms

80-130 W 5s

2-2 kW

- 30s

- 5s

- 5 min

- 0-50s

[92]

(93]

[94]

[95]

[96]

[97]

(98]
[99]
[100]
[101]
[102]
[103]

[104]

[105]

9. Conclusions

The main aim of this study is to give researchers recent developments and state of the art
in vibrothermography. Some of the main conclusions can be given as follows:
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A coupling media between sample and transducer is strongly recommended to be

used in vibrothermography testing. Thin plastic tape, gaffer tape, silicone tape,
electrical tape, paper and duct tape can be used as coupling media;

Heat generation is attributed to frictional rubbing of crack faces, plastic

deformations due to crack propagation and viscoelasticity / material damping but
as stated in most of the studies, frictional heating is the most dominant factor in
heat generation in vibrothermography;

Using single frequency excitations could result in blind zones where defects cannot

be detected. Multifrequency excitation is a good alternative to solve this problem
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where part is excited with different LDRs so that various damage features can be
detected;

e Acrack with 0.7 mm length in aluminum plates, 0.1 mm length in steel plates, 1 mm
length in Ti64 and Inconel 718 plates can be successfully detected by
vibrothermography;

e In vibrothermography, amplitude vibrations should not be high to prevent the
specimen from damage. It should not be very low either for proper defect detection;

e The material being detected need to have high surface emissivity for proper defect
detection.

e For proper defect detection in vibrothermography, the specimen needs to be fixed
with double fixed ends configuration and pressed with high engagement force and
excitation point should be closer to the defects;

e Larger distance between horn and sample, longer excitation time and minimum
excitation power should be used in vibrothermography applications;

e Vibrothermography is less sensitive to surface roughness than other non-
destructive inspection methods. Complex shapes produced by Additive
Manufacturing (AM) is, in one aspect, an advantage for this technology, but in terms
of inspection, it is a challenge. High surface roughness of AMed parts is one of the
biggest problems in the inspection of these parts. Vibrothermography seems to be
a good alternative to conventional methods in the inspection of AM parts and it
could eliminate the necessity of post processing of AMed parts. But to the best of
author’s knowledge, there is no data yet on background response of rough as-built
surfaces and the challenge of inspecting internal features with no line of sight in AM
parts.
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The plastic behavior of a material can be represented by plasticity models. The
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of anisotropic materials was evaluated. For this purpose, Hill48, Barlat89,
Hu2003 and Poly6 plasticity models were analyzed analytically and TBF1050
3rd generation advanced high strength steel and 5XXX series aluminum alloy
were used as materials. The predictive capacities of the plasticity models were
evaluated with the yield locus and angular variations of anisotropy coefficient
and yield stress ratios. As a result, it has been revealed that polynomial-based
models can model the plasticity behavior of the material more accurately for
both material groups.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

In order to model the plastic deformations that occur in the material in plastic forming
methods, the determination of material models that describe the elastic and plastic
behavior of the material is very critical in terms of method engineering. In this context, it
is equally important to accurately determine the necessary material parameters for
material models. Plastic behavior is a more complex concept than elastic behavior of
materials. In the elastic part, there is a linear relationship between strains and stresses by
means of Hooke's law. In general, plastic strains are not defined by stresses alone. Plastic
strains depend on the entire loading history and how the stress state is reached [1]. During
a plastic forming process, the materials exhibit non-linear behavior due to hardening. In
order to model the plastic behavior of a material under general stress condition, a yield
criterion describing the relationship between stress components at the time of yielding, a
yield rule describing the relationship between stress and strain ratio components, and a
hardening rule describing the evolution of the initial yield stress during the deformation
process is needed. The yield criteria (plasticity models) which describe the plastic behavior
of materials determined by mathematical models. Yield criteria contain a margin of error
due to their constructs, containing assumptions, or number of input parameters. This
margin of error in the yield criteria, greatly affects the prediction accuracy of material
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behavior. Predictions performed in this way show low accuracy and have time-consuming
steps. In industrial applications engineers generally uses well-known plasticity models to
describe the plastic behavior of materials. These models show significantly poor
performance, especially on new generation materials. For this reason, engineers in the
industry, generally analyze the material behavior by using different plasticity models
based on the trial-and-error method. This procedure continues until a plasticity model
predicts the material behavior within the expected tolerance of the product. The analyzes
of material behavior performed in this way are time-consuming and this causes major
problems especially for mass production. The choice of yield criterion is of great
importance at this point. Simple experimental verifications are made in order to give the
effective result of the selected yield criterion. Among the mechanical tests, tensile test,
fatigue test, shear test, and hydraulic bulge test are the most frequently used tests for
experimental verification. If the yield criteria are validated by experimental data, the
above-mentioned time and cost loss will be less in the design stage of the process.

There are many yield criteria in the literature [2-7]. These criteria, which define the
material behavior, contain various assumptions according to the material and hardening
conditions. Models can be divided into two categories according to the isotropic and
anisotropic behavior assumptions of the material. Isotropy is a concept related to
uniformity and states that the properties of the material will not change with different
crystallographic orientations, that is, they will be independent of the direction. The concept
of anisotropy, on the other hand, states that the mechanical properties may change
depending on the direction due to the crystal structure of the material or the
characteristics of the rolling process. The direction-dependent change in plastic behavior
with anisotropy is expressed by the term called Lankford parameter or anisotropy
coefficient [8]. This parameter can be determined by a uniaxial tensile test. Anisotropy
values are usually determined by displacement measurements taken after 20% elongation
from the tensile test. In the literature, it is generally performed for three different
directions (rolling direction, diagonal direction, transverse direction) [9-11].

With the help of the yield criteria, yield loci of materials are obtained and the behavior of
the material under loading conditions is determined with these surfaces. Yield loci should
be closed, convex and smooth. Stresses within the surface line cause elastic deformation,
while stresses above the surface line cause plastic deformation. Stresses outside the locus
have no physical meaning. While the horizontal axis represents the rolling direction, the
vertical axis represents the 90° direction (transverse) to the rolling direction. With the help
of yield criteria, directional yield stress ratios and anisotropy coefficients can also be
predicted. Sensitivity of the yield criterion prediction can be validated by experimental
data. Analytical verification of plasticity models before finite element analysis prevents
time loss in process design. Otherwise, a finite element analysis should be performed at
each trial stage in order to determine the plasticity model that yields sensitive results.
While obtaining the yield loci of a model takes a short time, a complex form of non-linear
finite element analysis takes hours. As explained above, in the finite element analysis step
of production methods, it is very important to determine the yield criterion that makes an
accurate and precise prediction.

Material grade can affect the plasticity model predictions since the material behavior
varies with the material grade. For the automotive industry, materials with low thickness,
high strength, good formability, shock absorbing ability, collision resistance and low cost
are of great importance to ensure safety without sacrificing lightness [12]. In this context,
Advanced High Strength Steels (AHSS) are used in the automotive industry. New
generation AHSSs are handled in three generations according to their technological
developments [12]. Third generation AHSSs were produced due to the strength
capabilities of the first-generation steels were limited and the second-generation steels
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were expensive hence they contained high-cost alloying elements [13]. These steels are
materials with high formability and high strength and at the same time produced with
lower costs. Today, third generation AHSSs are increasingly being incorporated into
automotive production to increase vehicle fuel efficiency and crash resistance [14]. In this
context, three steel classes called TBF (TRIP Aided Bainitic Ferrite) steels, QP (Quenching
& Partitioning) steels and Nano steels have been developed as the third generation AHSSs
[15]. Among the third generation improved high strength steels, TBF steels stand out due
to their properties such as high ductility, formability, toughness, fatigue strength and
delayed fracture strength.

Aluminum alloys, on the other hand, are industrial materials that are widely used in
applications that require advanced technology. Here, automobiles, aircraft and ship
industries are the most important areas of use. Aluminum and its alloys are generally
called light alloys and their strength is increased by adding different alloying elements to
the base material (aluminum), which is ductile and has high corrosion resistance. Unlike
iron-based materials, they contain small amounts of alloying elements. The main alloying
element of aluminum 5XXX alloys is magnesium [16]. They are known for their general
strength, corrosion resistance and weldability. The tensile strength increases with
increasing magnesium ratio [17]. These series alloys are mostly used in marine
transportation vehicles and automotive industry.

The aim of the study is to analyze the analytical models of yield criteria based on their
predictive performance of the plastic behavior of the anisotropic materials. In this
direction, analytical performance evaluations of yield criteria for steel and non-ferrous
materials actively used in the automotive industry were performed and the evaluations
were confirmed by mechanical tests.

2. Materials and Method

In this study, cold-rolled Aluminum 5XXX alloy and cold-rolled TBF1050 steel with gauge
thickness values as 1.5 mm and 1.2 mm, respectively are used. TBF (TRIP-assisted baintic-
ferritic) steels are in use as 3rd generation of advanced high strength steels (AHSS). In this
study, TBF-grades with a minimum tensile strength of 1050 MPa is used. The high strength
of these steel stems from a fine-grained martensitic or bainitic matrix while an increased
fraction of retained austenitic inclusions utilize the TRIP effect which leads to enhanced
elongations [18-19]. TBF1050 steel used in this study is not subjected any heating stage.
In the aluminum alloy that is used in this study, the main alloying element is magnesium
and strain hardening grade of aluminum alloy is H1.

2.1. Material Testing

In the first stage of the study, uniaxial tensile tests were performed to obtain the
verification parameters. Tensile tests were performed in ASTM-E8 standard [20] and with
3 repetitions. Uniaxial tensile tests were carried out on the 300 kN capacity Zwick/Roell
Z300E testing machine and the dimensional changes in length and width of the specimens
were measured with extensometers. Anisotropy coefficients and yield stress ratios were
obtained as a result of the tests with a strain rate of 0.0067 1/s performed in 7 directions
(0°,15°,30°, 45°, 60°, 75°,90°).

In the second step of the study, hydraulic bulge tests were performed to obtain biaxial
anisotropy coefficient and biaxial yield stress ratios. Hydraulic bulge tests were carried out
in 3 repetitions on a 600 kN capacity Zwick/Roell BUP600 test device using 200x200 mm
square specimens. In hydraulic bulge tests, strain values were obtained using the GOM
Argus system with the Digital Image Correlation (DIC) method by non-contact cameras. In
these tests, biaxial yield stresses were obtained by using linear fit region to stress-strain

77



Esener and Unlu / Research on Engineering Structures & Materials 8(1) (2022) 75-89

curve of the materials in addition biaxial anisotropy coefficients were calculated with the
ratio of the strains. Strain values are obtained by DIC method.

The visuals of the mechanical tests are given in Fig. 1. Anisotropy coefficients and yield
stress ratios obtained from the mechanical tests are shown in Table 1.

Width
Extansometers,

(@ (b)
Fig. 1 Mechanical test systems (a) Uniaxial tensile test (b) Hydrolic bulge test

As it can be seen from the Fig. 1. Uniaxial tensile tests were performed with length and
width extensometers. The elongation in the length of the test sample and the contraction
in the width of the test sample are measured with these extensometers. The changes by
means of the material gauge thickness are obtained by the volume constancy. Anisotropy
coefficients (r) are calculated by using ratio of the strain values as given in the Eq. (1).

Ew

r=< (1)
where, v is the width strain and &¢ is the thickness strain.

Table 1. Material validation parameters obtained with mechanical tests

Angle (°)

Material 0 15 30 45 60 75 90 Biaxial
AnisOtropy 9 193 108 1.06 099 1.04 110 098
coefficent

TBF1050  or

ela stress 1 1.03 1.04 104 1.04 103 105 097
ratio
Acr(‘)‘:f‘;ltcrggg’ 080 074 071 071 075 080 081 1.01
AASXXX Yield stress
Fatio 1 099 099 099 099 1.01 099 1.11

2.2. Plasticity Models

In this study, Hill48, Barlat89, Hu2003 and 6th order polynomial based (Poly6) plasticity
models were used to model the plastic behavior of anisotropic materials. In this part of the
study, the analytical expressions of the plasticity models are explained. The first yield
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criterion for anisotropic materials was presented by R. Hill in 1948 [21] and this quadratic
criterion is given in the Eq. (2).

2 2
2f = F(oyy — 0,2)" + G0z — 03)? + H(0xy — 0y,)" + 2LT,,% + @
2M1,,% + 2N, 2 =1

In the equation above, F, G, H, L, M and N are the material parameters to be calibrated. For
plane stress condition, this criterion can be expresses as,

22f = (G + H)0% — 2H0 410y, + (F + H)0%, + 2No2, = 1 3)

These parameters were determined based on Lankford’s coefficients using Eqgs. (4)-(7)
This situation is named as “Hill48-r based” within the scope of the study.

To

F= r90(11+r0) (4)
= 5
G 1+ o ( )
—__To
- 1+71y (6)
Ty + 1 1+ 2r,
= (o +T90)(1+2rig) o)

2190(1 + 1)

Here, ro, r4s and reo represent the anisotropy coefficients in the rolling direction, 45 degrees
to the rolling direction and 90 degrees to the rolling direction, respectively. Due to the
simple r-based approach of the Hill48 criterion in defining the anisotropies of materials, it
offers a great advantage to the users, and this advantage makes this criterion still one of
the most frequently used criteria today [22-24]. F, G, H and N coefficients can also be
calculated on the basis of stress in the Hill48 yield criterion. This situation is named as
“Hill48-Stress (S) based” within the scope of the study. Stress-based expressions of these
parameters are given in Egs. (8)-(11).

() _ 1 4 () 8
F - 2 ((0'90) 1 + (O'b) ) ( )
11— (22 4 (%) 9
G - 2 (1 (0'90) + (O'b) ) ( )
1 0o \> [0p)\?
=3 -@)
2 099 Op
_1((20)* _ (%) 11
N = 2 ((0'45) (O'b) ) ( )
where oy represents the biaxial yield stress.

In 1989, Barlat and Lian presented a criterion for materials with planar anisotropy under
plane stress conditions [25]. This criteron allows the use of the Lankford parameters for
the definition of the anisotropy. Barlat89 criterion can be written as Eq. (12).

f=a|k1+k2|M+a|k1—k2|M+C|2k2|M=ZO'éw (12)

Here “M” exponent depends on the crystal structure of materials. For face centered cubic
(FCC) materials M = 8 is recommended and for body centered cubic (BCC) materials M = 6
may be used [26]. ki1 and k2 coefficients can be written as Eq. (13) and (14).

h
kl — 011"'2 022 (13)
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]1/2 (14)

_ 2
o = (2222) i,

a, ¢, and h represent material constants are obtained through ro, rss, and reo. These
parameters can be written as Egs. (15-17).

a=2-2 (r) (T) (15)

c=2—-a (16)
T 1+

h= (1 :ro) ( r9090> (a7

«_n

p” parameter can be found by optimization. Barlat89 model is one of the most used models
in finite element analyses since the model has a simple construction and needs a few
numbers of material parameters [27-29].

Hu, developed the Hill48 criterion in 2003 and proposed a new plasticity model [30]. The
Hu-2003 criterion can be written in the general form as in Eq. (18).

— 1 4 47, 3 11 1 41y
f(O')——40'1——40'10'2+ i S
o, (1+79) 0, oy o, 059 (1+719) 0y
47 47 1 16
$4,)0-120-22 _%0—10-23 +_40-§+ (—4_ (18)
(1+7190) a9 (1+799) 05, 090 (1+745)045

2 2 2 2 (1 16745 4
—|(of + 05 —010)00 + |+ ——F o2 =1
a,‘,‘)( 1 2 102)017 o T (res)ots ) 012

According to this criterion, it has the ability to model the plastic behavior of the material
with a total number of 7 parameters: anisotropy coefficients in the rolling direction, 45
degrees to the rolling direction and 90 degrees to the rolling direction, yield stresses in the
same directions and hydraulic bulge test yield stress.

The sixth-order homogeneous polynomial yield criterion (Poly6) was developed by Soare
in order to describe anisotropic behavior of materials [31]. Poly6 criterion could be used
for not only plane stress but also 3D stress state. Besides, the derivatives of polynomial
functions could easily be computed and this provides convenience for implementation of
the material model into finite element (FE) codes. The model has 16 material coefficients
for plane stress state and it can be expressed as follows:

f =a,0,° + ay0,°0, + azo,*0,* + ay0,%0,® + aso, oyt +

a6050y,° + a70,° + (agoy,* + ago, 30y, + a190,%0y% + a110,0,° + (19)
AP 2 2\, 4 6

120y )axy + (a130x + 14050y + a,50y )axy + A160xy

Qui et.al. [32] developed an analytical determination of anisotropic parameters for Poly6
yield criterion. The parameters of Poly6 yield criterion are expressed with the r-values and
yield stresses without any optimization method. According to their study ai1-a7 parameters
can be calculated analytically using the Egs. (20)-(26).

a1 = 1 (20)
6
= (%o 21
a7 (090) ( )
— g0 (22)
%2 = o+ 1
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T90
T90 +1

_ 3mp=1(00)\® | 1[(%)°
as = 3,1 (ab) ty [(ab)

&)+ ()] @rasra
az; =—=|[— —) |—=(a; +as+a
373 \q, s 1tas+ay

PN
a4:<0—0) —(a; +a,+as;+as+ag+ay)
b

Qg = —6 a

+ (ﬁ)6] — [(ag + 2a;) — (a1 + ay)]

4

In Ref. [32] o+ is calculated from the analytical Poly4 [31] and given in Eq. (27).

1/4
% _ {(@)4 +3 [T_o 4 Too_ (ﬂ)“’]} !
O Op T0+1 T'90+1 090
Then ai6 coefficient is expressed as Eq. (28)
3/2
@)
op
Other eight parameters (as - a1s) is determined from the uniaxial tension test.

Y1(0)ag + Y,(0)ag + Y3(8)aso + Ya(0)as, + Ys(0)as, + Ye(B)ags +
Y;(0)ay4 + Yg(0)ays = I5,(0)

where
Y,(0) = cos'® @ sin? 6
Y,(8) = cos® 6sin* 0
Y3(0) = cos® 6 sin®6
Y,(0) = cos* 6sin® 0
Ys(0) = cos? 6sin'® 6
Ys(0) = cos® 6 sin* 6
Y,(8) = cos® 6 sin® 6
Y5(0) = cos* 6sin® 6

16 = {16[1 — (g5 + D71 (&)

O45

@ =(2) - 2,0 66 sin 6
y(0) = 6—9 — 2,(8) — cos® 0 sin® 0 a6

2,(0) = ay cos'? 6 + a, cos*® 0 sin® 6 + a3 cos® O sin* 6 +
ay cos®0sin® 6 + as cos* 6 sin® 0 + ag cos? 0 sin'® 0 + a, sin'? 6
Based on the definition of r6 Eq. (40) can be written.

R;(8)ag + Ry(0)ag + R3(0)a,g + Ry(6)as; + Rs(0)as, + Rg(8)ayz +

R;(8)ais + Rg(0)ays = I(0)

where,
R,(6) = [r,(0)cos? 6 — 4] cos® O sin? 6
Ry(8) = [1,(8)cos? 0 sin? 6 — (1 + 2 sin® 0)] cos® 6 sin? 6

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)
(31)
(32)
(33)
(34)
(35)
(36)

(37)

(38)

(39)

(40)

(41)

(42)

81



Esener and Unlu / Research on Engineering Structures & Materials 8(1) (2022) 75-89

R3(6) = [1,(8)cos? 6 sin® 6 — 2] cos* 6 sin* 0 (43)
R4(6) = [1,(8)cos? 0 sin®  — (1 + 2 cos? 0)] cos? 6 sin® @ (44)
Rs5(8) = [1,(8)sin® 8 — 4] cos? @ sin® 6 (45)
Rg(6) = [1,(8)cos? 0 — 2] cos® O sin* 6 (46)
R;(6) = [1,(8)cos? 0 sin® 6 — 1] cos* 6 sin* 0 (47)
Rg(6) = [1,(0)sin® 6 — 2] cos* O sin® @ (48)
I.(0) = z,(8) — z,(0)1,(0) — 1,,(8)cos® B sin® 6 a; ¢ (49)
,(0) = rg% (50)
z.(8) = (6a; + ay)cos'® 0 + (5a, + 2a3)cos® B sin? 6 +

(4a3 + 3a,)cos® 0 sin* 6 + (3a, + 4as)cos* 8 sin® 0 + (51)

(2as + 5a¢)cos? 0 sin® 6 + (ag + 6a,) sin'® 0
As Egs. (29) and (40) are the linear equations of as-ais, the parameters can be analytically
solved with eight equations. If five r-values and three uniaxial tension yield stresses are
used, the expressions of as-ais can be calculated as Eq. (52) and this situation is named as
“r-based Poly6” in this study. If three r-values and five UT (uniaxial tension) yield stresses
are used the expressions of as-ais can be calculated as Eq. (53) and this situation is named
as “Stress(S)-based Poly6” in this study.

r ag 1 R1(61) R2(61) R3(81) R4(61) Rs(6;) Re(P1) R,(61) Rg(6:) [;:(0,)
Qg R1(62) R(8;) R3(0;) R4(62) Rs(8;) Re(6;) R;(68,) Rg(6:) [;:(62)
Q10 R1(65) R2(93) R3(93) R4(93) R5(93) R6(93) R7(93) R3(93) 1}(63)
1| _{Ry(8,) Ro(8:) Rs(0:) Ra(84) Rs(65) Rs(65) Ry(6y) Re(6)| |09 (52
@2| "R, (05) Ry(05) Rs(85) Ry(85) Rs(65) Re(6s) R(65) Re(65)| |r(0s)
B3| 1(8) (0 Ya(0) Yi(8e) Ys(0s) Ys(Bs) ¥r(6) Yo(8e)| |13(0e)
a14 Y1(0;) Y2(6;) Y3(07) Yu(8;) Ys(6,) Ye(07) Y,(8;) Yg(6,) Fy(97)
e 7Y1(98) Yz(eg) Y3(98) Y4(98) Y5(98) Y5(98) Y7(98) Ys(gs)f —Fy(GS)—

_ 1, .

r ag 1 R1(61) R2(61) R3(81) R4(61) Rs(6:) Re(P1) R,(61) Rg(6:) ?EZ%
(2 R1(02) R,(0;) R3(682) R4(6;) Rs(82) Re(0;) R;(6;) Rg(62) ;(92)
Q10 R1(03) R;(83) R3(683) R4(03) Rs(63) Re(63) R;(83) Rg(63) Fr(93)
yUs

Q1| _111(6,) Yo(0,) Y3(0,) Ya(64) Ys(0,) Ys(6,) Y-(64) Ye(6,)
Wz| " 1(8s) Ya(85) Ya(0:) Ya(Bs) Ys(8s) Ye(05) Yr(6s) Ya(Bs)| |B(0s)
@3] |%(86) Y(8s) Ya(B6) Yi(Bs) Ys(8s) Yo(8s) Yi(B6) Yo(Be)| |Iv(06)
] [%(8) %2(67) Ys(6)) Ya(67) Ys(87) Ye(87) Y(87) Ya(87)| |I(67)

7Y1(98) YZ(QS) Y3(98) Y4(98) YS(98) YG(BS) y7(98) Y8(98)7 ,Fy(gs),

(53)

Using the analytical expressions of all plasticity models described above, the
representativeness of the plasticity models for anisotropic materials was evaluated.

3. Results and Discussion

In this part of the study, the plasticity models described in Chapter 2 were analyzed
analytically and converted to Matlab codes, and the directionality of anisotropy coefficients
and yield stress ratios were estimated for TBF1050 and AA5XXX. The results obtained
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were compared with the validation parameters obtained from mechanical tests. First, yield
loci of the materials were analyzed, and the loci obtained by analytical expressions of
plasticity models were compared for TBF1050 steel and AA5XXX alloy in Fig. 2 and Fig. 3,
respectively.
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Fig. 2 Yield locus comparison for TBF1050 steel
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Fig. 3 Yield locus comparison for AA5XXX alloy

As it can be seen from the figures, the stress-based Hill48 model, Hu2003 model and Poly6
model for both materials represented the experimental data quite successfully and gave
the most sensitive results in terms of yield loci. The Hill48-r based and Barlat89 models,
on the other hand, gave close results to each other, but failed to represent the biaxial tensile
behavior especially for aluminum alloy. These results shows that the stress-based of the
plasticity models predicts the yield loci more accurately since the yield loci is a stress-
based surface. Poly6 and Hu2003 models use the biaxial yield stress values as an input for
this reason biaxial part of the yield loci can be predicted more accurately.

In the next step of the study, directional anisotropy coefficients and yield stress ratios
predicted by the plasticity models were obtained. The prediction results were verified with
experimental data and are shown in Figure 4-7. As can be seen from the figures, the Poly6
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model for both materials gave results that are in good agreement with the experimental
data. Here, the anisotropy coefficient-based version of the Poly6 model was able to model
the directionality of the anisotropy coefficient values, while the stress-based version was
able to model the angular variation of the yield stress ratio values exactly overlapping with
the experimental data. Except for the Poly6 model, the most suitable results with the
experimental data were obtained with the Hu2003 model. The Hu2003 model is in
agreement with the experimental results for TBF1050 steel, except for the 30° prediction
of the anisotropy coefficient and the 75° direction of the yield stress ratio estimation.
However, for the AA5XXX alloy, except for the 0°,45° and 90° directions, it predicts far from
the experimental data. The stress-based version of the Hill48 model showed a successful
performance in the yield stress ratio estimations of 0°, 45° and 90° directions for both
materials, but showed a very poor estimation performance in the anisotropy coefficient
predictions. Finally, Hill48 and Barlat89 models based on anisotropy coefficients, although
giving consistent results with each other, were not successful in representing the
directional material behavior, especially in terms of yield stress ratio.

These results shows that the Hill48 model (both r-based and S-based) can only predicts
the rolling, diagonal, and transverse direction values since the Hill48 model use these
values as input. In addition, this model shows a poor performance except these directions
for both material. Barlat89 model has a similar approach with the Hill48-r based model. It
can be seen from the results that the predictions of anisotropy coefficients and yield stress
ratios are very similar with the Hill48-r based model. When it comes to Hu2003 model, this
model can predict anisotropy coefficient directionality better than the stress ratio results
since this model predominantly based on anisotropy coefficients. However, Poly6
plasticity model shows the best prediction performance for both anisotropy coefficients
and stress ratio directionalities for all materials. This results shows that the increasing
number of the coefficients of the plasticity models increases the prediction accuracy. Poly6
model has 16 coefficients for determining the material behavior at plane stress state. Stress
based Poly6 model predicted the stress ratio values, and r-based Poly6 model predicted
the anisotropy coefficients values for 7 directions with an accurate agreement with the
experimental results.
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= . ‘ xperimenta
g, . Neal & il based
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Fig. 4 Angular variation of anisotropy coefficients for TBF1050 steel
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Fig. 6 Angular variation of anisotropy coefficients for AA5XXX alloy
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4., Conclusions

The main purpose of the study is to model the plastic behavior of steel and non-ferrous
materials by using analytical expressions of plasticity models that are frequently used
today. For this purpose, the directional anisotropy coefficients and yield stress ratios of the
materials were predicted by plasticity models and the prediction results were compared
with the experimental data. Hill48, Barlat89, Hu2003 and Poly6 yield criteria were used as
plasticity models. Among these models, Hill48 and Poly6 plasticity models were evaluated
with two different versions as anisotropy coefficient-based and stress-based.
Experimental data were obtained from uniaxial tensile tests performed in 7 directions (0°,
15°, 30°, 45°, 60° 75° 90°) and hydraulic bulge tests in order to validate the analytical
models. In the study, TBF1050 steel, one of the 3rd generation advanced high strength
steels, and 5XXX series aluminum alloy were used as non-ferrous material. As a result of
the study, the following conclusions were reached:

e Thestress-based Hill48 model, Hu2003 model and Poly6 model for both materials
represented the experimental data quite successfully and performed the most
sensitive results in terms of yield loci.

e The Hill48-r based and Barlat89 models presented similar behavior but failed to
represent the biaxial tensile behavior especially for aluminum alloy by means of
yield loci.

e The Poly6 model for both materials gave results that are in good agreement with
the experimental data with the perspective of directional anisotropy coefficients
and yield stress ratios.

e The anisotropy coefficient-based version of the Poly6 model was able to model
the directionality of the anisotropy coefficient values, while the stress-based
version was able to model the angular variation of the yield stress ratio values
exactly overlapping with the experimental data.

e The Hu2003 model has an agreement with the experimental results for TBF1050
steel, except for the 302 prediction of the anisotropy coefficient and the 752
direction of the yield stress ratio estimation. However, for the AA5XXX alloy,
except for the 02, 452 and 902 directions, it predicts far from the experimental
data.
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e The stress-based version of the Hill48 model showed a successful performance in
the yield stress ratio estimations of 02, 452 and 902 directions for both materials,
but showed a poor prediction performance in the anisotropy coefficient
predictions.

e The Hill48 and the Barlat89 models based on anisotropy coefficients, although
giving consistent results with each other, were not successful in representing the
directional material behavior, especially in terms of yield stress ratio.

As can be seen, the most successful results were obtained with polynomial-based plasticity
models. As a result of the study, it has been revealed that the plastic behavior of the
materials can be modeled quite successfully with the uniaxial tensile test and hydraulic
bulge test data. With an accurate finite element implementation, the plasticity models used
analytically in this study can also be used in numerical studies, effectively.
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Waste propellant impregnated fire clay brick is investigated for variation in
thermal conductivity, thermal diffusivity and specific heat of sample, for
different propellant percentage, temperature sweep and propellant percentage.
Propellant quantities of 0.0%, 2.5%, 5.0% and 7.5% by weight is added to the
green mix of brick and baking in horizontal and vertical direction is carried out
for samples made to the size of diameter 12.6+0.1 mm and thickness 2-3 mm.
Temperature sweep from 300C to 1000C is carried out for characterization of

brick for thermal diffusivity and specific heat, by using laser flash technique.
Higher propellant impregnation by weight results in lowering of thermal
diffusivity, enhanced specific heat and reduction in thermal conductivity.
Vertical baking results in better thermal insulation properties than horizontal
insulation for the same 7.5% propellant impregnated bricks. The thermal
conductivity from an average value of 0.7 W/mK for reference brick is observed.
7.5% propellant impregnation by weight in brick may result in thermal
conductivity of less than 0.5 W/mK during vertical baking. This substantial
reduction definitely leads to an insulating solution to construction, with an eco-
friendly disposal solution.
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1. Introduction

Brick is an essential construction material for buildings and the thermal properties of brick
can have far reaching consequences in terms of reduction in air-conditioning load, thermal
insulation requirements and comfort conditions. The properties of Bricks can be altered
by adding different additive, which is a better disposal action than dumping or open
burning, in terms of environmental concerns. Many attempts are made to incorporate
organic agro-waste and household throwaways [1-9], sludge [10-13] and others materials
[14-16] as disposal means and also as reduction to the raw material for brick manufacture.
into the With this in mind an attempt is made to understand the behaviour of non-
homogenous porous brick samples for variation of their thermo-physical properties like
thermal diffusivity and specific heat. In literature on Brick the specific heat is mentioned
as around 850 J/kg.K and thermal conductivity is of the order of 0.7 W/mK [17].
Additionally, baking orientation and temperature sweeps are also introduced as viable
parameters, affecting brick properties. The study illustrates utilization of waste propellant
in brick manufacture to alter their thermo-physical properties, as a viable and feasible
alternative from sustenance, disposal and environmental concerns.
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2. Thermo-Physical Characterization of Bricks

The main ingredient of reference brick is clay, which is hydrated alumina-silicate
refractory material, suitable for withstanding high temperature. Many attempts are made
to alter the thermal properties of bricks and in one such attempt, 9 types of clay were
investigated from thermal insulation point of view to finalize the ingredient of brick [18].
It is worth mention that thermal insulation desire lower thermal conductivity of building
materials and attention is focused on these aspects Thermo-physical Characterization of
bricks, in open literature is limited to reporting values, due to addition of various
percentages of additional combustible ingredients [19,20].

The attempt in this paper for inclusion of waste rocket propellants is towards utilization
of waste materials and at the same time, deriving long term benefits of enhanced thermal
insulation of buildings for reduction in heat loads on air-conditioning systems and
protection against hot and cold climatic conditions with smaller wall thicknesses. The
waste rocket propellants are generally disposed by open burning and its utilization in
brick-manufacture is an eco-friendly disposal alternative. The waste propellant is obtained
from one of the propellant processing facilities in India and the indicative composition is
65-68% oxidizer, 16-18% Aluminium powder and rest hydrocarbon binder cured by
isocyanate curative using urethane formation reaction. As waste propellant is not central
theme of the paper, the information is restricted. Additionally, the small percentage of
aluminium powder (16-18 %) in composite propellant results in formation of alumina in
finished brick. The formation of additional pores by addition of composite propellant and
formation of alumina, both enhances insulation properties. The effect of pores orientation
can pave way for better thermal insulation characteristics without any change in
resources, materials, cost, process or time. It is only stacking of raw molded brick in the
kiln, which is affected and enhanced properties can be incorporated in the brick. This
requires higher value of thermal diffusivity and specific heat, both. However, the effects
which are responsible for reduction in thermal diffusivity can in fact enhance specific heat.
Under such circumstances of contradictory, complementary and competing nature of
parameters, it is worth exploration to find an optimum percentage of propellant in brick
for better results.

To explore this, at first 2.5% by weight waste rocket propellant is added in the Brick and
various properties like water absorption, compressive strength, SEM and XRD are
explored. As marginal changes are observed in these properties, thermal insulation
properties are also explored for bricks impregnated with 2.5% propellant. In fact the
processing of impregnated bricks with various particle sizes of rocket propellant waste is
conducted. Larger size of propellants was resulting in breakage of Bricks. So size of
propellant for addition to the green mix of brick is optimized to 300 micron for better and
favorable results. Attempt is made to assess the efficacy of mixing and addition. After
finding them favorable, propellant percentage is increased to 5.0% and 7.5% by weight in
the brick formulation and thermal insulation properties are assessed for impregnated
brick. For adding one more parameter, the baking of brick is conducted in two orientations
and thermal conductivity is also assessed with temperature sweep spanning from 300C to
1000C. This paper explores, effect of percentage addition of propellant, baking orientation,
and temperature on thermal conductivity of rocket propellant impregnated bricks.

3. Materials and Method

Green mix of the Brick is prepared using waste powdered rocket propellants, in weight
percentages of 2.5%, 5.0% and 7.5%. The samples are position in the oven for baking
according to a pre-set temperature cycle with peak temperature exceeding 1000C in two
orientations - flat surface and on edges. Um-impregnated sample is also kept for kilning as

92



Mehta et al. / Research on Engineering Structures & Materials 8(1) (2022) 91-99

reference sample. Normal cuboidal brick samples are prepared for water absorption,
compressive strength testing (Figure 1). After baking, they are subjected to water
absorption test by immersion in water for 24 hour after heating in oven at 1100C. Weight
gain in water immersion is calculated in percentage to give percentage weight gain,
indication water absorption capacity of brick. The compressive test is carried out on
universal testing machine. Consistent, uniform mix is molded in the button sample, having
dimension of 12.6+0.1 mm diameter and 2-3 mm thickness (Figure 1). After baking the
obtained samples are subjected to thermo-physical characterization using laser flash
method as per ASTM E 1461. Each test is conducted with minimum 5 samples and reported
values are average of the 5 test results.

Fig. 1 Rocket Propellant Impregnated Brick Samples

The soil used in the manufacturing of bricks was taken from brick kilns, Nasik, India. The
characterization of clay is given in this reference under soils developed on interfluves
under sub-humid zone in Nasik [21]. The mix proportion of various materials in the bricks
is soil ~ 60 %, flyash ~26%, HEP waste ~4 % and water ~10 %. The mix proportion of
various materials in the bricks is soil ~ 60 %, flyash ~26%, waste propellant ~1.5 % and
water ~10 %. Waste composite propellant, containing 65-80% Ammonium Perchlorate
oxidizer (200-300 micron), 16-18% Aluminium powder (15-20 micron) and 14-20%
Hydroxyl terminated polybutadiene (HTPB) as binder, is taken in powder form of 300
micron major dimension, for incorporation in the green mix of brick. The waste composite
propellant has a density of 1750 kg/m3 and calorific value of 1200 cal/g. The propellant is
added to the tune of 2.5%, 5.0% and 7.5% by weight in the raw material for brick, before
baking the same.

Sigma blade mixer with single blade is used for homogeneous mixing of the propellant, soil
and fly ash. The duration of mixing is 80 min and speed is 60 rpm. The mixing process was
carried out initially with soil, flyash and water for 20 min and subsequently after
weathering, waste propellant is added and mixing was carried out for 60 min. The soil
dough with fly ash was blended with propellant dust (1.5 wt %) and distilled water (20 to
25 %) to obtain desired level of plasticity. Homogeneity of mix is ensured with the milling
cycle to avoid localization of propellant dust powder. The achieved level of water plasticity
obtained in this soil dough is in the range of 22 to 24 and the same is obtained through
Atterberg plastic limit. The brick samples were oven dried for 48 h at 100°C to remove
excess moisture and avoid cracks during firing. The propellant composition decomposes
at around 350 to 400 °C. The dried samples were then heated slowly in electric furnace at
1100-1150 °C and dwelled for 6 hours and cooled down to ambient temperature.

Thermal Characterization is based on laser pulse method. This technique is one of the most
popular methods for the determination of thermal properties of materials because of ease
to use at high temperatures, non-contact sensing, very fast measurement, absolute thermal
diffusivity measurement etc. In this method, a pulsating flash/ laser energy is made
incident onto one side of button shaped (12.5-12.7 mm diameter and 2-3 mm thickness)
sample which is placed into the sample holder. Sample holder is kept inside the furnace.
An IR detector / thermocouple detector is used at other side of the sample. An schematic
of measurement set-up is shown as figure 2.

93



Mehta et al. / Research on Engineering Structures & Materials 8(1) (2022) 91-99

Detector
® Protective
tube
o [ ]
[ ] [ ]
Sample Sample
thermo- o W | Y
couple (l
6] I| o
| .
oN /| @&— Heating
| lam
1 element/
o .
Power furnace
source

Flash Technique

Fig. 2 Schematic of Laser Flash Method for Thermal Properties Assessment

This detector record the thermal disturbances/ temperature rise generated on other side
of the sample, due to incident laser on first side. This signal is recorded with time. The
signal received from the detector is further amplified, conditioned, denoised and further
passed to data acquisition unit. For a given sample thickness (L in mm), the value of
Thermal diffusivity is given by a=(1.38 L*2)/(n"2 t_(1/2) ), where t1/2 is the time
required for the back surface to reach half of the maximum temperature rise. After that
heat loss, contact resistance, finite pulse width of laser flash and other corrections are
applied. The calibration and validation of test equipment and method is carried out using
standard Graphite coated VESPEL material which is Dow Corning make polyimide with
good thermal stability. Specific heat is measured by comparison with standard. The
equipment used in the study is Antemark Flashline 3000, which has provision to hold
sample on a trolley. The trolley moves inside a furnace and required thermal flash is
applied on one side of standard and test sample, simultaneously and measurements are
made (Figure 3).

The main reason for concentrating on thermo-physical characterization is to observe the
effect of incorporating composite propellant in bricks. During preliminary studies, it was
observed that incorporation of composite propellant enhances porosity but water
absorption, density and compressive strength is not affected significantly. So, in this study
an effort is made to exhaustively study the thermo-physical properties for different
percentages of composite propellant incorporation. Such thermo-physical
characterization studies are used for polymeric, metallic and refractory materials, but are
rarely reported for bricks. The reliability of measurement is stated to be around 0.01% and
testing at least 5 samples of each type with consistent result is implemented. The values
reported are average of these repeated test results.
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Antemark Flashline 3000

Fig. 3 Thermal Characterization Equipment and Samples

4., Results and Discussion

Initially, a feasibility study was undertaken to understand the effect of adding waste
propellant in the manufacture of brick. Waste rocket propellant in range of 0.5% upto 4.0%
by weight is added in brick formulation and initial studies were conducted. The variation
of compressive strength, water absorption, XRD studies and SEM results were presented
elsewhere [22]. Once results were found satisfactory, the study is extended to have
thermo-physical characterization and understand the changes in thermal conductivity due
to waste propellant addition and baking in different orientation. It is observed that
propellant gets consumed during baking of bricks and combustion gases form micro-risers
in the bricks. These micro-risers are elongated micro-pores, which are formed by moving
upward combustion gases in the bricks. They are blind holes, but can impart directional
effects to the thermal conductivity of bricks.

Addition of 2.5% waste rocket propellant in Brick formulation was analyzed first and
properties are assessed with reference to the reference sample or non-impregnated brick.
Scanning Electron Microscope (SEM) micrograph is used for understanding the variation
in internal micro-structure due to impregnation of waste rocket propellant. Addition of
waste propellant resulted in formation of micro-pores, as depicted in the Figure 4.
Propellant definitely acts as pores-forming agent and the micro-structure in regions other
than pores are dense. So, addition of waste rocket propellants has two effects - one is pores
formation and local hardening of zones around pores.
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Fig. 4 SEM Micrograph of Bricks

Percentage gain after immersion in water is carried out for 5 samples of each type and the
average values are obtained. Reference sample gave a weight gain of 29+3 %, while the
impregnated sample gave around 20+2 % weight gain. This clearly indicated that although
samples might have become porous due to propellant addition, but the pores are not
assessable to water. This may be attributed to local hardening around pores, which makes
water ingress difficult and makes the pores impervious to water. In fact less water
absorption is an advantage for the bricks. Compressive strength of the reference brick is
found to be 4.25+0.5MPa, while that for impregnated brick is 4.0+0.5 MPa. Compressive
strength is not adversely affected by propellant addition. The thermal conductivity
increased from 0.72 W/mK at ambient condition to around 0.88 W/mK for the 2.5% by
weight impregnated brick sample. Although much gain in thermal insulation properties
were not ascertained but reduction in water absorption and marginally change in
compressive strength, encouraged to impregnate higher weight percentage of waste
propellantin brick and characterize for thermal properties. Additionally, effect of orienting
brick sample horizontally (on flat surface) and vertically (on edges) is attempted to find
any effect on the thermal properties. Temperature sweep from 30°C and 100°C is also
carried out to get thermo-physical properties of Bricks in entire operational range.
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Fig. 5 Thermal Conductivity of Vertically Baked Impregnated Brick
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For the vertically baked brick, temperature sweep data for different weight percentages of
waste rocket propellant, in respect of thermal conductivity is presented in Figure 5. In the
figure, the curves has followed a definite nomenclature. ‘P’ indicated propellant
impregnation, ‘V’ indicates vertical curing, ‘N’ indicates reference non-impregnated sample
and numerical values are indicating weight percentage of waste propellant. For examples
PV2.5 indicates propellant impregnation, vertically cured, 2.5% waster rocket propellant
impregnation. It is clear from the curve that over the specified temperature range, the
value of thermal conductivity is more or less constant. At room temperature, reference
have a thermal conductivity of 0.72 W/mK and the values for 2.5%, 5.0% and 7.5%
propellant addition by weight changed the thermal conductivity at room temperature to
around 0.89 W/mK, 0.61 W/mK and 0.48 W/mK, respectively. For 7.5%, waste propellant
addition, the thermal conductivity at room temperature displayed reduction by 33.3% in
numerical value. So, propellant addition improved thermal insulation properties of the
brick. the same trend is present for all other temperature ranges also.
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Fig. 6 Temperature Sweep For Thermal Conductivity of Horizontally Baked
Impregnated Brick

The exercise is repeated for the horizontally baked sample too and the results are plotted
as figure 6. In the figure the curve nomenclature has ‘H’ indicating horizontal baking
condition of the samples. It is observed that for horizontal baking the reduction in thermal
conductivity is visible even ay 2.5% waste propellant impregnation. At ambient condition,
0.0% (reference), 2.5% and 7.5% propellant impregnation gave thermal conductivity of
0.72 W/mK, 0.68 W/mK and 0.58 W/mK, respectively. The reduction at 7.5% waste
propellantimpregnation is around 19%. Although the reduction, in case of 7.5% propellant
impregnation for thermal conductivity at room temperature is lower for horizontal baked
sample than vertically baked sample, but the reduction even at 2.5% propellant
impregnation is the advantage of horizontal baking.

Overall, if practical applications are also considered, it is clear that for vertically baked
propellant impregnated brick sample, lower additives quantity lead to enhancement in
thermal conductivity, thus defeating the main attempt of enhancing thermal insulation
properties. Although such bricks with higher thermal conductivity may be suitable as
lining for furnace and boilers. Higher propellant quantity in vertical baking of brick may
result in reduction in thermal conductivity, but the structural integrity of bricks is
compromised due to large amount of porosity and reduced compressive strength. Contrary
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to this, horizontal baking results in reduction of thermal conductivity even for the small
quantity of composite propellant as additives. So, for thermal insulation application, such
bricks are practically useful.

5. Conclusion

Waste rocket propellant is added to brick to understand any change in water absorption,
compressive strength or microstructure. Addition of waste rocket propellant in brick
makes it porous but water absorption is reduced, due to local hardening around pores by
heat generation from propellant during baking of bricks. Orientation, temperature and
percentage propellant impregnation, all three affects the thermo-physical characterization
of brick sample. The orientation of brick during baking orients pores created by rising
combustion gases from combustion of propellants. Thermal conductivity for reference
non-impregnated sample of brick is around 0.72 W/mK at ambient condition. For
horizontal baking the value reduces to 0.48 W/mK for 7.5% propellant impregnated brick.
However, for vertical baking, the value for 7.5% propellant impregnation is 0.58 W/mK.
So, higher propellant impregnation and vertical orientation of baking is capable to give
bricks with lower thermal conductivity, imparting higher thermal insulation properties.
Horizontal baking with 2.5% waste propellant has thermal conductivity value of 0.67
W/m.K and this method of baking is suitable for smaller percentage of waste propellant
addition, for enhanced thermal insulation capacity of bricks.
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The strength and durability properties of concrete using nano-silica and
Article history: alccofine after exposed to higher temperatures were investigated in this study.
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specimens then were allowed to cool until they reached room temperature. The
compressive strength test was used to determine strength, whereas the water
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absorption, porosity, and rapid chloride permeability tests were conducted to
Concrete: check durability properties. SEM images were used to examine the
Aleco fine,' microstructure of concrete specimens at elevated temperatures. According to
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mixes. A severe loss in strength and a significant increase in charge pass, water
absorption and porosity were observed at 800°C for concrete using alccofine and
nano silica. The microstructural analysis using scanning electron microscopy
methods also reported that the porosity increased with increase in temperature.

2022 MIM Research Group. All rights reserved.

1. Introduction

Fire remains one of the most serious potential hazards, as it affects the structural integrity
of concrete structures. [1]. Fire has an adverse and unrecoverable effect on the physical,
strength, and serviceability properties of concrete. As a result, it is critical to look into the
efficiency of concrete that's been subjected to fire. It has been reported that the duration
of exposure will have no or little impact on the concrete’s compressive strength when
subjected to fires up to 200°C [2-5]. Moreover, regardless of the exposure temperature,
growing the exposure duration has been shown to have a negative impact on the residual
capacity of concretes, particularly the strength properties [3]. Some supplementary
cementitious materials from agricultural and industrial waste shows an unpredictable
effect on performance of concrete under fire, and therefore been extensively studied by a
number of researchers [6, 7]. Carbonates start to break down at 500-600°C, and are
believed to trigger permanent destruction to concrete and they're a key component of the
primary binder form of concrete [8]. In particular, temperature over 800°C, almost all
contents of concrete degrade, resulting in considerable strength as well as weight loss
since the thermal characteristics of aggregates and cement paste differ, this causes residual
stress and cracking [9]. Poon et al. [10] compared the compressive strength and durability
properties like rapid chloride diffusion, porosity & crack pattern of control mixes and high
strength mixes for temperature up to 800°C and concluded that a significant loss in
durability in terms of permeability occurred than the loss of compressive strength. As such,
several advanced laboratory techniques, such as scanning electron microscopy analysis,
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energy dispersive spectrometer, and X-ray diffraction analysis, are used to reveal concrete
degradation mechanisms after exposed to elevated temperatures [11]. Karahan [12] tested
experimentally the transport properties after being exposed to elevated temperatures, of
high-volume slag or fly ash added concretes and found that according to rapid chloride
permeability (RCPT) test results, slag-based concrete binds more chlorine than fly ash-
based concrete, and the behavior of slag-based concrete at elevated temperatures was
superior to that of fly ash-based concrete. Demez et al. [13] assessed mechanical
characteristics of high strength concrete (HSC) using pyrophyllite aggregate after exposed
to elevated temperatures and concluded that the loss of compressive strength was much
more pronounced in all concrete mixes subjected to temperatures above 600°C. Ercolani
etal. [14] investigated the action of concrete when subjected to elevated temperatures and
various cooling systems and found that if water is employed as a cooling medium, the rise
in temperature affects physical as well as mechanical characteristics causing increase in
degradation with development of cracks or microcracks. Mousavimehr et al. [15] stated
that in addition to enhancing the mechanical as well as durability properties of rubberized
concrete at elevated temperatures, the combined effect of metakaolin and silica fume can
indeed create environmentally sustainable mixes by minimizing carbon footprint in
comparison to a control mix. Because extreme heat can disintegrate the mechanical
characteristics of concrete and potentially harm the entire structure, it's indeed critical to
ascertain the impact of elevated temperatures upon on mechanical characteristics of high-
performance concrete (HPC) [16]. With increasing elevated temperatures, HPC's thermal
expansion dramatically increases. Therefore, from above studies it is self-evident that
concrete's high-temperature characteristics are critical for simulating the fire behavior of
concrete structures. It was discovered in a prior study that adding nano-silica and alccofine
to concrete increased its strength properties [17]. Because nano-silica and alccofine aid in
the development of high strength concrete, their use in concrete may expand. As a result,
it is critical to determine if concrete manufactured from these ingredients is safe in the
event of a fire or high temperatures.

Since no research has been done on the durability properties of concrete using nano-silica
and alccofine after subjected to higher temperatures. Therefore, in this study an attempt
has been made to evaluate the residual compressive strength and durability properties like
water absorption and porosity, rapid chloride permeability and morphology of concrete
mixes using alccofine and nano silica after exposure high temperatures. To relate the
strength and durability properties of different concretes mixes at elevated temperatures,
they must be prepared and evaluated under identical material and heating regimes.

2. Experimental Studies
2.1. Material Used

OPC of 53 grades confirming to IS 12269-1987 was used in this study with specific gravity
3.15. The physical properties of cement are given in Table 1.
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Table 1. Physical properties of cement

Requirements as per IS:

Sr.no Properties Values 12269-1987
Soundness
L (Le Chatelier method) 12 <10mm
2. Initial setting time 56 min > 30min
3. Final setting time 259 min < 600 min
4. Fineness 300 (m?/kg) > 225 m?/kg
5. Standard Consistency 32% -

Alccofine (Al) which is an ultra-fine slag or ggbs having particle size 4-6um and specific
gravity 2.86. It was procured from local dealers. Nano silica (Ns) having size of 17nm and
specific gravity 2.2-2.4 shown in Fig. 2 was used. The properties alccofine and Ns obtained
from manufacturer are given below in Table 2. As a fine aggregate, locally accessible river
sand with specific gravity 2.65 has been used and coarse aggregates with a size of 20 mm
having specific gravity 2.79 were used. Conplast SP430DIS is a high range water reducer
superplasticizer that is used to maintain the workability of concrete mix. The laboratory
tap water was used.

Fig. 1 Alccofine Fig. 2 Nano silica

Table 2. Chemical and physical properties of materials

Item Calcium Silicon ~ Aluminum  Ferric Magnesium  Sulfur i“t,i%le
oxide dioxide oxide oxide oxide trioxide P size

Al 32.1-343  33-35 18.0-20.0 1.8-2 8.0-10.0 %37% 4-6pm
Ns 0.060 99.880 0.0050 0.0010 - - 17nm

2.2. Mix Proportions

Three blends of different concrete M40, M50, and M60 were taken into account to research

the characteristics of concrete using nano-silica and alccofine, and mix design has been
carried for all concrete grades according the 1S10262:2019 and IS 456:2005 with w/c
ratios of 0.4, 0.36, and 0.3. Alccofine (15%) and nano silica (3%) were used to replace
cement. The mix proportions of the concrete mixes are given in Table 3.
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Table 3. Mix proportions and notations of different concrete mixes

C(;rl};gzte Additives Notations ng;}trig Cement Kg/m?
M40 ALB Ns M4AINs 128 ggg
M50 ALB Ns M5AINs 1?3 3:%?8
M60 ALB Ns M6AINs 122 23(7)

Table 3 (Con.). Mix proportions and notations of different concrete mixes

C(;I;;rdeete FA Kg/m3 CAKg/m?  AlKg/m? Ns Kg/m? wi/c
M40 22; 1;:2 6-0 1-2 81
M50 Eiﬁ Eg 66 132 g:gg
596 S T

Fig. 4 Rapid chloride permeability test apparatus
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Fig. 5 Compression testing apparatus

2.3. Test Methods

Concrete samples of cubic size 150 mm & 100mm and disc sample of 100mm diameter and
50mm height size were casted and cured for 28 days in water. After curing the samples
were dried and then placed in electronic bogie furnace shown in Fig. 3. The elevated
temperature of 400 and 800 degree Celsius was maintained for 4hours duration. The fire
duration of 4hrs is considered because as per National Building Code of India, desirable
fire grading of columns and beams is 4 and 3 hrs. The samples were then cooled to room
temperature by leaving them out in the open air. 150 mm samples were tested for
compressive strength as per IS: 516 - 1959 [18].

Using the ASTM C 642-06 [19] procedure, 100 mm samples were used to determine water
absorption and porosity. The ASTM C1202 [20] specification was used as a guide for the
rapid chloride permeability assessment using a 50 mm disc samples. After completing the
compressive strength test, the specimens were ground into fine powder for
microstructural analysis using Scanning Electron Microscopy (SEM) test. Test apparatus
for compressive strength test and rapid chloride permeability test shown in the Fig. 3 & 4.
The results at room temperature (RT) were compared to those obtained at higher
temperatures.

3. Result and Discussion
3.1. Compressive Strength

The Compressive strength results of concrete specimens subjected to elevated
temperatures are depicted in the Fig. 6 as the average of the observations. It can be seen
from the Fig. 6 that increasing the temperature decreases compressive strength.
Compressive strength results of Al+Ns concrete mixes were between 66 to 83 Mpa at RT,
64.9 to 80 MPa at 400°C, and 29 to 41.3 MPa at 800°C, respectively, as shown in Fig. 6. And
compressive strength results of control mixes were between 51.1 to 68.5 MPa, 57 to 67.4
MPa and 30.3 to 30.9 MPa at RT, 400°C, and 800°C, respectively. Compressive strength
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decreased by 0.3 to 1.7% at 400°C, 40 to 48% at 800°C for control mixes, and 1.5 to 3.3%
at 400°C, 50 to 56% at 800°C for Al+Ns mixes.

The percentage decrease in compressive strength was greater for Al+Ns concrete mixes
M4AINs, M5AINs, & M6AINs compared to control mixes M4, M5 & M6 because of
degradation of calcium silicate hydrates [1]. Despite the fact that Al+Ns mixes had higher
compressive strength than control mixes at 400°C, the percentage decrease in compressive
strength was significantly higher for Al+Ns mixes. Fig. 13 shows that the compressive
strength decreases as the porosity increases. Therefore, increase in porosity with
temperature is one of reason for decrease in compressive strength at higher temperatures.
Cross sections of concrete samples at different temperatures are shown in Fig. 7,8 & 9. The
color of hardened concrete changed after exposed to higher temperatures. Cracks
appeared in the aggregate & paste's interfacial transition zone (ITZ), as well as within the
aggregate at 800°C from Fig. 9 which is another reason for reduced compressive strength.
Because the interfacial transition zone (ITZ) is the weakest connection between cement
paste and aggregate, it can enhance crack propagation. As a result, increasing temperature
raises internal stresses, which accelerates material cracking, multiplies defects, and
thereby lowers strength [21, 22].

90.00 EM4 ®M4AINs mM5 BMSAINs BM6 B M6AINs

ﬁé 80.00
— 70.00
<
0
W 60.00
L
£ 5000
£ 4000
v
wv
@ 30.00
o
€ 20.00
8

10.00

0.00

RT 400°C 800°C
Temperature

Fig. 6 Compressive strength values at elevated temperatures

Fig. 7 Cross section of a hardened concrete at room temperature.
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Fig. 9 Cross section of a hardened concrete at 800°C.

3.2. Water Absorption and Porosity

Water absorption and porosity values of concrete with and without Al and Ns were
calculated using test procedure given in ASTM C642 for all the concrete grades. The water

absorption of concrete specimens subjected to elevated temperatures are depicted in the
Fig. 10 as the average of the observations.

10 EM4 EM4AINS BMS EMSAINs M6 B M6AINs 20
H M4 HM4AINs B M5 B M5AINs B M6 B M6AINs

6
0
RT 400 800 0
RT C C

400° 800°
Temperature (°C) Temperature (°C)

o
[
wv

IS

Water absorption (%)
Porosity (%)
=
o

N

Fig. 10 Water absorption values at Fig. 11 Porosity values at elevated
elevated temperatures temperatures

It can be seen from the Fig. 10 that increasing the temperature increases water absorption
due to internal cracking. The three major reasons of such an internal cracking could be the

breakdown of crystalline calcium hydrate particles, development of steam pressure, and
degradation of C-S-H [7].
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Concrete with a water absorption value of less than 5% is considered to be of high quality
[23]. Water absorption of Al+Ns concrete mixes ranged from 4.1 to 4.6 %, 5.4 to 5.8 %, and
8.2 t0 9% at RT, 400°C, and 800°C, respectively, as shown in Fig. 10. And water absorption
of control mixes ranged from 5 to 5.5 %, 5.6 to 6%, and 7.8 to 8.5 % at RT, 400°C, and 800°C,
respectively. At RT, concretes mixes containing Al+Ns showed less than 5% water
absorption. At 400°C and 800°C, all the concrete mixes showed water absorption greater
than 5%. The percentage increase in water absorption of control mixes is 8 to 13% at
400°C, 43 to 67% at 800°C and for Al+Ns mixesis 18 to 26% at 400°C, 80 to 118% at 800°C.
The percentage increase in water absorption was greater for mixes M4AINs, M5AINs, &
M6AINs mixes at 800°C compared to M4, M5 & M6 mixes.

Increase in temperature leads to the formation of large number of air voids due to
evaporation of free water, accompanied by capillary water, and then physically bound
water [24]. Porosity of Al+Ns concrete mixes ranged from 8.6 to 9.5 %, 11.4 to 11.8 %, and
16.3 to 17.7 % at RT, 400°C, and 800°C, respectively, as shown in Fig. 11. And porosity of
control mixes ranged from 10.1 to 11.4 %, 11.9 to 12.5 %, and 15.6 to 16.1 % at RT, 400°C,
and 800°C, respectively. The percentage increase in porosity of control mixes is 9 to 18%
at 400°C, 38 to 59% at 800°C and for Al+Ns mixes is 25 to 35% at 400°C, 73 to 102% at
800°C. The percentage increase in porosity was greater for Al+Ns concrete mixes M4AINs,
M5AINs, & M6AINs at 800°C compared to control mixes M4, M5 & M6. Because at high
temperature as water evaporates, the internal pore pressure increases, which causes
significant internal pressures upon on solid skeleton of concrete due to the compact
structure and lower permeability of Al+Ns concrete mixes. And thereby increases no. of
micro cracks leading to increase in no. of voids in concrete matrix [24].

The graph of water absorption versus porosity is plotted considering all concrete mix at all
temperatures as shown in Fig.12. The porosity of concrete is linearly proportional to water
absorption [25]. Therefore, increase in porosity increases water absorption due to
increase in total pore volume of concrete. Similar results were reported by Karahan et al.
[12] for concrete using slag with the porosity values varying between 9.3-11.0% at 20°C,
10.4-11.7% at 400°C, and 16.2-17.4%, at 800°C, and water absorption varied between 4-
4.5% at 20°C, 4.5-5.5% at 400°C, and 7.5-8.5%, at 800°C, respectively.
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Fig. 12 Water absorption vs. Porosity
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Fig. 13 Porosity vs. compressive strength

3.3. Rapid Chloride Permeability

The RCPT test, that is used to measure concrete's durability in terms of chloride-ion
permeability, is easy to perform and can be completed in just 6 hours. Before exposing to
high temperatures all the concrete mixes showed very low permeability s per ASTM 1202.
As when the temperature was elevated, there was a substantial loss of permeability. If the
charge moving through the concrete specimen is greater than 4000 C, then as per ASTM
1202 it is categorized as highly permeable [10, 25]. Since more current flows into a highly
permeable concrete its chloride-ion resistance is an indirect indicator of its permeability
and internal pore structure [7]. RCPT values of Al+Ns concrete mixes ranged from 700 to
940 CatRT, 1170 to 1590 C at 400°C, and 4920 to 6990 C at 800°C, respectively, as shown
in Table 4.

The RCPT values of control mixes ranged from 1518 to 1740 C at RT, 2000 to 2420 C at
400°C, and 5380 to 6000 C at 800°C, respectively. At room temperature (RT), concretes
mixes containing Al+Ns showed very low chloride ion penetrability compared to control
mixes. Chloride ion penetration at 400°C was moderate for M4, M5 & M6 mixes and low
for M4AINs, M5AINs, & M6AINs mixes. The percentage of chloride ion entry into the
concrete specimens largely depends on the structure of the internal pores and micro
cracks. From Fig. 7, 8, & 9 it can be seen that with the increase in temperature the bond
between aggregates and cement paste deteriorated and number of microcracks increased.
The increase in rapid chloride permeability at elevated temperature is calculated by
comparing it to the values at room temperature. The increase in rapid chloride
permeability of control mixes is 1.3 to 1.4 times at 400°C, 3 to 4 times at 800°C to that of
rapid chloride permeability at room temperature. The increase in rapid chloride
permeability of Al+Ns mixes is 1.6 to 1.7 times at 400°C, 5 to 10 times at 800°C to that of
rapid chloride permeability at room temperature. The relationship between porosity and
RCPT is shown in Fig. 14, and it was observed that RCPT increases as porosity increases.
Therefore, RCPT values of all the concrete mixes after subjected to high temperature of
800°C were greater than 4000 C due to excessive cracking and increased porosity from Fig
11, hence regarded as not durable [26]. As a reason, concrete using alccofine and nano-
silica is considered as not durable, and also its utilization should be thoroughly considered
for structures that are frequently subjected to heating and cooling cycles. Nadeem et al. [1]
noticed an increase in rapid chloride permeability of concrete with fly ash and metakaolin
by 3 to 15 times at 400°C and 20 to 40 times at 800°C when compared to rapid chloride
permeability at room temperature. Poon et al. [7] noticed an increase in rapid chloride
permeability of concrete with fly ash and silica fume by 5 to 20 times at 800°C when
compared to rapid chloride permeability at room temperature.
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Table 4. RCPT Values at elevated temperatures

Admixtures RT 400°C 800°C
M4 1732.5 2418.3 5639.4
M4AINs 934.2 1584.9 4927.5
M5 1557 2035.8 5383.8
M5AINs 758.7 1309.5 5647.5
M6 1518.3 2007 5996.7
M6AINs 706.5 1170 6990.3
__ 8000
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® 6000
E
2 5000
[}
2 4000
o
=
S 3000
Re)
Q
& 2000
1000
0

8 10 12 14 16 18 20

Porosity (%)

Fig. 14 Porosity vs. rapid chloride permeability

3.4. Microstructural Analysis

Microstructural analysis using SEM examinations of concrete specimens revealed distinct
morphological changes as a result of exposure to high temperatures [27]. At 400°C, the
concrete matrix appeared coarser and no ettringite was detected [28]. On concrete
specimens heated to 400°C & 800°C, microcracks and voids are identified as shown in
Table 5. The CH disintegrated at 800°C, resulting in a porous concrete matrix [28]. The
microstructure seemed to be very porous in comparison to specimens heated to 400 °C,
and porosity increased with concrete grade. Wide voids were noticeable in many areas of
the M6AINs mix concrete specimens as shown in Table 5. The number of voids in Al + NS
mixes was higher than control mixes which is consistent with the strength characteristics
and durability test results provided above. Due to voids, microcracks, and partially
deteriorated CSH, concrete specimens subjected to 800°C showed substantial
modifications in the micro - structural of the concrete [29]. As a result, the microstructure
of the concrete deteriorated, affecting its strength and durability. Arioz et al. [29] and
Handoo et al. [27] investigated the microstructures of concrete specimens exposed to
800°C and found similar results.
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Table 5. SEM images of different concrete mixes

Concrete Temperature

mixes

M4

M4AINs

M5
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Table 5 (Con.). SEM images of different concrete mixes

Concrete Temperature

mixes 800°C

M5AINs

M6

M6AINs

4. Conclusions
The following conclusions can be drawn from the findings of this study:

e The compressive strength of all concrete mixes decreased with increase in
temperature, a slight loss of strength was noticed between room temperature and
400 °C and the percentage reduction of Al+ Ns mixes was grater at 800°C.
Compressive strength decreased by 0.3 to 1.7% at 400°C, 40 to 48% at 800°C for
control mixes, and 1.5 to 3.3% at 400°C, 50 to 56% at 800°C for Al+Ns mixes.

e C(Cracks appeared in the aggregate & paste's interfacial transition zone (ITZ), as
well as within the aggregate and also color of hardened concrete changed with
temperature.
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e The water absorption and porosity increased with increase in temperature. The
percentage increase in water absorption and porosity was greater for Al+Ns
concrete mixes M4AINs, M5AINs, & M6AINs at 800°C compared to control mixes
M4, M5 & Mé6.

o The percentage increase in water absorption of control mixes is 8 to 13% at
400°C, 43 to 67% at 800°C and for Al+Ns mixesis 18 to 26% at 400°C, 80 to 118%
at 800°C.

e The percentage increase in porosity of control mixes is 9 to 18% at 400°C, 38 to
59% at 800°C and for Al+Ns mixes is 25 to 35% at 400°C, 73 to 102% at 800°C

e At room temperature and 400°C, Al and Ns reduced RCPT values compared to
control mixes, but at 800°C, it increased due to increase in porosity.

e For control mixes, rapid chloride permeability increased by 1.3 to 1.4 times at
400°C, 3 to 4 times at 800°C, and for Al+Ns mixes 1.6 to 1.7 times at 400°C, 5 to 10
times at 800°C, compared to rapid chloride permeability at room temperature.

e According to microstructural analysis, the percentage of voids increased and
became wider as the temperature rose. As a result, the microstructure of the
concrete deteriorated, affecting its strength and durability.
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It has become a requirement to enhance the surface quality of concrete
structures and their durability. A non-woven formwork called Controlled
Permeable formwork (CPF) liner was developed. This CPF liner is permeable to
air and water however prevents the getaway of cement and small particles. This
paper investigates experimentally the impact of CPF liner on the concrete surface
against chloride penetration. The concrete mix contained ordinary Portland
cement (OPC) 53, pulverized fly ash (PFA), Micro silica, locally available
aggregates, crushed sand, water and superplasticizer. The cylindrical and cubical
concrete specimens were cast with impermeable steel formwork (SF) and CPF
liner. The cubic and cylindrical specimens were tested at the age of 7 days and
28 days. Compressive strength and Rapid chloride penetration tests (RCPT)
were conducted. The concrete cast with CPF liner gives excellent compressive

strength 14% more than specimens cast with steel formwork and has acquired
better resistance against Chloride penetration. The results show that the
concrete sample cast with CPF liner shows 9.98% less charges passed than
specimens cast with steel formwork.
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Permeability;
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1. Introduction

Reinforced concrete structures need to be durable. Their durability is a major subject on a
global scale [1]. Corrosion of steel reinforcement depends upon the exposure conditions,
ensuing in millions of expenses being spent on repair and maintenance. Durability of
reinforced concrete structures depends on the quality of the cover zone. Cover region is a
primary line of defence against either physical or chemical deterioration of the concrete
structures [2]. Corrosion of the steel reinforcement in the concrete is due to chlorides and
CO2 from the surrounding environment [3]. Chloride diffusion coefficient of concrete relies
upon the water/cement ratio and the cement type [4]. Impermeability of the surface of the
concrete structures performs an essential role for attaining long term durability. And that
can be achieved by increasing the cement content for the whole entire volume of concrete
and decreasing the water/binder ratio [5]. And another method is to use Controlled
Permeable formwork (CPF) liner.

CPF liner is a hydrophilic fiber texture, which removes excess quantities of water and de-
creases water/binder ratio and improves the concrete strength [6].

CPF liner consists of three different primary factors. 1) A filter that allows water and air
from fresh concrete to pass through it and keeps cement and other small particles. 2) This
water and air are transferred to outside the formwork through drainage system and
creates denser and less porous concrete surface. 3) The filter and drainage system is
supported by structural support that maintains formwork shape and concrete pressure.
Figure -1 shows the overall factors of a CPF system.
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Fig. 1 Factors of a CPF System [8]

A range of research have shown the impact of CPF liner on concrete performance.

S Kothandarama et al. [2] have reported that CPF liner has extensively improved the tensile
strength of concrete by almost 20% and abrasion resistance has been enhanced
remarkably 50-80%.

S. Kumar et al. [4] have shown that the coefficient of chloride diffusion decreases as the
strength of concrete increases, thus durability of the concrete structures increases.

Philip McKenna et al. [7] have reported that by using CPF liner, initial construction cost can
be reduced, and improved surface strength, durability and overall appearance of the
finished concrete can be achieved [7].

Suryawanshi AK et al. [8] have shown that improvement in impermeability can be achieved
by using CPF liner. He used 350 kg/m3 cement as only cementitious material and kept
cement/aggregate ratio 5.26.

Sahil Garg et al. [9] reported that CPF liners reduce w/c ratio and porosity of the concrete
in the cover region and also found decreased chloride ion penetration depth. Sahil Garg et
al. also found increased efficiency of permeable Formwork liner with increased water
content in concrete mix.

L Basheer et. al. [10] used cement 450 kg/m? and water/cement ratio was kept 0.45. The
author have shown that by the use of CPF liner that resistance to the ingress of Chlorides
and CO2 was increased and impermeability of concrete also increased.

The use of mineral admixture gives improved quality to the concrete. The use of micro
silica improves quality of hardened concrete like compressive strength, hence flexural and
tensile strength. The use Micro silica reduces the rate of carbonation permeability;
therefore, it helps in protecting reinforcement steel from corrosion. The use of fly ash can
help in decreasing porosity and can make concrete highly dense as it has very small
particles.

Therefore, it is proposed to have look into to analyze the effect of the CPF liner against
chloride penetration on concrete surface cast with two different formworks, with lower
W/C ratio and use of mineral admixtures.
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2. Objectives

e To analyze the impact on compressive strength of concrete with decreased W/C
ratio by the application of CPF liner.

e To achieve the better concrete surface performance against Chloride penetration
by application of CPF liner using fly ash and micro silica as replacement to the
cement.

3. Method
3.1. Materials

In this test 0.P.C. 53 grade cement having specific gravity 3.08 was used. Aggregates of size
10 mm, 20 mm and crushed sand, having specific gravity 2.85, 2.87 and 2.71 respectively,
were used. Pulverized Fly Ash (PFA) and Micro silica were used as replacement materials.
Fly ash is an industrial by-product from combustion process of coal used in power stations.
The specific gravity of fly ash was 2.15. Micro silica is also a mineral admixture found as
by-product in the industrial manufacture of ferrosilicon and metallic silicon. Microsilica is
grey in colour and specific gravity of microsilica was 2.24. Additionally, a Super plasticizer,
named Fosroc Auracast 270M, based on polycarboxylic ether polymer was used. The water
which was accessible to the lab was used. In this experiment Type II CPF liner was used. It
has two sides, one side acts as a drain and another side as a filter. Its average pore size is
30 um and thickness is 1.5-2.0 mm. This CPF liner has water retaining capability of about
1L/m2 and drainage capacity about >3L/m2.

3.2. Specimen Preparation

Concrete mix of M55 was used to cast the samples. The w/c ratio was kept low 0.26. The
details of the concrete mix proportion is shown in table 1. The mix proportion shown in
the table 1 is surface saturated dry (SSD) before moisture correction. It is shown that
different mineral admixtures were used to replace cement. The concrete mix was identified
as CMD-1. The mix of M55 grade is with 21% fly ash and 3% micro silica as a replacement
to cement by weight. The superplasticizer replaced 30% water content. The codes IS 456,
IS 383,15 10262:2009 and IRC 112:2011 were followed to conduct the experiment.

Table 1. Concrete Mix Proportion (Kg/m3)

Ingredients CMD-1
Cement 424
Fly Ash 118

Micro silica 17
20 mm 614
10 mm 606

Crushed sand 573

Water 171
Admixture 8.4 kg
W/C ratio 0.26

Conventional Steel moulds were used to prepare the concrete specimens. Concrete speci-
mens of size 150 x 150 x 150 mm? and small cylinders of 100 mm Dia. and 200 mm height
were cast for this study. Steel moulds were oiled before placing the concrete. The casted
specimens in steel formwork serve as a reference for comparison purpose. Commercially
produced CPF liner is used to paste on the inner side of the other moulds where oil is not
used, only glue is used.
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Figure- 2 shows the steel mould with CPF liner pasted inside. The specimens cast with
CPF liner were recognized as ‘CPF’ and those cast without CPF liner in the steel moulds
were recognized as ‘SF’. Further to this, specimens were categorized as FlyAsh SF and
FlyAsh CPF etc. to compare the results.

Fig. 2 Steel Mould with CPF Liner Pasted Inside

Before concrete mix, the concrete mix proportion is corrected as per water absorption and
moisture content of the aggregates. The water absoption for 20mm, 10mm and crushed
sand was 1.4%, 1.6% and 2.65% respectively. And moisture content for crushed sand was
1.5%. The concrete mixes were mixed in a pan of 0.037 m3 capacity. The moulds were filled
with the fresh concrete. Then these moulds with concrete were compacted using a tamping
rod. 12 cubic specimens and 2 small cylinders were cast. Half number of specimens were
cast with steel mould and half with CPF liner. After 24 hr the moulds were removed and
specimens cured in a water tank for 7 and 28 days.

3.3 Test Methods
3.3.1 Compressive Strength

The specimens cast with CPF liner were easy to demould. The cast specimens were cured
and kept in curing tank for 7 and 28 days. The cubic specimens were taken out from the
curing tank and kept outside to open air to dry for some time. IS 516 (1969) was followed
for testing the specimens. The demoulded cubic specimens were measured for size,
weighed and tested in Compression Testing Machine (CTM) to determine the compressive
strength. 3 cubic specimens for each category were tested at age of 7 and 28 days. The cubic
specimens were crushed by applying load and load was automatically recorded on digital
screen and noted down.

3.3.2 Rapid Chloride Penetration Test (RCPT)

The RCPT test was conducted as per ASTM C1202-07. This test required a specimen of 100
dia. The 50 mm samples were cut from the cylindrical specimen.
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Fig. 3 Core Sample From Specimen for RCPT

The side of the specimens were coated with sealer allowing it to dry and then specimens
were vacuum saturated. The specimens were fixed in test apparatus and edges were sealed
with sealant.

Fig. 4 RCPT Apparatus with Specimens

These two reservoirs were filled with 3% NaCl solution in - ve and 0.3n NaOH solution in
+ ve terminals as shown in figure - 3. Then terminals were connected to the unit and
current was set to 60 V. Initial reading (Io) was noted and continued to take reading in SI
unit Ampere for 6 hrs at the interval of every 30 mins (I3, Iso, I9, ........ , 1360).

4., Results and Discussion
4.1 Visual Observations

The specimens demoulded are observed visually. The Figures 5 and 6 shows surfaces of
the demoulded specimens. The specimens cast with steel formwork were found with
small pin holes and air bubbles on the surface. Air bubbles and pin holes create due to
accumulation of air and mix-water on the interface of concrete and surface of the
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formwork. Specimens cast with CPF liner were found with clear texture and free from
blow holes but with few pin holes.

Fig. 6 Surface of Demoulded Cylindrical Specimens

Samples cast with CPF liner found dark in colour and the sample cast with steel form (SF)
were lighter in colour. The dark colour of the samples can be due to CPF liner. The CPF
liner has the capacity to hold the water, that provide humid environment for concrete
curing before demoulding. So the samples cast with CPF liner were dark.

4.2 Compressive Strength Test Results

The Compressive strength test was conducted on cubic samples at the age of 7 and 28 days.
The specimens cast with CPF liner were small in size with an average of 2 mm on each side
due to thickness of CPF liner and accordingly test was conducted.

For concrete mix proportion CMD-], it is observed that average compressive strength at 7
days for cubic specimens cast with steel formwork (SF) was 47.50 Mpa and 48.97 Mpa for
specimens cast with CPF liner. And for 28 days it was 66.62 Mpa and 76.01 Mpa,
respectively. The compressive strength test results are shown in Fig 7.

The cubic samples cast with CPF liner shows increased compressive strength than the
specimens cast with steel formwork (SF), 3.09% and 14.09% at 7 and 28 days respectively.
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Fig. 7 Compressive Strength vs Age Test Results

It is found that the use of CPF liner contributed to increase the compressive strength of
concrete mix CMD I with substitute of cement with fly ash and micro silica.

4.3 Rapid Chloride Penetration Test Results

RCPT was conducted after 28 days of curing. The table 2 shows that the lower is the charge
passed, the greater is the resistance to the chloride penetration. The results are good for
the concrete mix CMD L.

Table 2. Performance of Chloride Permeability Based Totally on Charge Passed. [8]

Chloride Permeability Charges Passed (coulombs)
High > 4000
Moderate 2000 - 4000
Low 1000 - 2000
Very low 100-1000
Negligible <100

For CMD-I, specimens cast with CPF liner shows 9.98% reduction in charge passed than
specimens cast with steel formwork. That clearly shows the CPF liner is effective. That CPF
liner reduces the permeability of the chlorides by creating strong, dense and impermeable
structural surfaces. RCPT value of specimens was calculated using the formula;

R =900 X {Iy + 2 X (Isg + Iso + Iog + Ligp + werveeeen +1530) + Lsgo} (1)

where,
R = Charge passed (Coulombs)
Io= Current (Amperes) immediately after voltage is applied

Ii= Current (Amperes) at t min after voltage is applied
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lo is the initial reading taken from RCPT apparatus and I3o is reading taken at 30 minutes
and so on for Ieo, I9o,...,I360.

The RCPT test results are shown in Fig. 8 and 9.
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Fig. 8 Current Vs Time for RCPT Test

The concrete mix with micro silica and fly ash as a substitute to the cement is showing
great reduction in chloride penetration with the use of CPF liner.

00 580.59
590

580
570
560
550
540
530
520
510
500

53073

Total Charges Passed (Coulombs)

Concrete Age 28 days

m Cube with 5F  m Cube with CPF

Fig. 9 RCPT Test Results - Coulombs Passed.

This shows that the CPF liner is helpful to reduce the chloride penetration.

5. Conclusions

The conventionally cast structures may result into opening of the pores and structure
surface gets exposed to aggressive environments. This may lead to corrosion. This problem
is addressed with applying surface treatments and coatings. This paper has demonstrated
a different method. The experiment was carried out with replacement of cement with Fly
Ash and micro silica and with lower W/C ratio in the concrete mix proportion. The steel
moulds were used to cast the specimens. Half specimens were cast with steel mould
formwork and half with Controlled Permeability Formwork liner pasted inside the steel
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mould. Concrete mix was prepared and samples were cast for testing and samples were
kept in water for curing. After curing period the specimens were demoulded. The
specimens cast with Controlled Permeability Formwork liner were easy to demould than
the samples cast with steel formwork.

The Controlled Permeability Formwork liner helped to modify the properties of freshly
placed concrete. The surface of the specimens cast with Controlled Permeability Formwork
liner appeared better with less defects and blowholes. The dark colour of the surfaces
shows the reduction in water/binder ratio in the cover zone. The use of mineral admixture
makes the concrete mix cohesive and dense. The cubic specimens cast with CPF liner
showed increased compressive strength than the specimens cast with conventional steel
formwork.

The specimens cast with Controlled Permeability Formwork liner showed reduction in
charges passed in Rapid Chloride Penetration test (RCPT). This shows reduction in
chloride penetration through the surface. This shows Controlled Permeability Formwork
increased the strength of concrete in cover zone. The Controlled Permeability Formwork
liner has improved the durability, strength and overall appearance of the finished concrete
surfaces.

This experiment shows that the performance of the concrete structures surfaces can be
improved using Controlled Permeability Formwork liner as it is helpful to increase
strength and impermeability.
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The finite element (FE) modeling of interface in Soil-Structure Interaction (SSI)
problem is most important aspect from early days of modeling i.e. during 1960.
The overall performance of the structure is completely influenced due to
behavior of interface. Such as realistic interface modeling of SSI system subjected
to lateral loads leads to appropriate evaluation of lateral sway and base shear
stress. During recent times, many modifications have been done in interface
modeling such as incorporation of slip and bonding effects. Also the interface
joining variable degrees of freedom system (interface for solid to skeletal
contact) has come into existence. Still the de-bonding behavior, interface non-
linearity as well as modification in solid to skeletal contact has been unexplored

in literatures. Hence there is necessity to develop a FE-SSI model and to study
the influence of interface in SSI system considering unexplored features. In this
paper, an attempt has been made to show the influence due to interface
(including de-bonding and non-linearity) in FE modeling of SSI system using
modified 5 noded zero thickness interface element. The performance of modified
interface element is a novel contribution in present paper. The present study is
limited to static loading conditions only. The effect of interface has been studied
by determining bending moment, lateral sway, base shear stress and footing
settlement in structure. The inclusion of modified interface has improved the
performance of structure by reducing the base shear stress and allowing the
sway. Also, the true redistribution of bending moment has been observed after
considering the modified interface.

Interface Modeling;
Interface Non-Linearity;
De-bonding;

Finite Element Analysis;
Solid to Skeletal
Contact
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1. Introduction

The modeling of soil-structure interface model considering slip, bonding and de-bonding
at soil-structure junction including interface non-linearity is an active topic of research.
During 1960’s, the researchers started working on interfaces with finite element method.
The performance of the structure is highly influenced by interface between soil and
structure [1-2]. Hence modeling the interface considering realistic physical condition is an
important task [3]. In early days of research, the interface between solid-solid contacts has
been studied considering slip and bonding. Later stages the need of soil non-linearity has
been investigated for interface performance. The solid-solid contacts don’t suitable for
representation of all physical cases. Hence the need of solid-skeletal interface has been
arisen. As a results zero thickness solid-skeletal interface came into existences during
1990’s. Later years, the thin layer interfaces have been invented as an alternative modeling
consideration to zero thickness interface. The modification in solid-skeletal interface has
been reported by few authors stating the suitability as per physical condition [4-5]. Thus
by modeling the interface as per physical conditions, the realistic SSI modeling can be
executed [5-7]. The appropriate modeling of interface is applicable to many SSI problems
for evaluation of true settlement, lateral displacement, etc. [8-11].
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The inclusion of interface in SSI modeling alters the performance of structure. The
interfaces allow the structure to slip, bond and de-bond with soil mass [12-15]. Frequently
the researchers have been focused on slip and bonding analysis in interface [16-18]. De-
bonding has been unexplored due to occurrence of numerical ill-conditioning [19-20].
Interfaces were also used as a geometric attachment to various dissimilar materials where
relative motion is not of great importance [21-22].

As per Aivazzadeh and Verchery [23], the discontinuous deformations and stresses at the
junction of two dissimilar materials are taken care by the interfaces. The presence of
interface permits the slip, bonding and de-bonding between soil-structure contacts and
redistributes the member forces in structure [15, 19, 24]. The consideration of bonding
and de-bonding in addition to slip at interface has improved the performance of SSI
analysis in this paper.

According to the literature available on interface modeling for two dissimilar materials,
there are two types of zero thickness interfaces. The first type consists of solid-to-solid
contact whereas the second type consists of solid to skeletal contact. As of now, various
interface elements have been presented by researchers. The solid-to-solid contact element
includes modified Goodman'’s element by Viladkar et al. [25], axisymmetric element by
Rafael et al. [12] and Sharma et al. [26]. Whereas solid to skeletal contact element includes
3 noded isoparametric zero thickness interface element proposed by Viladkar et al. [19],
Noorzaei et al. [27] and 5 noded thin layer isoparametric interface element by Dalili et al.
[24]. These solid to skeletal elements are of special importance as they used to combine
variable degree of freedom (DoF) system at interface. Few researchers commented on
computational difficulties observed in zero thickness interface elements, such as meshing
and ill-conditioning due to aspectratio [26, 28-30]. Mayer and Gaul [31] suggested the zero
thickness elements have been most compatible for Solid-to-Solid contact due to
independency of contact stiffness on interface thickness. One more special interface for
solid to beam element is suggested by Jang-Keun Lim et al. [21]. This element is used as a
geometric arrangement for joining variable DoF system. The execution of zero thickness
interfaces in many SSI problems has proved its feasibility. In this paper, the thin layer
interface element proposed by Dalili et al. [24] has been modified to zero thickness
interface with non-linearity for studying the influence of interface in SSI system.

In present scenario, the interfaces are used in almost all SSI problems. But the modeling of
interface considering realistic physical condition is unexplored and needs to be address
precisely. As a result, the de-bonding at soil-structure junction in addition to slip and
bonding as well as interface non-linearity has been considered in this paper to get
acquainted with field conditions. Also, the SSI analysis has been carried with modified
interface element. Hence the obtained results are more appropriate because of the realistic
modeling than that of earlier research. Presently the scope of study has been restricted to
static loading only. The methodology presented in this study will definitely put foundation
of future research such as dynamic SSI analysis with realistic interface modeling.

The primary objective of this study is to investigate the influence due to interface in FE
modeling of SSI system. The study is essential to understand the bonding and de-bonding
in addition to slip at interface. The investigation has been completed with modified 5
noded zero thickness interface element with non-linearity, which is a novel contribution.

2. Problem Definition

From the reviewed literatures, it has been observed that, the modeling of soil-structure
interface needs to be explored in more details such as; realistic physical condition must be
taken into considerations. As a result, the appropriate performance of structure and soil
can be evaluated. Hence the realistic modeling of interface has been carried out by
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modified 5 noded zero thickness interface elements, considering de-bonding in addition to
slip and bonding as well including non-linearity. Therefore, considering all such
modifications, the appropriate influence due to interface on SSI system has been studied.

In order to study the influence due to interface on SSI system, a frame structure with
combined footing resting on soil subjected to vertical and lateral loads has been
considered. In this problem, the interface is used to study slip, bonding and de-bonding at
soil-structure junction. The FE model of SSI system with interface has been developed on
MATLAB platform. The superstructure and footing have been modeled as 2 noded beam
bending elements having 3 DoF per node and soil is modeled as 8 noded plane strain
isoparametric elements with 2 DoF per node. The interface is modeled as 5 noded zero
thickness isoparametric element. The soil and interface non-linearity have also been
included in FE model. The elements used in FE model are shown in Fig. 1.

2 noded 1D beam element (Footing)

e -
a b £ 3 DoF/node
5 4
5 noded zero thickness interface
""" »C clement (t=1
(] ) 3 Top: 3 DoF/node; Bottom: 2DoF/node

£ 8 noded 1soparametric 2D element (Soil)
2DoF/mode

Fig. 1 Elements used in the FE Model of frame footing Soil Interaction System (t
- thickness of interface)

3. Mathematical Formulation
3.1. Frame, Footing and Soil Element

For modeling the frame and combine footing, 2 noded isoparametric beam bending
element has been used. The detailed formulation with the stiffness matrix is referred from
Chandrupatla and Belegundu [32]. The geometry of the element is shown in Fig. 2.

1 2
° >

1 L ]
E=-1£=0 &=1 &
Fig. 2 Two noded isoparametric beam bending element

The idealization of the soil has been done by using quadrilateral 8 noded isoparametric
plane strain element (Fig. 3). The selection of element is helpful in getting high-stress
concentration near footing [19, 33]. Also, it is reported that the element is compatible with
various soil constitutive models. The detailed mathematical formulation for this element
is referred from Chandrupatla and Belegundu [32].
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Fig. 3 8 noded isoparametric plane strain element

3.2. Interface Element

The soil-structure interface is an important component for modeling of SSI system.
Interface connects soil and structure as well as allows structure to slip, bond and de-bond
at soil-structure junction. In present study, the interface has been used to connect soil and
beam element with consideration of slip, bond and de-bond as well as inclusion of non-
linearity.

The thin layer interface element proposed by Dalili et al. [24] has been modified for zero
thickness as given below. The element is compatible with 2 noded isoparametric beam
bending element and 8 noded isoparametric plane strain soil element. The geometrical
details of the element are shown in Fig. 4.

Va Vb
Baé‘Ua 9"&7‘“ 2 noded 1D beam element (Footing and frame)
a 6 DoF/element
b
V5 V4
s ol
5 e 4 5 noded zero thickness interface element (t = 1)
1 3 12 DoF/element

1 It
TE.UJ i P_.Uf 8 noded isoparametric 2D element (Soil)
i g 16 DoF/element

Y, T, O,

Fig. 4 Geometrical details of 5 noded zero thickness interface element with adjacent
element

As per the geometrical details, the interface element is having 12 DoF. The upper part is
having 3 DoF per node wherein the lower part is having 2 DoF per node. The element
thickness is considered to be unit, though it is called zero thickness interface [19].

The formulation of 5 noded zero thickness interface element has been initialized with
combining two one dimensional 3 noded isoparametric element separated by unit
thickness as shown in Fig. 5. But the top layer of the interface element is attached to 2
noded beam elements hence incompatibility has been raised due to middle top node as
shown in Fig.5. As a result, the middle node has been eliminated in Fig. 4. The
corresponding displacement of the node is reported as an average displacement of
adjacent upper nodes as given in equation 1. Thus, using equation 1, the transformation
matrix has been developed (equation 2).

130



Dhadse et al. / Research on Engineering Structures & Materials 8(1) (2022) 127-154

Y /%w
A
1 =* 3
. . °
It=1 ---------------- >
e e e
1 2 3

Fig. 5 Formation of 5 noded zero thickness element with two-three noded 1D element
According to Fig. 4, the displacement compatibilities are shown in Table 1.

Table 1. Displacements Compatibility with Soil and Beam element [24]

Nodel Ul=Uc V1=Vc
Node2 U2=Ud V2=Vd
Node3 U3=Ue V3=Ve
Node4 U4=Ub V4=Vb 64=6Db
Node5 U5=Ua V5=Va 65=6a

U *:U3+Ub
2
V*:Va+Vb (1)
2
P2 *=93+0b
2
where,

U = horizontal displacement, V = vertical displacement and 6 = rotation

Therefore, considering A as a vector of interface element displacement and & as a vector of
adjacent element displacement, the relation between A and § has been formed using
transformation matrix [T] (equation 2 and 3).

U1 100000 0 0 0 0 0 0
V1 010000 0 0 0 0 0 0

U2 001000 0 0 0 0 0 0 Ye

vz 000100 0 0 0 0 0 0 ZC

U3 000010 0 0 0 0 0 0 d

V3 000001 0 0 0 0 0 0 Va (2)
U4 000000 1 0 0 0 0 0 Ve

V4 =lo 0o o000 0o 1 0o 0o o0 o0 Ve

04 000000 0 0 1 0 0 0 l[jb

U* 0 0000005 0 0 05 0 0 gb

V* 0 00000 0 05 0 0 05 0 Ub

9% 000000 0 0 05 0 0 05 V"

Us 000000 0 0 0 1 0 0 9"

%) 000000 0 0 0 0 1 a)12x1

65) 1507 10 0 0 000 0 0 0 0 0 11575

Ay5vg =T 15x12 -6 1544 (3)
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As the interface element is of isoparametric type, the displacements and rotations at any
point in an element are expressed in terms of shape functions (equation 4).
n
AU = > N U,
X i
=7
n
av = > NV,
=7 4)
n
40 = > N6,
=7

Therefore from Fig. 5, the shape functions at node 1, 2 and 3 is written as, (equation 5)

7
Ny=—S81-9,
N,=(1-§%), )

Ny=2Z81+9),

The element is having a unit thickness; thus, the strain displacement relation has been
written in terms of relative displacement of upper and lower nodes as shown in equation
6 [19, 24]. Also, it has been reported that the coordinates of upper beam nodes and lower
soil top nodes along with interface element nodes are same; hence the element is called a
zero-thickness interface element.

fs1| 40 7 Ytop =Y pottom
€=y en (=AY 1 =71 Veop ~Viottom
£o9 46 g
t=1
€51
en =18V} [8TrY6) =[5, Jo) ©
£s2

£.7,€pand £, are tangential, normal and rotational strain respectively corresponding

to AU, AV , and 48 . Therefore, strain displacement matrix [Bj] as per Viladkar et al.
[19] is given in equation 7.

N, 0 -N, 0 -N, 0 N, 0 0 N, 0 0 N, 0 0
Bl-| 0 -, 0 -N, 0 -N, 0 N, 0 0 N, 0 0 N, 0]]] )
0o 0 0 0 0 0 0 0N 0 0N, 0 0 N,

1

The stresses at any point in interface element are related to corresponding strain by
constitutive relation in equation 8 in local coordinates. It has been also noted that the
parameters in stress-strain relation are in non-linear form, the details are elaborated in a
further section.
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Tg Kss] 0 0 £¢1
opnt=| 0 K nn 0 £n
M 0 0 KSSZ €s2

lo}=[ple} (8)

Here 7,0, and M are known as tangential stress, normal stress and moment

and £_,.Also K
normal and rotational stiffness respectively.

corresponding to £, , & K ,, and K, are tangential,

n ’ ss17

The relation matrix [D] is written in a global form as,

K., 0 0
[D glubal]: [Dg]: [R ]T 0 K nn 0 [R ]
0 0 K,
where,
1de 1dy
Jdé ] d¢ )
[R]: _1dy 1dx 0
Jdé ] d¢
0 0 1
and
1
2

. dx ? dy ?
J = Jacobian = de] J{d{]

Therefore, the element stiffness matrix in global form for the interface is written as,
[x1=1/8]] [D, ]1B],dv

k)= % /B]] D, ][B],|]W,,
gp=1 (10)

gp = gauss pt.

w,, =weights

The above formulation for structure, soil and interface has been used to develop a FE

model using MATLAB for the analysis of frame-footing and soil interaction system.

4. Soil and Interface Non-Linearity

Soil is a non-linear material; as a result, many constitutive relations have been established
to model its appropriate behavior. In present study, sand is used, hence amongst the well-
established constitutive models, Duncan-Chang hyperbolic model has been used to
represent the non-linear nature of soil [34-35]. This model is mainly based on the stress-
strain curves of drained triaxial compression tests of sands and clays. Its failure criterion
is based on the Mohr-Coulomb model. Also, the model has been worked on associated flow
rule and non-linearity of stiffness parameters has also been included [36]. The model has
some limitations such as neglecting volume change and unloading stiffness hence it is
called a non-linear elastic model. Due to the versatile nature of the model, it is amongst the
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commonly used model for SSI analysis [19]. This model calculates the tangent modulus
(Er) at any stress level using equation 11. The parameters ‘K’ and ‘n’ in equation 11 have
been used to predict the in-situ condition from stress-strain relation. The parameters
predominately depend on the stress-strain response of material as a result there is no
specific range for ‘K’ and ‘n’.

§ 2 n
E, - Z_Rf(l—smga)(al —03) kP, os (11)
Z(Ccosrp + Jgsingo) P

a

where, ‘K’ is Modulus number, ‘P’ is atmospheric pressure, ‘o1’ and ‘o3’ are major and
minor principal stresses, '¢@' is the angle of friction, ‘Rf is failure ratio, 'n' is an exponent.
The incremental loading is used to calculate ‘Er’ at any stress level. As ‘Er’ is a stress-
dependent parameter, its value is updated based on earlier stress level.

The variation of stress-strain at the interface has been considered as hyperbolic. In the
present study, the hyperbolic relation given in equation 12 has been used for calculation
of tangential stiffness and assumed an arbitrary high value for normal stiffness [19]. The
reason of choosing high value of normal stiffness is that, the interface node should not
intersect at soil-footing junction. These arbitrary normal stiffness values are chosen from
the permissible range (i.e. 105-10'° kN/m3) through trial and error basis [19]. In this
research the normal stiffness of 108 kN/m?3 has been chosen by taking reference from
Viladkar et al. [25]. The hyperbolic behavior of interface (tangential stiffness) is given as,

K, :(1_/12)2[(1

g
K. =k, -2 12
i /}/w|:P ( )

a

R/t
(C' Lt antanqo)
where, ‘K is initial stiffness, ‘yw’ is the unit weight of water, ‘Cs’" is adhesion at the interface,
‘T’ is shear stress, ‘@’ angle of friction, ‘P.’ is atmospheric pressure, ‘Rf is failure ratio, ‘on’
is normal stress, 'n' is the exponent and ‘kj’ is modulus number. The value of tangential
stiffness is obtained in incremental loading at every load step. Also, Kss1 is evaluated as a
function of 'ox” and ‘t' at any stress level of non-linear analysis.

A, =

Few literatures have suggested the values for ‘Ks’ and ‘Kx’ at soil-structure interface. Thus,
for full bond case it is in between 105-101° kN/m3, whereas for no bond case ‘Ks’ is zero
and ‘Kn’ is in between 105-101° KN/m3 [25].

5. Methodology

In order to model the realistic SSI system with modified interface, it is necessary to write
a FE program consisting of soil and interface non-linearity. Hence it is decided to develop
the FE model in MATLAB. The developed model has been validated with literature and then
it has been used for studying the influence due to interface on SSI system. Hence such
methodology is useful in tackling present problem.

The FE model of SSI system was developed using MATLAB. This model is formed of the soil,
footing and frame. It also considers the interface between the different modeled elements
and it is capable of handling multiple DoF systems. The developed FE model includes soil
and interface non-linearity with the incremental iterative process which is helpful in
carrying out realistic SSI analysis.

134



Dhadse et al. / Research on Engineering Structures & Materials 8(1) (2022) 127-154

The convergence in non-linear analysis has been achieved by residual forces. The tolerance
of 1 % for residual forces has been chosen. The residual forces are checked against
tolerance limit. If the solution does not converge, the residual forces are again calculated
and applied on the structure so that the corresponding displacement is calculated and sum
up to the total displacement. The process is continued till convergence is achieved. If
convergence has not achieved till 15th iteration, then solution will stop. After convergence,
the next load increment is applied and the same process is repeated.

In order to validate the FE model, the SSI example from Viladkar et al. [37] has been solved
with the developed FE model. After validating the results, further analysis has been carried
out for understanding the influence of interface in frame-footing-soil interaction system
with modified interface element.

The methodology is versatile and it can be used to analyze realistic SSI system with
interface.

6. Validation of the FE model

The developed FE model has validated with Viladkar et al. [37] model for Bending Moment
and Settlement of the Footing. Viladkar et al. [37] has used finite-infinite elements for
modeling soil as linear elastic and non-linear elastic. The frame structure with combined
footing has modeled as 3 noded isoparametric beam bending element. In the present study,
a similar model has been prepared in MATLAB with soil as finite element (8 noded
isoparametric plain strain element) and other components are same as that of Viladkar et
al [37]. The finite extent of soil mass has been modeled in such a way that, the deformations
in x and y directions up to 0.5 m from the boundary is approximately null. Also, the finite
extent of soil mass has been decided on the basis of pressure bulb. Thus, the boundaries
were put beyond the pressure bulb limit as a result the boundaries are not reflecting wave
towards the model. Hence it has been concluded that, 30.5 m x 30.5 m extent of soil mass
is behaving like infinite soil for the frame considered by Viladkar et al. [37] (Fig. 6 (a)). The
mesh sensitivity study has been carried out on extent of soil mass and mesh size of 1017 x
1017 mm (Total no. of soil elements = 900) has been fixed for developed model. The mesh
convergence study has been carried out on the basis of settlement for each mesh
configuration. The boundary condition for the developed model is shown in Fig. 6 (b) i.e.
hinged at bottom boundary and roller at vertical boundaries. In other words, it is said that
the displacements at bottom boundary is restricted in horizontal and vertical direction
(constraining both DoF). Whereas at vertical boundaries, the vertical displacement is
allowed and horizontal displacement is restricted.

The footing settlement and bending moment in frame as well as combined footing for
finite extent of soil mass (30.5 m x 30.5 m) are in good agreement with Viladkar et al. [37]
results.
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Fig. 6 (a) SSI Model by Viladkar et al. [37], (b) SSI FE Model used in Present Study
6.1. Detailed sensitivity analyses of soil boundary limits and mesh size

The detail sensitivity analysis for deciding the soil boundary limits and mesh sizes has been
carried out as shown in Table 2. The soil boundary limits were decided from Boussinesq
Method. To decide the soil boundary limits, 04 extent of soil mass were considered. For
every soil mass the pressure on boundaries (i.e., bottom and vertical boundary) has been
calculated from Boussinesq Method. The soil extent has been chosen in such a way that;
the least soil pressure should act on the boundaries as well as the boundaries should not
reflect wave back to the structure so that the true settlement will be observed.
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Table 2. Sensitivity analyses of soil boundary limits and mesh size

Pressure at

boundaries
Sr. Ex.tent of calculated from Mesh Size No. of A/B .A/ B
Soil Mass . Present Viladkar
No. Boussinesq (m) Elements Stud tal 37
(m) Method (kPa) udy etal. [37]
Bottom  Vertical
3.05x3.05 25 0.0268
1.525x
100 0.0275
15.25x 1.525
1. 15.25 0.0307  0.0054 1.017 x 0.0300
5B x 5B 1.017 225 0.0278
0.508 x
0.508 900 0.0278
3.05x 3.05 49 0.0275
1.525x
21.35x 1.525 196 0.0281
2. 21.35 0.0156 0.0027 1.017 x 0.0300
7Bx 7B 1.017 441 0.0285
0.508 x
0.508 1764 0.0285
3.05x 3.05 81 0.0278
1.525x
27.45 x 1.525 324 0.0285
3. 27.45 0.0094  0.0016 1.017 x 0.0300
9B x 9B 1.017 729 0.0291
0.508 x
0.508 2916 0.0291
3.05x 3.05 100 0.0291
1.525x 400 0.0304
30.5x30.5 1.525
4, 10B x 10B 0.0076  0.0013 1.017 x 900 0.0310 0.0300
1.017
0.508 x
0.508 3600 0.0310

B is the width of footing and A is the footing settlement

From Table 2, it is observed that, for 15.25 x 15.25 m extent of soil mass, the pressure on
the boundaries is about 1% that of the pressure applied on the structure. Due to such
pressure on boundaries the confinement in soil mass increases and as a result the
settlement is reduced for all mesh configurations with respect to Viladkar et al. [37]
settlement (Linear elastic analysis). Thus, it is decided to increase the extent of soil, such
that boundaries should not reflect the wave back to the structure. In other words, the
boundaries are placed beyond the pressure bulb boundaries.

Thus, 7Bx 7B, 9B x 9B and 10B x 10B soil masses were checked against boundary pressure
and settlement criteria. The 9B x 9B soil extent shows good results for 1.017 x 1.017 m
mesh but the boundary reflection is influencing the settlement. Hence the extent is further
increased to 10B x 10B. The boundary pressure is showing approximately null value
(around 0.1% of applied pressure) and settlement for 1.017 x 1.017 m mesh is also
appropriately matching with Viladkar et al. [37]. Hence 10B x 10B extent of soil mass and
1.017 x 1.017 m mesh size has been considered in developed FE-SSI model.
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6.2. Geometric, Material Properties and Loadings

Geometric and material properties are shown in Table 3,4 and 5 as given by Viladkar et al.
[37] for validation purpose.

Static - Uniformly Distributed Load = 0.24 N/mm for top and foundation beam (vertically
downward)

Table 3. Geometrical Properties for Frame, Footing and soil

Sr. No. Structure Component Size
No. of Storey 01
No. of Bays 02
Storey height (mm) 3050
1. Frame
Bay Width (mm) 3050
Beam (mm) 270x 270
Column(mm) 270x 270
2. Foundation Combined Footing Beam(mm) 270x 270
3. Soil The extent of Soil Mass (m) 30.5x30.5

Table 4. Linear Elastic Material Properties for Structure and Soil

Sr. No. Component Elastic Modulus (N/mm?2) Poisson’s Ratio
1 Structural 21000 0.2
2 Soil Mass 3 0.3

Table 5. Non-Linear Material Properties for sand

Sr. No. Description Value
1 Relative Density 50%
2 Initial Tangent Mod. of sand ‘EY’ 30 kg/cm?
3 Modulus Number ‘K’ 305
4 Exponent n’ 0.90
5 Failure Ratio ‘Rf’ 0.80
6 Cohesion ‘C’ 0
7 The angle of Internal Friction 390
8 Poisson’s Ratio of sand 0.3

6.3. Results and Discussion

A plane strain linear and non-linear analysis has been carried out. The results in terms of
footing settlement and bending moment in all members are represented in order to
validate the present FE model. The results for Bending Moments in frame members and
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combined footings are shown in Table 6, 7 & 8 and graphically represented in Fig. 7, 8 and
9. (For member numbers kindly refer Fig. 6 (a)).

Table 6. Bending Moments (N-mm) in Frame Members (Linear Elastic Analysis)

Viladkar etal. x PresentStudy x

% Difference

i *
Member End 102 102 with respect to NIA
present study
B1 1 (Inner) 678.4 707.9 417 2213.60
2 (outer) -2073.7 -2095.4 1.04 -919.20
B2 4 (Inner) -3190.98 -3210.5 0.61 NA
3 (outer) -983.41 -1026.5 4.20
c1 1 Top 0 0 0.00 0.00
4 Bottom 0 0 0.00 0.00
c2 2 Top 2073.7 2095.4 1.04 919.20
3 Bottom 983.4 1026.5 4.20 452.10
. 3000
g
E 1500 -
g
= 0
Q
§ 1500 - ® Viladkar etal. x 100
S -
oo B Present Study x 100
g
£ -3000 - NIA
[=]
Q
M -4500 T T T T T
End 1 4 3 1 4 2 3
Member B1 B2 C1 C2

Fig. 7 Graphical representation of Bending Moments from Table 6

Table 7. Bending Moments (N-mm) in Frame Members (Non-Linear Elastic Analysis)

% Difference

Member  End Viladkar etal. - Present Study with respect to NIA*
x 102 x 102
present study
B1 1 (Inner) 488.44 476.29 -2.55 2213.60
2 (outer) -2224.12 -2214.46 -0.44 -919.20
B2 4 (Inner) -3310.00 -3336.42 0.79 NA
3 (outer) -1133.84 -1190.28 4.74
c1 1 Top 0.00 0.00 0.00 0.00
4 Bottom 0.00 0.00 0.00 0.00
c2 2 Top 2224.29 2214.46 -0.44 919.20
3 Bottom 1134.07 1190.28 4.72 452.10
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B Present Study x 100
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End | 1

Member | B1

Fig. 8 Graphical representation of Bending Moments from Table 7

Table 8. Comparison of Bending Moments (N-mm) for LIA and NLIA in Present Study

% Difference with

ok 2 sokok 2
Member End LIA¥*x 10 NLIA**x 10 respect to NLIA
B1 1 (Inner) 707.9 476.29 -48.62
2 (outer) -2095.4 -2214.46 5.37
B2 4 (Inner) -3210.5 -3336.42 3.77
3 (outer) -1026.5 -1190.28 13.75
c1 1 Top 0 0.00 0.00
4 Bottom 0 0.00 0.00
c2 2 Top 2095.4 2214.46 537
3 Bottom 1026.5 1190.28 13.75
. 3000
£
g 1500 -
g
= 0
g 1500 ELIAx 100
S ®NLIAx 100
2 -3000 -
;g
3 -4500 T
End 1 2 4 3 1 4 2 3
Member B1 B2 C1 Cc2

Fig. 9 Graphical representation of Bending Moments from Table 8

* NIA - Non-Interaction

Analysis

**LIA - Linear Interaction Analysis
**¥* NLIA - Non-Linear Interaction Analysis

The variation of footing settlement in non-dimensional form along the width of footing
from the center to end is plotted in Fig. 10. Where, 'x' denotes the distance from center to
the edge of footing, B is the width of footing and A is footing settlement.
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Fig. 10 Variation of Footing Settlement along Footing Width from the centre to end

The result in terms of bending moment and settlement from the present study shows good
agreement with the available results of Viladkar et al. [37] model. Hence the developed FE-
SSI model has been validated and further cases are considered to study the influence due
to interface in FE modeling of SSI system.

7. Considered Cases

The developed FE model for SSI system has been validated in the section 6. In order to
achieve the objectives of the present study, the following cases have been considered
(Table 9).

The FE models used in all three cases are having the same geometrical properties as given
in Table 3. The model with boundary conditions is shown in Fig. 6 (b). The structural part
in all the cases have been modeled as linear elastic so the linear elastic material properties
are used as shown in Table 4. Whereas, the soil (sand) [38] and interface has been modeled
as linear as well as non-linear elastic. The non-linear material properties for sand and
interface reported by Viladkar et al. [25] has been used for all the cases as given in Table
10 and 11 respectively.

141



Dhadse et al. / Research on Engineering Structures & Materials 8(1) (2022) 127-154

Table 9. FE models considered for frame footing soil interaction system

Case Elements used Constitutive . Interface
No Component (Ref: Section 3) Model Loading Response
' ' (Ref: Section 4)
2 noded 1D
Structure isoparametric Linear Elastic Vertical
beam element Direct
I 8 noded Contact
Soil isoparametric Linear and Non- (bonding)
plane strain Linear
element
2 noded 1D Vertical
Structure isoparametric Linear Elastic and .
Direct
beam element Lateral .
Contact (slip,
11 8 noded .
. . . bonding and
. isoparametric Linear and Non- .
Soil - . de-bonding)
plane strain Linear
element
2noded 1D Vertical
Structure isoparametric Linear Elastic and
beam element Lateral
8 noded Modified
. isoparametric Linear and Non- interface
Soil . . .
I1I plane strain Linear (slip,
element bonding and
5 noded de-bonding)
isoparametric Linear and Non-
Interface . .
zero thickness Linear
element
Table 10. Non-Linear Material Properties for Sand
Sr. No. Description Value
1 Soil Type SP
2 Unit weight 16.3 kN/m3
3 Relative Density 84%
4 Modulus Number ‘K’ 700
5 Exponent ‘n’ 0.50
6 Failure Ratio ‘Rf’ 0.90
7 Cohesion ‘C’ 0
8 The angle of Internal Friction ‘¢’ 410
9 Poisson’s Ratio of sand 0.3
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Table 11. Non-Linear Material Properties for Interface

Sr. No. Description Value
1 Modulus Number ‘kj’ 8625
2 Exponent ‘n’ 0.662
Failure Ratio ‘Rf 0.82
4 Adhesion ‘Ca 0
5 The angle of Internal Friction '¢’ 29.30
6 Unit weight of water yw 0.00001 N/mm3
7 Atmospheric pressure ‘P2’ 0.10132 N/mm?
8 Normal Stiffness (Knn) 108 KN/m3

The static loading and member identification for all the cases are shown in Fig. 11 (a), (b)

and (c) whereas the boundary conditions are shown in Fig. 6 (b).
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Fig. 11 Representation of FE Models with Loading and member identification
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7.1. Result and Discussion

The plane strain FE analysis has been carried out for all 3 cases. For non-linear analysis,
the total load has been applied into 7 load increment such as 30%, 15%, 15%, 10%, 10%,
10% and10% of the total load on the basis of sensitivity analysis. The analysis result (linear
and non-linear soil) in terms of bending moment, footing settlement, lateral sway and base
shear stress has been presented to study the influence of interface in SSI analysis. The
study includes modified interface element with consideration of slip, bonding and de-
bonding at soil-structure junction.

7.1.1 Bending moment
a. forCasel

For Case |, the structure is loaded as UDL only (vertically downward). Also, there is direct
contact between soil and structure i.e,, soil and structure is tied at intersecting nodes. The
variation of bending moments clearly shows the necessity of interaction analysis (Table 12
and Fig. 12). Whereas the performance of structure improves further after considering
non-linear analysis (Table 12 and Fig. 12).

Table 12. Bending moment comparison for NIA, LIA and NLIA for Case I

Member End NIA LIA % difference NLIA % difference
(kNm) (kNm) (NIA and LIA) (kNm) (LIA and NLIA)
B1 1 9.19 17.17 -86.83 19.36 -12.75
2 -22.13 -9.64 56.44 -6.89 28.53
B2 2 22.13 9.64 56.44 6.89 28.53
3 -9.19 -17.17 -86.83 -19.36 -12.75
B3 4 NA 6.79 NA 9.50 -39.91
5 NA 26.79 NA 26.72 0.26
B4 5 NA -26.79 NA -26.72 0.26
6 NA -6.79 NA -9.50 -39.91
c1 1 -9.19 -17.17 -86.83 -19.36 -12.75
4 -4.52 -6.79 -50.22 -9.50 -39.91
2 2 0 0 0.00 0.00 0.00
5 0 0 0.00 0.00 0.00
c3 3 9.19 17.17 -86.83 19.36 -12.75
6 4.52 6.79 -50.22 9.50 -39.91
30
‘E 20 -
z
= 10 -
g
E 0
=
%o 10 - HNIA
ks
2 20 | mLIA
m NLIA
-30
end | |1]2]2]34|s|5|6|1]4]2]5]3]6
Member B1 B2 B3 B4 C1 C2 C3

Fig. 12 Graphical representation of Bending Moments from Table 12
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The bending moment (BM) comparison (Table 12 and Fig. 12) for Case I shows that there
is redistribution of moments when compare LIA and NLIA with NIA. Also, it is observed
that the center column is relieved from BM whereas edge columns are getting more
moments. It is due to settlement of the footing. The results also find the importance of soil
non-linearity on BM results, as the variation of -39% to 28% is observed. Such variation is
due to the increased settlement in NLIA and continuous change of relative stiffness
between soil and footing due to load increments. It is also observed that footing have the
least pressure at center and maximum pressure at edges.

b. for Casell

In Case II, the static lateral load in addition to vertical load is acted on the structure. Also,
the soil and structure are tied at intersection nodes (i.e.,, without interface as direct
contact). The results of BM show the variation due to relative motion between structure
and soil (Table 13 and Fig. 13). Again, the results show improvement in NLIA but reliability
is getting affected due to tied contact at soil-structure junction.

Table 13. Bending moment comparison for NIA, LIA and NLIA for Case II

Member End NIA LIA % difference NLIA % difference
(kNm) (kNm) (NIA and LIA) (kNm) (LIA and NLIA)
B1 1 0.151 7.33 - 9.56 -30.42
2 -28.88 -18.13 37.22 -15.23 16.00
B2 2 15.442 0.98 93.65 -1.76 -
3 -18.131 -27.1 -49.47 -29.36 -8.34
B3 4 NA -1.3 NA 1.23 -
5 NA 17.52 NA 17.60 -0.46
B4 5 NA -36.35 NA -36.04 0.85
6 NA -14.94 NA -17.98 -20.35
c1 1 -0.151 -7.33 - -9.56 -30.42
4 8.359 1.3 84.45 -1.22 -
c2 2 13.438 17.15 -27.62 16.99 0.93
5 14978 18.83 -25.72 18.44 2.07
c3 3 18.131 27.1 -49.47 29.36 -8.34
6 17.245 14.95 13.31 17.98 -20.27
40
~ 30 T
g
é 20 -
2 10 -
g
s
o 10 - mNIA
;g 20 - mLIA
<]
B 30 NLIA
-40
end | [1]2]2]3a]s|s]6|1]al2][s]3]6
Member B1 B2 B3 B4 C1 Cc2 C3

Fig. 13 Graphical representation of Bending Moments from Table 13
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From Table 13 and Fig. 13, itis observed that the effect of lateral load in addition to vertical
loads is dominant on column C2 and C3. As a result, a very high redistribution of BM in LIA
is observed up to 93% and for some members, the reversible sign is also observed. As far
as B1 and B2 are concerned (LIA), the edge 1 (where lateral load acts) is experiencing a
very high increase in BM (indicated by '-'). In fact, due to the settlement of C1 as compare
to fixed C1 in NIA, edge 1 is attracting very high moment with respect to NIA. Moreover,
edge 2 is relieved from BM as corresponding edge 1 and 3 is getting higher values. In the
case of LIA column members, the variation of -49 to 85% is observed. For NLIA, it is
observed that the footing settlement and sway increases, as a result, the BM is increased
up to 30%. In addition to this, foundation beam in NLIA shows reversible in the sign of BM
at edge 4, whereas at edge 6, 21% BM is increased. It is happened due to lateral load, edge
4 is uplifted whereas edge 6 is sinking more (Fig. 16(a)).

c. forCaselll

Case IIl is inclusive of interface. The interface is capable of slip, bonding and de-bonding at
soil-structure contact. Also, the non-linear nature of interface has been considered to get
acquainted with field conditions. As a result, Case III is more realistic as compare to earlier
cases. The relative motion between structure and soil is taken care by interface hence; the
performance of structure is improved and reliable as well. As a result, the true BM is
observed from Table 14 and Fig. 14.

Table 14. Bending moment comparison for NIA, LIA and NLIA for Case III

Member End NIA LIA % difference NLIA % difference
(kNm) (kNm) (NIA and LIA) (kNm)  (LIA and NLIA)
B1 1 0.151 11.57 - 11.65 -0.69
2 -28.88 -12.64 56.23 -12.52 0.95
B2 2 15.442 -4.08 - -4.20 -2.94
3 -18.131 -31.38 -73.07 -31.46 -0.25
B3 4 NA 3.53 NA 3.63 -2.83
5 NA 16.85 NA 16.93 -0.47
B4 5 NA -34.71 NA -34.81 -0.29
6 NA -21.14 NA -21.21 -0.33
c1 1 -0.151 -11.57 - -11.65 -0.69
4 8.359 -3.53 - -3.63 -2.83
c2 2 13.438 16.71 -24.35 16.72 -0.06
5 14978 17.86 -19.24 17.87 -0.06
c3 3 18.131 31.38 -73.07 31.47 -0.29
6 17.245 21.14 -22.59 21.22 -0.38

In Case 3, BM with the interface is given in Table 14 and graphically represented in Fig. 14.
Due to incorporation of normal and tangential stiffness at footing soil interface, the
resistance because of tied contact (without interface) between soil and footing is
completely reduced. Hence the base shear stress is reduced and sway is allowed, as a result,
true BM observed in LIA. Reversible BM sign is also observed at end 1 and 4, it is due to
fact that, lateral load (at end 1) is lifting end 4 in LIA. Itis also found that very less variation
i.e. 3% is observed when soil and interface are considered as non-linear (NLIA). Thus the
response of the structure is improved due to realistic numerical modeling of frame-footing-
soil interaction system.
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Fig. 14 Graphical representation of Bending Moments from Table 14

The comparison of BM for Case II and Case III is given in Table 15 and Fig. 15. The
comparison is helpful in understanding the influence of interface on BM values.

Table 15. Bending moment comparison (with and without interface) for Case Il and Case
111

LIA LIA NLIA NLIA
(without (with % (without (with %
Member  End interface) interface) difference interface) interface) difference
(kNm) (kNm) (kNm) (kNm)
B1 1 7.33 11.57 -57.84 9.56 11.65 -21.86
2 -18.13 -12.64 30.28 -15.23 -12.52 17.79
B2 2 0.98 -4.08 - -1.76 -4.20 -
3 -27.1 -31.38 -15.79 -29.36 -31.46 -7.15
B3 4 -1.3 3.53 - 1.23 3.63 -
5 17.52 16.85 3.82 17.60 16.93 3.81
B4 5 -36.35 -34.71 451 -36.04 -34.81 3.41
6 -14.94 -21.14 -41.50 -17.98 -21.21 -17.96
c1 1 -7.33 -11.57 -57.84 -9.56 -11.65 -21.86
4 1.3 -3.53 - -1.22 -3.63 -
c2 2 17.15 16.71 2.57 16.99 16.72 1.59
5 18.83 17.86 5.15 18.44 17.87 3.09
c3 3 27.1 31.38 -15.79 29.36 31.47 -7.19
6 14.95 21.14 -41.40 17.98 21.22 -18.02

(‘- indicates irreversible sign or very high difference)

The influence of interface on BM is found out from Table 15 and Fig. 15. The variation from
-57 to 30 % and some irreversible sign in BM value of LIA (as compared to LIA without
interface) is observed. Whereas the variation of -21 to 17% with some irreversible sign in
BM value of NLIA (as compared to NLIA without interface) is observed. Thus the inclusion
of interface has resulted increase in free sway and settlement as a realistic physical
behavior. As a result, the BM values are giving better result considering interface stiffness
values.
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Fig. 15 Graphical representation of Bending Moments from Table 15
7.1.2 Footing Settlement

The variation in bonding and de-bonding at soil-structure contact is clearly observed from
footing settlement results. Fig. 16 (a) shows the comparison of footing settlement for
various cases. It is predominately observed that the values of settlement for non-linear
analysis are 3.5 to 4 times that of linear analysis.
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(c)

Fig. 16 (a) Non-dimensional representation of footing settlement for all the cases, (b)
Close view of A, B and C, and (c) Close view of D, E and F

G L - Gravity load and linear analysis

G NL - Gravity load and Non-linear analysis

G+L L - Gravity + Lateral load and linear analysis

G+L NL - Gravity + Lateral load and Non-linear analysis

G+L L Interface - Gravity + Lateral load and linear analysis with linear Interface

G+L NL Interface - Gravity + Lateral load and Non-linear analysis with non-linear Interface
A - Footing settlement (mm)

B - Footing Width (mm)

x — Distance between end 4 and end 6 (mm)

The increase in settlement is due to lesser value of tangent modulus as compare to initial
tangent modulus. As a result, stiffness of soil is reduced and settlement is increased.

It is also observed that, due to soil uplift pressure, the middle portion between two
columns is looking like concave shape in all the cases. This is supposed to be a realistic
response in SSI analysis. The similar kind of results has also depicted by Viladkar et al. [19].

The important consideration in interface element is to allow slip, bonding and de-bonding
at soil footing interface. Thus, it is necessary to evaluate the behavior of 5 noded zero
thickness interface element for such relative motions. From Fig. 16(a), Fig. 16(b) and 16(c),
it is observed that (at end 4), there is de-bonding of 8% and 4.3% for ‘G+L L’ and ‘G+L L
Interface’ cases respectively. Whereas, the de-bonding of 6.43% and 7.16% is observed for
‘G+L NL’ and ‘G+L NL Interface’ cases respectively. In addition to this, end 6 is found more
sinking (bonding) as compare to ‘G L’ and ‘G NL’ cases. The extra sinking of 8% and 10.53%
is found for ‘G+L L’ and ‘G+L L Interface’ cases respectively. Whereas sinking of 9.43 and
9% is found for ‘G+L NL’ and ‘G+L NL Interface’ cases respectively. Thus, it is noted that
due to lateral loads the bonding and de-bonding has been observed in case II and case III.
Moreover, the presence of interface has provided the appropriate values of bonding and
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de-bonding at footing-soil junction. It is also found that the resistance to slip, bonding and
de-bonding due to tied contact (without interface) is completely reduced due to inclusion
of the interface. Hence the value of de-bonding is increased by 11.35 % than 'G+L NL' case
and bonding is increased by 31.62% than 'G+L L' case.

It is also found that, the presence of interface is necessary for laterally loaded structure.
Whereas for only vertical loads, the interface may be neglected as there is full bond
between structure and soil.

7.1.3 Footing Base Shear stress and Sway of the frame

The performance of interface for de-bonding and bonding has discussed through
settlement and BM results. But the slip occurs due to interface is not clearly visible. The
performance of interface for slip is very well seen through graphical representation of
footing base shear stress and sway of the frame.

To evaluate the realistic performance of the structure subjected to lateral loads, the
realistic modeling consideration has been adopted with the interface element. The
response in terms of footing base shear stress and sway of the frame has been compared
for with and without interface cases as shown in Fig. 17 and 18 respectively.

[oe]
o

mG+LL ®G+L NL
G+L L Interface B G+L NL Interface

1ils

Fig. 17 Variation of maximum shear stress at the base of the footing
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Fig. 18 Non-dimensional representation of Sway of the frame along the height

From Fig. 17, it is observed that the footing base shear stress is decreased after
consideration of interface. It is also found that, the non-linearity of interface has further
decreased the footing base shear stress as compare to linear results. It has happened due
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to reduction of shear stiffness along the footing base which results in more tangential
displacement. It is also shown in Fig. 17 that the consideration of interface improves the
performance of structure by reducing the footing base shear stress.

As the footing base shear stress is decreasing after consideration of interface, the slip at
footing level and sway of the structure has been increased (slip increased by 13.82% and
11.08% for LIA and NLIA respectively and sway increased by 8.80% and 7.84% for LIA and
NLIA respectively) as shown in Fig. 18. The sway in structure for non-linear analysis has
found approximately 4 times than that of the linear analysis. It has also happened due to
reduction in shear stiffness at base of the footing during incremental loading which results
in increasing slip and sway. As a result, the realistic performance of the structure has been
observed. The non-linearity of soil and interface is necessary for analysis of SSI problems.

8. Conclusions

Influence due to interface in FE modeling of SSI system has been studied using modified
interface element. The realistic modeling of interface has been done by including slip,
bonding and de-bonding at soil-structure contact. The interface non-linearity has also been
considered to get acquainted with the field conditions. Thus, the appropriate influence due
to interface has been found out by comparing BM, settlement, footing base shear stress and
sway of the frame. Based on the analysis and results obtained, following conclusions are
made,

¢ The FE model for SSI system with realistic interface behavior has been developed
and validated successfully with available literature.

e Modified 5 noded zero thickness interface element has been successfully
implemented in this study. The element has showed good compatibility with 2
noded 1D beam and 8 noded 2D soil elements. The execution of such interface
element in frame-footing-soil interaction system subjected to lateral load is a novel
contribution.

e The proposed model, due to the inclusion of interface has improved the
mathematical performance of structure by reducing the base shear stresses and
allowing the sway. Thus it is giving more realistic behavior of SSI problems.

e The response such as slip, bonding and de-bonding at soil-footing contact has been
successfully evaluated by the modified interface element. Hence the proposed
methodology is suitable for appropriate modeling SSI problems.

e The redistribution of BM as well as a reversible sign for some frame members has
made SSI analysis a necessary study with realistic modeling considerations.

e The non-linearity of soil as well as interface in modeling of SSI system is necessary,
as the settlement and sway has increased (about 4 times of linear analysis)
drastically for non-linear interaction analysis.

The present study is limited for static loading conditions only. The methodology suggested
in this study is useful for future research such as dynamic SSI analysis considering realistic
interface modeling.
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The level of damage in irregular structures is more compared to regular
structures. In this study, L shaped RC buildings are investigated with and without
steel bracings in different positions in frames. The response spectrum analysis
has been done by using ETABs software. The two cases considered, case I and
case Il for understanding the effect in inverted V bracing in L shape building. Case
II shows the suitable seismic parameters when bracing is used properly. Inter-
story drift, displacements, base shear, fundamental time period, torsional
irregularity ratio and the capacity ratio of the columns are evaluated. It is also
noticed that adding the steel bracing decreases the inter-story drift,
displacements of the structure effectively. The torsional irregularity ratio of each
12 models are studied carefully. The capacity ratio of the selected columns is
studied to understand the performance of the columns while using the steel
bracing in the buildings. The steel bracings are effectively used as retrofitting in
L shaped buildings if the position of bracings are considered in the frames

appropriately. While designing irregular buildings with steel bracings, the
torsional effect should be checked.

© 2022 MIM Research Group. All rights reserved.

1. Introduction

The construction of irregular buildings in India is very common, and it has been observed
that during the earthquake, irregular building failures are most common. Since India is also
located at highly seismic region in the world and it is because of the historical interaction
of the Indian plate underneath the Eurasian plate. The past earthquakes such as Nepal
(2015), Sikkim (2011), Kashmir (2005) and Uttarkashi (1990) caused serious loss of life,
economical losses as well as damage of structures and even some serious failures to the
large number of structures. Even the low magnitude ground motion (earthquake) shows
the serious effect on the structural element in the buildings. Sikkim is one of the examples
which causes some serious damage during the earthquake [1]. The seismic performance of
the building mainly depends upon the shape, size, and arrangement of beams, columns and
configurations of the buildings. Irregular buildings may possess seismic vulnerability and
failure of the structural member. Mass irregularity, stiffness irregularity, vertical
irregularity, geometrical irregularity, and plan irregularity are the common irregularities
observed in the structures. Overall, the irregularities of the buildings are divided into two
types, vertical and horizontal irregularity. Sudden change in stiffness, geometry,
irregularity in strength stiffness and mass along the height known as vertical irregularity.
Discontinuities in the horizontal plan, like cut-outs, large opening, asymmetrical plan
shape (T, E, F, H, L, etc.) are known as horizontally irregular structures. It is important to
relate the relationship between the physical damage of the irregular building and
earthquake ground motion which helps to understand the seismic risk assessment of the
buildings. The presence of irregularity in the structures, induced stress in the beam,
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columns and slab, which makes the important to study the irregularity and its performance
during ground motions. As compared to the regular structure the nonlinear and inelastic
behaviors of the irregular structures is very complex. Retrofitting of irregular structures is
the process of making a structure to resist the earthquake load.

Many researchers observed the seismic effect in the regular and irregular buildings with
and without various earthquake resisting elements such as a shear wall, moment-resisting
frame, and bracing. Mohammad et al. [2] studied the vertical irregularity in the structure
and its effect during the earthquake was analyzed in the ETABs software. Mitesh Surana et
al. [3] observed the seismic vulnerability of the hillside building in the Indian Himalayan
region. Siva et al. [4] studied the different types of irregularity present in the structures.
This research mainly focused on the vertical irregularity in the buildings. The irregular
structures have more chances to fail during the earthquake than the regular structures that
is the performance of regular structures have better than the irregular structure [5].
Chopra, A. K., & Goel, R. K. [6] studied the pushover analysis methodology for irregular
structures and estimated the seismic demand for asymmetric buildings. In another paper,
K.C. Anil and K. G. Rakesh [7] provided the model pushover analysis method and
procedures to evaluate the seismic performance of the asymmetrical irregular in plan
structures. Sachin G., P. S. Pajgade [8] studied the two cases, one with torsional effect and
without torsional effect, and the result was compared based on the reinforced provided in
the columns. Generally, the torsional effect in the structures is due to the eccentricity
induced between the center of mass and the center of rigidity in the asymmetric plan
buildings. A. Fredrick C. Dya and A. W. C. Oretaa [9] analyzed the existing structures to
identify the seismic vulnerability of the irregular structures (mainly soft story) and
observed the seismic effect by using pushover analysis and dynamic analysis. Marco
Valente [10] investigated the plan irregular buildings for restrengthening purposes. The
columns were retrofitted by using the RC jacketing and FRP to reduce the torsional
component and analyzed with nonlinear time history analysis and pushover analysis. The
displacement-based seismic design (DBSD) method was also used to analyze the irregular
in plan shape structures. F. Mazza [11] and F. Mazza et al. [12] studied the DBSD method
for the L shape irregular buildings for a retrofitting purpose. For the retrofitting, the
researchers used the hysteretic damped braces.

L shape building possesses two types of problems. One of the problems associated with the
opening and closing mode which cases the high-frequency oscillatory mode. It is due to the
slender projection of the buildings. Which creates a high-stress concentration at the
corners and causes the failure of structural members. Another problem is based on the
torsional effect induced in the L shape buildings. Researchers have mainly focused on the
seismic behaviors of the L shape building based on the displacements, drift, by using the
response spectrum analysis (RSA) and static linear analysis. They focused on the
observation of comparative study on the regular and L shape buildings and torsional
irregularity ratio (B. Khanal and H. Chaulagain [13], Shehata E. Abdel Raheem et al. [14],
Momen M. M. Ahmed et al. [15]). Some other researchers such as S.S. Tezcan, C. Alhan [16],
Ozmen et al. [17], Ali Kogak et al. [18] were focused on the study of the torsional effect of
shear wall buildings. Researchers observed the torsional irregularity ratio of the different
shear walls buildings. Prajwal T P [19] studied the regular and re-entrant L-shaped
buildings and the analysis was based on the pushover analysis and nonlinear time history
analysis to check the vulnerability of the irregular structures. Researchers also performed
a comparative study between the pushover analysis and nonlinear time history analysis of
the plan irregular buildings [20]. P. Giannakouras, C. Zeris [21] performed the pushover
analysis and nonlinear time history analysis with the direct displacement-based seismic
design (DDBD) method in the vertically irregular structure to study the performance of the
structures. To understand the seismic performance of the irregular structure, the pushover
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and nonlinear time history analysis help better than linear analysis and it also helps to
prevent failure [22], [23].

Concentrically braced frames and eccentrically braced frames are normally used in both
the new construction and retrofitting process. Concentrically braced frames such are V
bracing, inverted V-type bracing, diagonal bracing, multi X bracing, X bracing, etc. are used
in the structure to resist the earthquake and to improve the drift, displacement, and
increases stiffness. Many researchers studied the use of steel bracing in RC frame buildings.
Applying the steel bracing in the RC frame improves the seismic performance and ductility
of the existing buildings [24]-[29]. A. Rahimi, M.R. Maheri [30], [31] studied the effect of X-
type steel bracing in the 2D RC frame to understand the braced and unbraced performance
of the structures. The result shows that adding the bracing in the RC frame reduces the
inter-story drift and displacement. Steel bracing improves the seismic performance
strength and stiffness of the RC building when the inverted V, X shape bracing is used [32]-
[34]. A. Hemmati et al. [35] studied the experimental analysis of rehabilitation of RC frame
by using concentric and eccentric bracings and observed that the absorbed energy capacity
of rehabilitated frames with eccentric and concentric bracings increased about 1.98 and
1.63 times of concrete frame. The compression of regular and irregular buildings with
different types of steel bracings were observed by a different researcher, to know the
effectiveness of steel bracing [36], [37]. Some other types of bracing such as commonly
used high-performance structural elements, the buckling restrained bracing, may be used
for lateral force-resisting systems in the structures [38], [39]. Many other techniques are
used to improve the seismic behavior of structures such as hysteretic bracing systems [40],
high strength diagonal precast panels [41] and for eccentric steel bracings connection
(shear links) [42], [43] and these studies to understand the effectiveness of the steel
bracings in the structures.

In this study the seismic behavior of the L-shape RC buildings with and without
concentrically inverted V bracing. There is a lack of study on L-shape RC buildings with
different positioned inverted V-shaped steel bracings. Many studies only focused on either
regular RC buildings or vertically irregular buildings with steel bracing. The study focused
on the different positioned inverted V bracing used in the RC L shape irregular buildings
where steel bracing is used for a retrofitting purpose. The comparative study is presented
different positioned steel braced frames based on the seismic performance. The seismic
performance such as displacement, drift, shear force, fundamental time period, stiffness,
torsional irregularity ratio, the capacity ratio in columns, axial forces and moment in the
base columns are studied and compared. Best performed braced configurations are
identified in L-shape buildings. The outcomes results help to observe the significant effect
of steel bracing in L shape RC frames and reduce vulnerability. After studying the various
research it is essentially needed to understand the seismic behaviors for inverted V braced
RC structures in different configurations.

2. Proposed Problem

To study the effectiveness of the steel bracing in the existing L-shape RC building, the
hypothetical L-shape of 6-story buildings is assumed. The 6-story buildings are designed
as a moment-resisting frame. The 6 story building is irregular in plan shape like L shape
(seein Table 3 and Fig.13) the 6-story L-shape building having 3.2m height each except the
first story which is assumed as 4 m story height normally adopted in India. The overall
height of the building is 20m. Each bay width is considered as 6m that is a column to
columns span is 6m as shown in Fig 13 in both x and y-direction. The material and final
selected cross-sectional property are shown in Tablel and 2 respectively. The columns
section is changed every 3 stories of the building.
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The L shaped moment resisting building is designed initially and it is assumed that, the
column cross-section for all columns are the same (see table 2). The columns (including
C1, C2, C3 and C4) consist of almost 3.8% of steel reinforcement for up to 3 stories from
ground level and above 3 story and the reinforcement used as 3.08% of its cross-section.
Beams and columns are designed according to the Indian standard [44]. The depth of the
slabis considered as 120mm and its compressive strength 25MPa. The reinforcement used
in the RC members is considered as a grade of 415MPa. For inverted V bracings, a hollow
box section (square section) is used for retrofitting process (see table 2). The hollow
section with a limited slenderness ratio (KL/r = 65) and compact section is selected to
avoid the local buckling failure during lateral loading. The bracing is selected such that, it
should be the weakest member of all other members (beam and columns) [32], [33]. The
joint between steel and RC member are considered as a pin joint and hence the lateral load
transfer through the bracings as an axial loading only (compression and tension).

The inverted V-bracing is used in different bays as shown in Table 3 (bold thick bays
represents where the steel bracing is used). Table 3 shows the L shape building with
inverted V-bracing (thick bold bays) and a 3D view of the respective model. Almost 12
models are observed and each model is named as L1 to L12 in which the L1 is the original
without a braced RC frame. The models from L2 to L12 which are of the different steel
braced configurations are shown in the Table 3. The models are further grouped in two
categories, L2 to L8 known as the case I and L9 to L12 as case II. The building is designed
by using Indian standard codes like for concrete design IS 456:2000 [44] and for seismic
design IS 1893:2016 [45] ductile design code [47] used. The building is designed for 5
KN/m? as a live load and for the top floor, the live load is considered as 2 KN/m?2. The
seismic weight of the structure is taken as 100% of dead load, 50% for live load when the
live load is greater than 3KN/m? and 25% of live load when the live load is less than
3KN/m? [44].

The ETAB:s finite element software is used to study the seismic behaviors of the L-shape
building with and without steel bracings. For a seismic design, the building is assumed in
India, and the Indian seismic design code is used in this study. The seismic zone factors (z)
of the building is 0.36 and 5% damping factor is considered [45]. The soil is medium soil
(type ii) and the importance factor is considered as 1. The response reduction factor for
the structure is considered as a 5 for the SMRF (Special moment-resisting frame) system
of the buildings [45]. For the seismic design of the structure, some assumption is made
such as P-A effect is considered for each model for both RSA. Soil-structure interaction is
not considered in the model and base are restraints in all three X, Y and Z directions. For
the RSA, SSRS (square root of the sum of square) and CQC (Complete quadratic
Combination) are considered. A sufficient number of modes are considered in the analysis
such that to get the sum of the all model mass for all modes assumed 90% of the total
seismic mass, according to the IS 1893: 2016 part1 [45].

Table 1. Material properties of the concrete and steel materials

Grade Modu%u.s of Poisson’s ratio Density Stre'ss-straln
elasticity diagram
Concrete 7850 Kg/m?
M25 25000 MPa 0.2 & (Fig 1 (b))
Modulus of Mmllmum Mlnlmum . Stress-strain
Grade L. yield tensile Density -
Steel elasticity dtress stress diagram
bracing 2850
FE250 210 GPa 250 MPa  410MPa Kg/m? (Fig- 1 (a))
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Table 2. Specifications of beams, columns and bracing used in the 6 story L-shape study
buildings

RC section Steel section
Columns(mm) Beam (mm) Bracing (hollow section in
mm)
400X400 (1-3 story)
300X400 200X200X12

350X350 (4-6 story)

3. Methodology

To study the seismic behaviors of concentric steel braced RC frames and without steel
braced RC frames, ETABs software is used for the analysis and design of each model. Linear
dynamic analysis (RSA) is used for understanding and analyzing the torsional effect, story
drift and story displacements of each model. The RSA is the linear dynamic analysis and is
used to find the seismic response based on the vibrational mode shape. The method
provides all almost realistic profile of the lateral forces. The comparative analysis is made
before and after the steel bracing is used. The beams and columns are analyzed and
designed. After the design, the concentric steel bracing is used for a retrofitting purpose.
The study is mainly focused on the effect of bracing after applying in the RC building as
retrofitting.

In this study, the soft story is presented in the first story which is the common practice in
India [9]. According to the Indian standard [45], the soft story is defined as the story have
lateral stiffness that is less than the stiffness of the above story. The height of the first story
is taken 4m whereas the rest of the story has 3.2m in height. The stiffness equation
(K=12EI/L3) in which it is clear that the height of the story reduced the stiffness. Hence the
soft story ratio is defined as the cube of the ratio of first story height and second story
height. And the soft story ratio is calculated as 1.95.

If the projection is greater than 15 % of the overall plan dimension in that direction, it is
said to be a Re-entrant corner [45]. In the study, the projection is 66% along the x-direction
and 57% along y-direction greater than the overall dimension of the plan in each direction.
Hence the re-entrant corner is present in the plan configuration. Torsional irregularity is
calculated with the help of drift at each corner of the 3D model. Almost every seismic code
(IS 1893:2016, UBC 97, ASCE 7-10) has a similar provision for the calculation of the
torsional irregularity of the L shape building. For understanding, the accidental torsional
effect torsional amplification factor (Ax) [46] shall be observed. The Amax, Amin and Aavg are
the maximum, minimum and average drift and calculated when earthquake load is applied
from x-direction as shown in Figure 2 respectively. The torsional irregularity coefficient is
defined as the ratio of the drift maximum and average drift (<= Amax/ Aavg). Three
conditions are described i) when n: is less than or equal to the 1.2 then no torsional
irregularity exists and Ax is equal to the 1, ii) when 1t is between 1.2 to 2.083 the torsional
irregularity exists and Ax is calculated as given formula, iii) When the n: is greater than
2.083 then 1:=2.083 and Ax equal to 3 [46].

2
A — Amax
* T\ 124404

159



Bohara et al. / Research on Engineering Structures & Materials 8(1) (2022) 155-177

160

500 -

400 -

300 -

200 -

100 -

0

Legend
—e— fudal

-100 -

Stress (MPa)

=200 -
-300 -
-400 -

-500
-250

8.0 -
40 -

0.0 —a

-200 150

1 1 1 1 1
-100 -50 0 50 100 150

Strain

(a) Steel (Fe 250)

40
160

1
-0.80  0.00

1 1 i 1 i 1 i
080 160 240 320 400 480 560

Strain

(b) Concrete (M25)

250 E-3

Legend

—a— Unconfined Axial

6.40 E-3

Fig. 1 Stress-strain diagram for a) steel and b) concrete.



Bohara et al. / Research on Engineering Structures & Materials 8(1) (2022) 155-177

Table 3. Plans and 3D views of proposed buildings

Models Plan View 3D view Remarks
#Without

braced
moment-
resisting

frame.

#
Dimensio
n in meter

(m)

# Inverted
V bracing
are
applied
only left
portion
side as
shown in
Fig L2.

# Bracings
are used
in four
bays
# Bracings
are
applied in
the left
portion
side
(same as
L2) and
right
portion
side (2
bays)
shown in
plan view.

# Bracings
are
applied
upper
portion (5
bays) of
the plan
view only.

L1

L2

L3

L4
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# Same as
L9 and
additional
2 bays (see
fig L10
plan
views) are
braced.
# Slabs are
hidden.
# Bracings
are used
symmetric
ally and a
total of 16
bays are
braced.

L10

L11

# Same as
L11 and
additional
2 bays are
braced.
# Total 18
bays are
braced.

L12

Fig. 2 Torsional irregularity calculation of the L shape buildings [46].

4. Result and Discussion

The L shape buildings are analyzed with different braced configurations by using the
ETABs software. The various seismic parameters are observed such as Fundamental time
periods, base shear, inter-story drifts, and torsional irregularity, stiffness and column
forces to understand the effect of inverted V bracings in L shape RC buildings.
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4.1. Design Base Shear Variations

The base shear is the lateral total force at the base of the structures induced due to the
earthquake ground motions and it depends upon the plan shape of the structures,
fundamental time periods and soil types of the sites. It also depends upon the seismic
weight of the structures. in the study, the two cases are analyzed where the in case I, the
inverted V bracings are used such a that it only applied in the incomplete ways or only
added the bracings in a single axis of the structures and in case II the bracings are applied
in both the directions as shown in Table 3. In both cases, the design base shear is observed
in both directions as shown in Fig 3. It is observed that adding the steel bracings increases
the base shear values of the structure and similar results also observed in [28], [31]. In
model L3, the bracings are added in such a way that it resist the lateral load along the y-
axis. So the in the L3 models the base shear values are more along the y-axis as compared
to the x-axis. In models L4 and L5, bracings are added to resist the lateral load along the x-
axis only so that only along the x-axis, the base shear values are more as compared to the
y-axis. However in the model L1, which is represented without braced frame L shape
buildings. In the L1 model, almost the same design shear forces are observed. In the
models, L9 to L12 (case II) almost similar base shear values are observed in both the x and
y-axis.

4.2. Fundamental Time Periods (FTP)

The seismic behaviors of the structures depend upon the FTP of the structures and the
base shear of the structures also depends upon the natural time period of the buildings.
Normally to calculate the FTP of the buildings, the code provided the empirical formula is
used but in this study program based natural period of building is considered. However
the formula is only for regular structures, the code-provided formula does not give
accurate FTP for structures when the buildings are irregular and braced [13], [15]. Fig 4
shows the variation of the fundamental time period of the structures on both the x and y-
axis. Fig 4 it is clear that where the steel bracings are used to resist the lateral load, the
fundamental time period at that axis is decreased however the base shear at that axis
increases. When the steel bracings are provided in both axis, in models L9 to L12, the
fundamental time period of the structures is decreased and observed minimum in the L12
model.

6000
— X axis
<
- 4000 WY axis
©
4]
ey
(%]
v 2000
(%}
©
: I I I
0

L10 L11 L12
Models

Fig. 3 Base shear variations along the x and y-axis in different models.
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Fig. 4 Fundamental time periods of the different models

4.3. Maximum Displacements Response

The story displacements of the irregular structures subjected to lateral loadings are a
significant parameter for buildings design. The top story displacements response of the
structures helps to understand the damage level of the structures [31]. While designing the
structures, the lateral deformation and drift of the structures should be considered
carefully, avoiding excessive deformation in the structures. In irregular structures,
excessive deformations damage the structural and nonstructural members in the
buildings. Fig. 5 and Fig. 6 show the maximum displacements in the L shape buildings.

Fig.5 shows that the maximum displacements in the different models in both x and y
directions. It is noticed that adding steel bracings in different positions, affected the
maximum displacements of the structures. In case I (L2-1L.8) adding the steel bracing in the
model L1, does not show as much effective control in the maximum displacements. Even
due to the torsional effect, in the model L4 along with the x directions, the maximum
displacements increase as compared to the L1 references model. In the L4 models as
shown in Fig. 1, the bracings are added that to resist lateral load along the x-axis, however,
due to the torsional effect, it amplified the displacements which is not good. The re-entrant
corner behavior amplified the displacement along the x-axis [17]. It is noticed that in the
case II (L9-L12) models, the steel bracings effectively reduced the maximum
displacements [31] as shown in Fig. 5 and 6. In the models L9, L10, L11 and L12, it can be
noticed that the maximum lateral displacements are decreased by 40%, 47%, 51% and
54% along the x-axis and 42 50 46, and 46 along the y-axis after adding (retrofitting) the
steel bracing in L1 models respectively. The steel bracings are added along the x and y-axis
properly shows good seismic behaviors and reduced displacements effectively. In case I
the maximum displacements are observed as 43mm along with x directions due to the
lateral-torsional vibration coupled behavior in the L shape of soft-story buildings. In case
I the displacement gets its maximum value of 15.5mm for the L9 model, and the minimum
value of 12 mm for the L12 model along the x-axis. And the similar response is observed in
y directions as shown in Fig 5 and 6. By comparing the maximum displacements of 6 story
L shape soft-story buildings with different braced configurations ( see Table 3), it is
observed that inverted V bracings used properly in the L shape RC buildings reduce the
maximum lateral story displacements in the models.
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4.4. Inter Story Drift Ratio

Inter story drift is another important significant parameter for examining the structural
behaviors effectively. The inter-story drift (ISD) is the more reliable parameter to observe
the structural and nonstructural damage as compared to the displacements [31].

The story drift of the L shape 6 story irregular buildings is observed with steel bracing in
different configurations. The graph is plotted for both case I and case II as shown in Fig. 7
and 8. It is observed that the ISD of all models are under the drift limits 0.004 as the Indian
code [45] suggested. In all cases, the maximum drift is observed in the second floor or
third-floor level and it is due to the soft story in base level. It is also noticed down the
uniform drift is observed where the steel bracings are used for resisting the lateral load.
Without steel braced frames L1 and braced frames L2 to L12, RC L shape buildings are
compared. The inter-story response decreased in case Il when the steel bracings are used.
It is observed that in the L shape buildings in case II the maximum ISD of 0.000888,
0.00079, 0.000724 and 0.000688 along the x-axis and 0.000887, 0.00077, 0.000845 and

166



Bohara et al. / Research on Engineering Structures & Materials 8(1) (2022) 155-177

0.000846 along the y-axis for models L9, L10, L11 and L12 respectively. As increased
numbers of bays with steel bracings in the frames in both directions, the ISD of the models
decreases more. Similar to the maximum displacements in case I, model L4 show a
maximum ISD of 0.0026 along with the x directions as shown in Fig 7(a). Which is greater
than the drift limit of 0.002 for inverted V bracings in RC buildings [32], [34]. Overall in
case Il Fig 7(b) and 8(b) shows that adding the steel bracings properly in the RC buildings
decreased the ISD of the structures effectively. However the case I should be shows
unpredictable ISD of the structures due to the torsional behaviors in these models.
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Fig. 7 Inter story drift of the L shape buildings along x axis in both cases
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Fig. 8 Inter story drift of the L shape buildings along the y-axis in both cases.
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4.5. Story Stiffness Response

Story stiffness of the buildings depends upon the size, shape and length of the columns or
bracings. Fig.9 represents the variation of story stiffness of each model. The maximum x-
direction story stiffness demands almost the same for L1, L2 and L3 models. The maximum
story stiffness of the model L4 is increased by 2.18 times of L1. Similarly for L5 to L12 story
stiffness increased by 5, 2.8, 3, 4, 4.9, 5.6, 7 and 8.25 times of L1 respectively along x-
direction (see Fig. 9). Along the y-direction, the story stiffness observed in L1, L4 and L5
are almost equal. The maximum story stiffness along the y-axis of models L2 and L3 are
increased by 1.5 and 5.12 times of L1. And similarly, for models L6 to L12, the maximum
story stiffness are increased by 1.6, 2.4, 2.9, 5, 5.7, 6.7 and 6.8 times of L1 respectively along
y-direction (see Fig. 9). It is noticed that adding the steel bracings in the models to resist
the lateral loadings, increases the story stiffness of the buildings. In case II, the increasing
the stiffness of the story in each direction, noticed more uniform. The minimum story
stiffness is observed in the model L1 and maximum in L12, which is retrofitting by steel
inverted V bracings.

3000000

2500000 . .
H x axis By axis

2000000
1500000
1000000 | ‘
500000 I |I I
il Lk
L1 L2 L3 L4 L5 L6 L7 L8 L9

L10 L11 L12

Stiffness (KN/m)

Fig. 9 story stiffness of the models

4.6. Torsional Irregularity Ratio

The torsional irregularity ratio of the structures gives the most important information
about buildings' damages levels during earthquake loading. It is an analytical index,
created based on the structural response, multidirectional response of the asymmetry
structure. The different studies studied the limit of torsional irregularity ratio which is 1.2
[13], [14] and [17]. It means when the torsional irregularity ratio limits exceed such
structures is affected by differential displacements in the plan. It affects the seismic
behaviors of the structure. When the torsional irregularity ratio is less than 1.2, there is no
torsional irregularity exist in the buildings [46].

Figure 10 shows the first mode and second mode of vibration for the selected models L1,
L4, L8 and L12. The models are selected every fourth model and also these models possess
a considerable torsional irregularity ratio. This mode shape shows the analytical
fundamental time period for the first and second mode of vibration. These 3D views also
show the torsional behaviors of the structures. Fig 11a and 12a show the torsional
irregularity ratio for L shape braced and without braced frames along with the story of the
buildings. The torsional irregularity ratio changed over the building story height. In some
models lower story shows a more torsional irregularity ratio than the upper story. It may
be due to the L shape projection of the buildings and the lower story is created as a soft
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story. The maximum torsional irregularity ratio when unidirectional spectrum used along
the x-axis for the case I are 1.01, 1, 1.53, 1.43, 1.44, 1.11 and 1.25 for models L2-L8
respectively. It is observed that model L4 shows the maximum torsional irregularity ratio
in case I. However for models L1 show the safe torsional irregularity ratio (less than 1.2).
In case I, L5, L6 and L8 have torsional irregularity ratios are greater than 1.2 along the x-
axis and along the y axis L2, L3, L6 and L8 have torsional irregularity ratios that are more
than 1.2 (see Fig 11 and 12). In case I, these models represent the incomplete braced frame
configurations, hence shows torsional irregularity in the structures. The model L4, along
the x-axis, further studied the torsional amplification factors because the model L4 has a
greater torsional irregularity ratio (>1.2). Table 4 shows the amplification factors for L4
models and the torsional amplification factors are greater than 1 and less than 3. Similarly
for model L3 in Table 5 shows the torsional amplification factors.

In case 1], only the L12 model shows the Torsional irregularity ratio greater than 1.2 and
its torsional amplification factors are given in Tables 6 and 7, which are within the limits.
Fig 11b and 12b show the L12 buildings have maximum torsional irregularity ratios are
1.33 and 1.51 for the x and y-axis respectively. Other models L9, L10 and L11 show better
torsional behavior within limits. Models L9-L11 have provided suitable bracing along the
x and y-axis. It is observed if carefully bracings are applied in the L shape RC buildings
shows good seismic behaviors. The buildings shows torsionally safe and have minimum
displacements and drifts. The steel bracings improve the stiffness and torsionally safe (if
properly applied) have also better to use for a retrofitting purpose in irregular buildings.

L1, T=1.457 Sec L4, T=1.46 L8, T=0.939 L12,T=0.578

a) first mode shape

L1, T=1.441 sec L4, T=1.39 sec L8, T=0.764 sec L12, T=0.523 sec
b) Second mode shape

Fig. 10 View of mode shape of the studied buildings.
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Table 4. Calculation of torsional irregularity and torsional amplification factors for L4
along x axis.

Amax(mm) Amin (mm) Aavg(mm) Nt= Amax/ Aavg) Ax
43.1 18.5 30.8 1.40 1.36
40.4 16.0 28.2 1.43 1.42
35.1 13.0 24.0 1.46 1.48
27.5 9.5 18.5 1.48 1.53
19.5 6.2 12.8 1.52 1.60
10.2 3.1 6.7 1.53 1.64

Table 5. Calculation of torsional irregularity and torsional amplification factors for L3
along y axis.

Amax(mm) Amin (mm) Aavg(mm) ntziz)ax/ A«
109 19.2 15.0 0.72 0.36
9.4 16.6 13.0 0.72 0.36
7.6 13.4 10.5 0.73 0.37
9.8 5.6 7.7 1.27 1.13
6.4 3.7 5.0 1.27 1.12
3.2 1.8 2.5 1.27 1.12

Table 6. Calculation of torsional irregularity and torsional amplification factors for L12
along x axis.

Amax(mm) Amin (mm) Aavg(mm) Nt= Amax/ Aavg) Ax
12.0 9.1 10.5 1.33 0.90
10.5 7.9 9.2 1.33 0.90
8.5 6.4 7.5 1.32 0.90
6.4 4.8 5.6 1.32 0.90
4.2 3.1 3.7 1.33 0.90
2.1 1.6 1.9 1.31 0.89

Table 7. Calculation of torsional irregularity and torsional amplification factors for L12
along y axis.

Amax(mm) Amin (mm) Aavg(mm) Nt= Amax/ Aavg) Ax
14.7 9.7 12.2 1.51 1.01
12.8 8.5 10.7 1.51 1.00
10.5 7.0 8.7 1.51 1.00
7.8 5.2 6.5 1.50 1.00
5.2 3.5 4.3 1.50 1.00
2.6 1.8 2.2 1.49 0.99
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4.7. Columns Design Property

The reference model L1 and other braced models L2-L12, the columns, beams slabs and
imposed loads are the same. The rebar in the columns is also fixed for all models all base
columns have 3.8%. The columns are designed and sized properly in the L1 model. After
adding the steel bracings in model L1 in a different way and named these models as L2 to
L12. It is essential to study the columns for their safety based on capacity ratio, design
moments and design axial loads [30]. The effect of steel inverted V bracing in the column
is observed by investigating the capacity ratio, axial load and moment in the selected
columns (corner columns may or may not be directly connected to the bracings) as shown
in Fig 13. C1, C2, C3 and C4 are the corner base column and their design parameter
variation are observed in models L1 to L12 to compare each other.

Table 8 shows the design axial load, design moment and capacity ratio in each selected
column in models L1 to L12. It is observed that when the columns are connected to the
bracings, the axial load in the columns increase. The axial load in model L1 is 1778 KN and
model, L12 has 2200 KN for C1 columns, which shows the bracing increases the axial load
in the columns. When the columns are near the bracing configurations, the design moment
in the column decreased. In table 8, observed that in the columns directly connected to the
bracing, the design moment in the columns decreases and it also decreases the main rebar
demand in columns. The capacity ratio of the columns indicates the stress condition. The
capacity ratio of the model L1 is 0.738, 0.52, 0.51 and 0.51 for C1, C2, C3 and C4
respectively. Maximum stress is induced in the C1 columns, it is due to the re-entrant effect
in corner columns. It is noticed that model L4 is overstressed. However for case II, properly
braced models, the capacity ratio of the columns slightly decreased in columns and
increases in C2, C3 and C4 columns. To reduce the torsional hazard level in the L shape
buildings, the steel bracings should be used symmetrically to balance the torsional effect.
If only one direction, the bracing has used some columns may be overstressed and fail. To
design the L shape braced RC buildings the torsional effect should be considered carefully.

Table 8. selected columns for study and design parameter

o Column
= s design
5 8 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12
g parame
@ ters
Axial
force 1778 1778 1778 1785 | 1778 | 2194 | 2667 | 2696 | 2194 | 2194 | 2241 | 2200
(KN)
a Moment 122 121 121 146 121 45 81 62 45 45 16 45
(KN-m)
Car';igty 0.74 0.74 0.74 0.80 0.74 0.69 0.88 0.86 0.69 0.69 0.71 0.69
Axial
force 649 645 1387 335 1955 987 622 1050 | 1797 | 1804 | 1721 | 1739
(KN)
2 Moment 137 170 59 206 62 150 120 72 51 46 47 46
(KN-m)
Carpi.céty 0.52 0.637 0822 1.02 066 | 0938 | 0467 | 0723 | 059 | 0581 | 0559 | 0565
atl
Axial
force 644 752 1972 1300 | 1964 | 1392 604 503 1980 | 1887 | 1782 | 1738
(KN)
3 Moment 135 132 40 115 16 42 94 96 53 6 36 35
(KN-m)
Car';iicéty 0.51 0.53 0.62 097 | 0633 | 0789 | 0419 | 0499 | 0643 | 0605 | 056 | 0547
Axial
force 643 1409 1975 509 1534 831 576 1580 | 1861 | 1803 | 1649 | 1685
(KN)
¢4 | Moment 135 73 40 305 66 121 94 97 53 44 42 34
(KN-m)
Car';iicéty 051 053 0.62 128 | 0916 079 | 0434 | 0629 0.61 0.577 0.53 0.529
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Fig. 13 Plan view with selected columns for study

5. Conclusions

The L shaped six-story building with the soft story in base level buildings are considered
with and without inverted V steel braced RC buildings. A total of 12 models are considered
which have been categorized into two cases, case | and case II. This study aims to
understand the effect of steel bracings in irregular plan shape RC buildings. The modelling
of the building is done in the ETABs software to determine the seismic parameter such as
base shear, fundamental time period, maximum displacements, inter-story drift, stiffness,
torsional irregularity ratio and columns forces ( axial forces, moment and capacity ratio).
The RSA is used in every 12 models and results are compared to each other in order to
understand the effect of bracing in L shaped buildings. The followings conclusions are
noticed in this study:

As studying the effect of inverted V bracing in RC buildings the lateral base shear
value is increased in the L shape buildings when the steel bracing is used.
Especially in case II, the base shear value increases as increases the number of
braced bays along the both directions. The fundamental time period of the
structures decreased when the steel bracing used in the L shape buildings are
effective.

Providing the steel bracings in the L shaped RC buildings, reduced the maximum
displacements in the buildings. The case Il models shows the effective reduction
of maximum displacements in the models. It is noticed that nearly 50% reductions
in maximum displacements are observed as compared to the L1 model. If the
bracings are provided symmetrically, it reduces the maximum displacements
properly with a minimum torsional effect.

As expected, adding the steel bracing as a retrofitting in the L shaped RC buildings,
it decreased the ISD of the structures effectively if bracing is used properly. The
maximum ISD of the structures is under the permissible limit (0.004 as IS
suggested) is noticed. In case 11, models show the minimum ISD of the structures.
The maximum ISD is observed in the middle story of the structures.

The steel bracings in the L shape buildings increase the story stiffness of the
structures effectively. When the number of bays are braced, it also increased the
stiffness of the buildings.
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e The torsional irregularity ratios are studied in both case I and case II and it is
found that case I shows an unexpected torsional effect. However, case Il shows
good seismic behaviors except for L12 models. As providing the steel bracing in L
shape buildings (case II) shows the accepted torsional irregularity ratio. While
using the steel bracings in the irregular building, the torsional irregularity ratio
should check carefully.

e Column C1 shows the maximum axial forces and capacity ratio in the RC L shape
structures. It is observed that incomplete adding bracing in the RC buildings
affected that capacity ratio in the columns which is directly attached with
bracings. In the C1 column adding steel, bracings reduced the capacity ratio in
case Il models. However, in C2, C3 and C4 columns, the capacity ratio of the
columns increases slightly. It is also observed that adding the steel bracings in the
models, increases the axial load and decreases the moment.

e As a general conclusion, it can be stated that retrofitting of 6 story L shape RC
frame structures with inverted V bracing is beneficial to the structure if the
position of steel bracing (L9-L12) is effectively used.

e The steel bracing is effectively used as retrofitting in L shape buildings if bracings
are applied in the models appropriately. While designing irregular buildings with
steel bracings, the torsional effect should be checked by the designer.

This research focuses on the effect of inverted V bracing in L shape RC structure with linear
seismic response only. Therefore, the result from this study are limited to this case.
However, further study is needed with nonlinear dynamic and static analysis methods.
Also, it is necessary to study the interaction of columns and steel bracing connections and
their effect in the overall structures. Indeed, future study is needed to ensure the ductility
design of L shape RC buildings with inverted V bracing.
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1. Introduction

Energy is a factor that affects the transportation, economy and infrastructure of all
developed and developing countries, which in turn greatly influence the living standards
of their citizens. The amount of energy required to sustain our civilization is gradually
increasing, hand to hand with the technological developments. This energy, however, is
mostly supplied through consumption of fossil fuels, which are not sustainable energy
sources. Moreover, the rapid depletion of non-renewable energy sources seems to be
unstoppable. For this reason, the issue of energy production from renewable energy
sources is discussed at international scales by both industrial and scientific communities.

Almost the all of transportation sector uses fossil fuels. Energy Information Administration
(EIA) 2014 report shows that 55% of total energy consumption in the world and 30.9% of
carbon dioxide gas emissions are in the transportation sector [1]. Figure 1 seems that the
COz emissions of the transportation sectorin 1990-2015. COz emissions increased from 3.3
gigatonnes (Gt) to 6 Gt for twenty-five years and increased almost 68%.
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Fig. 1 COz emissions of the transportation sector in 1990-2015 [2]

Interest in new, innovative and green energy sources has increased further in recent years
due to the decrease in the amount of non-renewable energy resources. The living
standards of developed and developing countries are on a steady increase, which usually
is reflected as increased energy demands. There are also environmental concerns with the
use of non-renewable energy sources. These developments have placed environmentally-
friendly vehicles that do not run on fossil fuels on the agenda of many countries. Scientists
have developed and proposed Electric and Hybrid Electric Vehicles (EV’'s and HEV’s,
respectively) to alleviate these problems. Lithium Ion (Li-ion) batteries which are used in
these vehicles have many advantages such as long shelf life, wide working range, high
power and energy density. Yet they also have certain disadvantages such as long charging
times and low average ranges. As an alternative to these vehicles, fuel cell vehicles that can
store energy in shorter times and offer have a longer range compared to other vehicles
have been proposed. It is envisaged that hydrogen can overcome the disadvantages of
other vehicles and is a prime candidate as the transportation fuel of the future [3].

There are many reasons to use hydrogen in fuel cell vehicles. The primary advantage of
hydrogen lies in its molecular structure, as hydrogen has the simplest form of all molecules.
While its energy content per unit volume is relatively low, its energy content per unit
weight is the highest amongst all molecules. Unlike fossil fuels, it creates zero emissions
when used [4]. Due to these features it has been used in different types of fuel cells and to
fuel different types of rockets.

A fuel cell can convert the chemical energy stored in the fuel into electrical energy with a
very efficient process that can reach efficiency values as high as 80%. In addition, fuel cells
do not emit COz during this process and instead release only water as a by-product. Fuel
cells that do not use fossil fuels and do not create emissions are considered
environmentally friendly.

Numerous studies have been performed on fuel cells, which lead to improvements in
hydrogen applications in the transportation sector. Leading car manufacturers in the
industry are now producing fuel cell vehicles, which are mainly available in North America,
Asia and Europe. As of June 2018, more than 6500 fuel cell vehicles are reportedly sold.
California has the world's largest hydrogen fuel station network, and is a leader in
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hydrogen based vehicles where the country delivers 3000 of the 5233 vehicles produced
worldwide [5].

Both electric vehicles and fuel cell vehicles have zero CO2 emissions, and both types of
vehicles are environmentally friendly as they use renewable and sustainable energy
sources as fuel. The main difference between the two, however, is in refueling and driving
distance aspects. Fuel cell vehicles can refuel in less than 10 minutes and offer a driving
range of 300 miles on average. It is believed that these vehicles will begin compete in these
aspects with conventional fossil fuel vehicles after 2030 [4]. The long-term powertrain
scenario is given in Figure 2. According to the figure, International Energy Agency (IEA)
estimates that by 2050, the market share of fuel cell vehicles will be 17% with an annual
sales of 35 million.

250
200
150
100
0 =
2000 2010 2020 2030 2040 2050
FCV Electricity ® Plug-in hybrid gasoline
® Plug-in hybrid diesel Diesel hybrid ® Gasoline hybrid
u CNG/LPG ® Diesel Gasoline

Fig. 2 The long-term scenario of sales [6]

Proton Exchange Membrane (PEM) fuel cell is preferred in fuel cell vehicles that are
considered as vehicles of the future. A PEM fuel cell consists of electrodes, flow plates and
current collectors. Increasing the fuel cell efficiency and reducing the production costs will
make vehicles that use PEM cells preferable. That being said, increasing the efficiency and
ensuring a homogeneous reaction rate on the entirety of the catalyst area can only be
achieved with the optimum distribution of temperature, concentration, and humidity. This,
in turn, can only be achieved by ensuring a homogeneous distribution in the flow plates.

The effect of the flow-field design on PEM fuel battery performance is in the literature.
Manso et al. have studied parameters of the types of flow fields, such as width, depth,
height, and so on. They also observed the effect of the non-uniform distribution of gases
and water on performance. [7]. In flow-field designs, the performance impact of the non-
uniform distribution of pressure drop and current density was examined by Fahim et al.
[8]. The effects of conventional, serpentine and pin type channel configuration on cell
performance were investigated by Pal et al. [9]. Vijay examined the design of serpantin and
parallel Z-type flow channel geometry on PEM fuel battery cell performance using CFD
modeling simulation [10]. Using the CFD program, the PEM fuel cell with single, double and
triple serpentine flow channels and a round-angle active area was designed by Velisela et
al. [11]. Shen et al. investigated the performance in the PEM fuel cell by designing parallel,
single serpentine and pressurized parallel flow fields to provide a more uniform gas and
water distribution [12]. Optimized 3D flow channels have been developed to provide
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better flow and mass transfer in the channels [13]. To examine the performance effect of
flow channels in a PEM fuel cell, the lung and leaf branches were designed by Badduri et
al. [14]. Liao et al. have designed zigzag and straight flow channels for uniform distribution
in the PEM fuel cell and examined in terms of their performance [15].

In the present study, six different three-dimensional flow channels were designed with the
Comsol multiphysics program, which uses the finite element method for PEM fuel cell. The
efficiency analysis of the designed flow channels on the membrane surfaces was made.
Energy efficiency of existing designs and proposed designs were compared. This study
brings a detailed and comprehensive inner look to the various fuel cell flow field designs
that are either currently being used or have the potential to be used in the future for
transportation applications. The verified model [16] and simulation covers the
concentrations for both of the hydrogen and oxygen inputs, as well as the water content
that would flow through the channels and fuel cell, resulting in specific designs.
Investigation of the “current density” in different slices was also performed, providing an
important perspective for the researchers interested in this property.

2. Fuel Cell

Fuel cells are in essence systems where an electrochemical reaction taking place between
an oxidant and a suitable fuel produces electrical energy. These are, therefore, systems that
convert the stored chemical energy inside the fuel into electrical energy. This conversion
is a result of an reaction that can best be described as the opposite of an electrolysis
reaction, and a fuel cell system produces Direct Current (DC) as a result of it. In that regard
fuel cells are quite similar to ordinary batteries and accumulators, as they also produce
electricity out of an electrochemical process through an electrochemical reaction. The
difference, however, lies in the fact that batteries and accumulators are limited with the
initial energy stored in them [17], [18], while fuel cells can perform the reaction
continuously and infinitely on the condition that they are supplied further fuel and air [19].

Fuel cells are divided into 6 different groups based on their operating temperatures and
chemical properties. These are: the Proton Exchange Membrane / Polymer Electrolyte
Membrane Fuel Cell (PEMFC), Alkaline Fuel Cell (AFC), Phosphoric Acid Fuel Cell (PAFC),
Molten Carbonate Fuel Cell (MCFC), Solid Oxide Fuel Cell (SOFC), and Direct Methanol Fuel
Cell (DMFC). Figure 3 shows the areas where these fuel cells are used according to their
operating temperatures and power characteristics.

Based on their operating temperatures and power levels, DMFC, AFC, PAFC and PEMFC are
considered “low temperature fuel cells”, and are generally used in mobile phones,
electronic tablets, and transportation. SOFC and MCFC are used in constant power
generation and Combined Heat and Power (CHP) applications, as they are high
temperature fuel cells and with high power levels.
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Fig. 3 Fuel cell types according to the operating temperature and power range
(adapted) [20].

2.1. Proton Exchange Membrane Fuel Cell

A “Proton Exchange Membrane Fuel Cell” (PEM) is one of the most well thought-out fuel
cell designs in terms operational variables. PEM fuel cells have a solid polymer electrolyte
membrane which is placed between platinum-catalyzed electrolytes that are porous in
structure. This setup provides it with more power density compared to other fuel cells,
while reducing its physical volume and weight. The proton-permeable polymer membrane
used in PEM cells as the electrolyte is also thinner in structure, where the thickness is
measured in micron levels.

PEM cells have quite approachable operational temperatures that are almost always below
100 °C, generally at a ballpark between 60 °C and 80 °C. These cells also use a noble metal
-often platinum- as the catalyst, which is quite an advantage in terms of operational
properties but increases the production cost. Another disadvantage is the requirement of
separation of carbon dioxide from the fuel input, as the platinum catalyst is quite sensitive
to it. The separation process also increases the production and operational costs
associated with the PEM cells. Different designs suggest the use of platinum/ruthenium
catalysts to overcome these shortcomings as this combination is much more durable
against carbon monoxide.

The equations provided below show the PEM fuel cell reactions taking place during each
cycle: [21]

° Anode Reaction: 2Hz — 4H* + 4e-
® (Cathode Reaction: 4H*+ 4e + %2 02 = 2H:0
o Total Reaction: 2Hz + 02 — 2H20 + Electric energy

The working principle of PEMFC fuel cell is given in Figure 4.
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Fig. 4 The working principle of PEMFC fuel cell (adapted) [22]

As can be seen in Figure 4 this fuel cell consists of an anode, a cathode and the electrode.
In this design pure hydrogen is used as the fuel, which is fed into the anode. Air (or based
on the design, pure oxygen) on the other hand, is fed through the cathode. As the gas passes
through the electrolyte membrane on the anode, it decomposes into its electrons. The
membrane acts as a filter that separate electrons and hydrogen ions in this process,
allowing only the hydrogen ions to pass. The hydrogen ions then combine with oxygen in
the cathode compartment to form water molecules (H20), through which the reaction heat
is released. While in internal combustion engines air and fuel get mixed, in the fuel cell the
fuel and the oxidant are separated from each other. Due to this simple difference of
operation, fuel cells produce no harmful emissions as internal combustion engines do [23].
This is one of the main reasons why they are preferred in environmentally friendly vehicle
designs.

Although there are various types of fuel cells, PEMFC is the most type suitable for vehicles
according to scientific works. The fuel cells used an electric vehicle replace the internal
combustion engines. Hybrid vehicles that can compete with both electric and conventional
vehicles are designed through using PEMFCs with rechargeable batteries. Figure 5 shows
the basic design of a fuel-cell electric vehicle.
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Fig. 5 The basic structure of fuel cell electric vehicles (adapted) [24]

2.2. Performance of the Fuel Cell

The performance of a given fuel cell is based on the performances the performance of the
systems that make it up. The performance is primarily tied to the reaction that takes place
on the catalyst. The collection of electrons that create the current, the transfer of the
hydrogen ions through membrane, and the production of the water as a final product of
the combustion reaction all factor into the performance. Finally, the electrical resistances
of the components used within the fuel cell also contribute to the performance.

The system of a PEM cell is rather complex and consists of the interactions between
numerous chemical and thermodynamic processes. This results in a final performance of
the fuel cell that is closely tied to the operating conditions. The most influential operating
conditions that influence the fuel cell performance are listed below:

Temperature
Pressure

Membrane thickness
Humidity

o (Current Density

[tis important to ensure that the reaction taking place on the catalyst surface is uniform to
reach the optimum performance levels. This uniformity is dependent on numerous
different parameters the temperature, humidity, and reactant concentration throughout
the flow plates. Considering this, 3D models of the investigated flow plate charts were
created, and the reactions were simulated to search for the more effective distribution
patterns. The results of these simulations were then interpreted to measure the expected
performance of different fuel cell designs under different environmental parameters like
temperature, concentrations, and humidity.

3. Materials and Methods

3.1. Comsol Multiphysics Simulations

Multiphysics software, which includes a multi-physics infrastructure to run different
simulations on the modeled equipment for engineering purposes [25]. The software runs
simulations that provide relatively quick results due to having different physical interfaces
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being already pre-modeled in it, which cover fluid-flow, electromagnetism, and structural
mechanics equations [26]. These pre-defined interfaces that come with the software make
it a functional tool to use in solution of different mainstream problems.

The software also has a series of modules that can run near real-like simulations with finite
element method simulations. Comsol Multiphysics can model any geometry using different
types of materials that can be selected from a built-in library that contains different
parameters required to simulate systems that use them. The users can also model their
own materials in terms of relative functions. It is possible to work on a single physical
geometry, or to simulate numerous geometries that interact with each other in one or more
problem steps. Once the system is meticulously modeled using these existing libraries or
user entries, simulations can be run to reach multiple potential results or solutions when
needed [27].

3.2. Models for the Thermodynamics and Electrochemical Properties of
Fuel Cells

Evaluation of the fuel cell performance and analysis of factors that influence it are based
on the laws of thermodynamics [28]. Accordingly, it is possible to define the physical
volume control limit as the physical area of the investigated system (the fuel cell in this
case), and the corresponding equation for energy analysis can simply be defined as the
following (Equation 1):

Q—W =AH e8]

Where; (AH) represents enthalpy change, Q is heat and W is work. If there are no
irreversible reactions taking place inside a system, the maximum amount of voltage that
can be reached with a fuel cell equals the performance and efficiency of the reversible
processes in the system, which can be expressed with a Nernst equation. Specifically
designed Nernst equations are provided below considering the use cases for the designed
cells as part of this study (Eqn. 2).

2
V., =1.229-85-10"(T,, - 298.25) + 4.3085-10° .TF{ln(sz)+;|n(poz )} (2)

Where; Viey is the reversible cell voltage andTFC is the cell reaction temperature. In the
above equation, hydrogen and oxygen pressures can be determined using the following:

D _ 1- XHZO,A P (3)
Pe 1 (x, 12)A+ & NE-D)) P
]__
po _ XHZO,C . Pc (4)
1+ (Xc /2)(1+ é:c /(fc _1))

For equations (3) and (4), Py, and Po, hydrogen and oxygen partial pressures, xy, ¢, Xa,
and xcdenote mole fraction of water, mole fraction of the anode, and for the cathode dry
gas, respectively. Anode and cathode stoichiometric constants are denoted by fA ,fcfcfc.
P,,P.are the anode andcathode pressures in atm, respectively.

Actual operational voltages of a given fuel cell can be determined by determining the
amount of “irreversibility” first, which are based on the inefficiencies identified in the
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system. This amount is then deduced from the total reversible system voltage, as provided
in equation 5 below.

Vopr = Vrev - Virrev (5)

The irreversibilities of a fuel cell system can be categorized in three main groups as
“activation”, “ohmic”, and “concentration” irreversibilities [29]-[31]. These are
represented in the equation below (Equation 6).

Virrev= Vact + Vohm + Veon (6)

“Activation losses” occur in low reaction rates, which are teoretically expressed and
determined using equations 7 and 8 provided below:

_ RTrc i
vact, Anode = wanF Inin (io) (7)
RT, i
vact, Cathode = —< In In (—) (8)
acnF iy

Where i is current density (A cm2); io is exchange current density (A cm?); R is the
universal gas constant (J (kmol K)-1); nis the number electrons involved; F is the Faraday's
constant (C mole!); n is number of electron involved aa and ac are the empirically
determined electron transfer coefficient of the reaction at the electrodes at the anode and
cathode.

Certain amount of voltage is expected to be lost, resulting in further inefficiency, due to the
electrical resistances of the elements used in the production of the fuel cell. The amount of
the voltage lost increases as the density of the current drawn from the system increases.
According to the literature [16], [32], this loss can be accounted for using the following
equations (eqn. 9-13):

VOhm =i Rohm ©)
tmem
Rohm = (10)
O mem
1 1
G pem = (0.005139 4, —0.00326 )x exp| 1268 —— — —— 11
303 T

Membrane humidity is determined from the membrane water activity, a, from the
following equation;

0.043+17.81a —39.85a° +39.85a°

_ O0<axl
mem T 14 +1.4(a-1) ,

l<a<3

A (12)
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XyoP
a=—=> (13)
P

sat

Where; Omem corresponds to the conductivity of the membrane (1Q-1cm1), while A,
corresponds to the amount of water inside the membrane. ¢t,,,,is membrane
thickness,xy,, denotes the mole fraction of the water. Psacis saturation pressure.

Concentration over-potential is caused by a high rate of reaction due to the fact that the
concentration tends to drop sharply, which particularly true for higher current densities.
Homogenous distribution of the gas flow is important to reduce or prevent any such
potential concentrations drops.
i B
Veone =1 ﬂl | (14)

max

Py
f—=——+P, <2
0.1173
Py
7.16-10 T, - 0.622)(—=2—+P_) +
( e )(0.1173 )

P =1(~1.45-10°T . +1.68 (15)
FC
else

Py
8.66-10°T.. — 0.068)(——2—+P_ )+
( Fe )(0.1173 )

(-1.6-107* +0.54)

Equations 14 and 15 have contain constants such as 5, 8, and imax, all of which are well-

defined by the literature and are resolved using empirical equations. The conditions and
assumptions stated in the models are taken from the doctoral thesis [33].

4. Results and Discussion

The present study provides the designs for a total of six different fuel cells and their
respective analyzes, all of which were performed with COMSOL Multiphysics software. The
following section contains information regarding the results of these analyses and their
graphical interpretations.

During the modeling, the total area of active membranes was arranged to be the same for
all models, and the channels within the plates were roughly set to be the same size. The
primary aim during the design of the plates was the homogeneously fuel distribution over
the surface. The models are generated depending on the formations already used in the
literature and the formations that seems to be potential.

Voltage levels applied on the designed fuel cells were also kept constant (0.5V-0.9V).
Channel widths and heights were kept constant as well to ensure a consistent comparison
of parameters at an equal setting. This also had the benefit of resulting in same pressure
drops and flow rates for the fuel cells.
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The verification of the findings of the study was performed by comparing the results of the
simulations with the previous studies, especially Mert et al, 2007-2011 [16], [31] and
found that the simulation model is in a good harmony with the model that already verified

by experimental studies.

Figure 6 displays 3D models of the designed flow plates. Detailed configuration and
properties for each design is provided in detail in its own section below.

Fig. 6 3D models of the 6 different designs

4.1. Design 1

In the design 1, a model spread over the 13-curve area with a single entrance and exit in
the classical S form was selected and examined. Channels with a surface area of 52.98 cm?
and a volume of 2.661 cm3 have been completed on anode and cathode plates with a total
surface area of 59.62 cm? and a total volume of 2.175 cm3.

The parameters necessary to simulate the fuel cell operation were then configured into the
system, and the “3D Mesh” property of the software was used to perform the further
studies on the design. The 3D mesh of the model can be seen in Figure 7.. This mesh was
the basis for the future analysis.

Fig. 7 3D mesh view of 13 Curve Fuel Cell
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The network structure of the designed fuel cell is given in 3D as shown in Figure 7. In the
solution network a total of 1.510.434 four-surfaces (Tetrahedral), 53.919 pyramids,
474.059 prisms, 296.911 triangle elements were used, enhanced with corner refinement
and boundary layers auxiliary elements. The smallest element size was 0,0034 cm, while
the average element size was 0,63 cm.
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Fig. 8 2D Membrane Current Density (a) 0,2975 cm (b) 0,3175 cm (c) 0,3375 cm

Depending on the thickness of the membrane in the fuel cell, the current density
distribution in the constant working voltage range (0.5 V) is shown in Figure 8. The red
color represents high current density, while the blue color represents low current density.
The effect of current density on the membrane is shown graphically in the region where
the membrane shown in the Figure 8 (a) is 0,2975 cm in the y-axis. In this relatively close
formation channel, the effect of the channel on the current density is strikingly visible. As
expected, the current density is high in the input zone due to its high reaction rate and
decreases gradually towards the outputarea. In allimages of Figure 8, due to the increasing
consumption of reactants, the current density decreases gradually along the gas flow
direction. Therefore, it is observed that the current density increases as the membrane
thickness increases, but it is far from the desired homogeneity.

The effect of the current density on the membrane is shown graphically at the mid-point
where the thickness of the membrane shown in the Figure 8 (b) is determined as 0,3175
cm. Depending on the duct design, the distribution of the inlet region is somewhat spread,
but an uneven current density and reaction rate are still observed.

The current density distribution is shown in Figure 8 (c). The y axis of the membrane
shown in the figure is determined as 0,33375 cm and the effect of current density on the
membrane is shown graphically. As seen in the graphs, current density values vary
depending on the thickness of the membrane used in the fuel cell.
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Fig. 9 Distribution of the (a) hydrogen concentration (b) water concentration in the x-y
plane of the anode side

The anode reaction that takes place at the system, and the changes on the hydrogen
concentration, can be observed in Figure 9 (a). As can be seen, H2 concentration declines
in the +x direction, while the formation of water increases. While hydrogen density is 24
mol/m?3 at the inlet, it decreases to 14 mol/m?3 towards the outlet.

Figure 9 (b) displays the anode reaction and the change in water concentration parameter
over the course of the flow channels. The water concentration evidently rises in the + x
axis. Considering this information in line with the information from the previous figure, it
can be seen that the water formation is almost in parallel with Hz formation in terms of
actual amounts produced. In that regard this system can be considered quite efficient.
Concentration graph also shows that the water content increased from 2 mol/m?3 to 14
mol/m?3 during the course of the plate.
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Fig. 10 (a) oxygen concentration and (b) water concentration graphs for the cathode
side

Figure 10 (a) displays the change in the oxygen concentration over the course of the plate
during the cathode reaction. As is evident, oxygen concentration decreases as the gas flows
further, which happens due to the consumption of reactants by electrochemical reactions.
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While the oxygen concentration was 5 mol/m? at the inlet, it decreased to 0.5 mol/m?3 at
the outlet.

Figure 10 (b), on the other hand, displays the change in water concentration over the
course of the plate during the cathode reaction. It can be seen here that the water
concentration increases towards the later stages of the flow, and the amount of water
generated is roughly equal to the amount of Oz consumed. This is evidence for an efficient
system. When looking at the concentration change graph of water, it was observed that it
increased from 1 mol/m3 to 9 mol/m3.

For the following section, the results will similarly be evaluated for 2D membrane current
density and the distribution of the anode and cathode side water concentrations in the x-y
plane.

4.2, Design 2

Design 2 is formed as 9 input-output diamond-shaped channel formation. The channels
with a surface area of 61.12 cm? and a volume of 2.863 cm3 are designed on anode and
cathode plates with a surface area of 69.08 cm? and 2.173 volume of cm3. In the network
structure of the flow plate designed by Tetrahedral prisms, 304.527 triangular elements,
corner refinement and boundary layers auxiliary elements were also used in the solution
using 66.732 pyramids, 587.451. The smallest element size is 0,0039 cm, and the average
element size is 0,52 cm.
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Fig. 11 2D Membrane Current Density (a) 0,2975 cm (b) 0,3175 cm (c) 0,3375 cm

The current density distribution of the membrane in the fuel cell depending on the y
dimension is provided in Figure 11. It is visible that an accumulation occurs in the +Y axis,
particularly towards the middle sections. Compared to the first design, this flow plate can
be said to have a lower efficiency, mostly caused by the dead zones located at the four
corners. The remianing section of the fuel cell system, however, remains at higher rates
when compared to the other designs due to the dense channel formation it has. Although
itis more homogeneous than Design 1, it shows lower performance due to inefficient areas
in the corners.
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i

(a) (b)

Fig. 12 Distribution of the (a) hydrogen concentration (b) water concentration in the x-
y plane of the anode side.

Figure 12 (a) shows the change of hydrogen concentration in the reaction taking place at
constant working voltage (0.55 V) on the anode side. Since hydrogen is consumed during
the reaction, it is seen that the hydrogen gradually decreases towards the gas flow
direction. While hydrogen density was 25.8 mol/m?3 at the inlet, it decreased to 25.65
mol/m?3 towards the outlet. According to Design 1, it can be said that it is an inefficient
design since the use of hydrogen is very low.

Figure 12 (b) shows the change of water concentration in the reaction taking place at
constant working voltage (0.55 V) on the anode side. According to the water concentration
change graph, it was observed that it increased from 1 mol/m3 to 1.23 mol/m3. The water
concentration change was very low. So, this design may generally considered to be
inefficient.

(@) (b)

Fig. 13 Distribution of the (a) oxygen concentration (b) water concentration in the x-y
plane of the cathode side
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The concentration change of the reaction that took place in the cathode half reaction is
shown in Figure 13(a). As with the anode half reaction, it was observed that the
concentration change was low in the cathode half reaction. It can be said that the geometry
of the flow plate is not suitable for efficiency. Oxygen was 5 mol/m?3 at the inlet but
decreased to 4.5 mol/m?3 at the outlet. Similar to the anode side, small changes have also
occurred on the cathode side. Thus, it was seen that design 2 was quite inefficient
compared to Design 1.

Figure 13 (b) shows the amount of water generation in relation with the O2 amount on the
cathode side. While water is also generated in the cathode side of the fuel cell, the amount
of generated is comparatively small. According to the water concentration change graph,
it was observed that it increased from 1 mol/m? to 2.2 mol/m3, which amounts to a minor
amount of change. This small amount is indicative of adverse effects in action on the plate,
as further evidenced by formation of the undesired water. This particular flow plate design,
therefore, can be said to have a low overall efficiency.

4.3. Design 3

With 12 straight inputs and outputs Design 3 has Channels with a surface area of 58.56 cm?
and a volume of 2.88 cm3 are designed on anode and cathode plates with a surface area of
73.8 cm? and 2.7 volume of cm?.

In the network structure of the flow plate there are 1.221.031 four-surface (Tetrahedral),
49.813 pyramids, 447.719 prisms, 284.545 triangle elements, corner refinement and
boundary layers auxiliary elements are also used for different flow channels. The smallest
element size is 0,0023 cm, while the average element size is selected as 0,50 cm.

0 20 30 4 50 20 0 20 4 60 % 10012 40 37 38 39 4 41 42
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Fig. 14 2D Membrane Current Density (a) 0,2975 cm (b) 0,3175 cm (c) 0,3375 cm

The current density for the membrane of third design is provided Figure 14 . While the
membrane thickness increased, the current density was found to stay homogeneous on all
surfaces. Design 3 shows a more homogeneous distribution than Design 1. Since there are
no inefficient regions in this design, the design is more positive than the Design 2. It can be
said that it is more efficient Designs 1 and 2.

Figure 15 (a) shows the change of hydrogen concentration in the reaction taking place at
constant working voltage (0.5 V) on the anode side. While hydrogen density was 25.8
mol/m?3 at the inlet, it decreased to 25.65 mol/m3 towards the outlet. Although the use of
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hydrogen is lower in this design, it can be said that the Design 2 is more efficient because
of its wider activity area. Figure 15 (b) shows that water generation increased from 1
mol/m3to 1.25 mol/m3, as can be seen in the water concentration change graph. The water
concentration change is very low, but the design can still be considered “efficient” since it’s

active on all surfaces.
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Fig. 15 Distribution of the (a) hydrogen concentration (b) water concentration in the
x-y plane of the anode side.

Oxygen concentration was 3.5 mol/m3 at the inlet (Figure 16(a)), but decreased to 2.5
mol/m3 at the outlet. Small changes were found to occur on the cathode side as well as on
the anode side. As can be seen in Figure 16 (b), however, the water concentration changes
from 3.5 mol/m3 to 5.5 mol/m3.
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Fig. 16 Distribution of the (a) oxygen concentration (b) water concentration in the x-y
plane of the cathode side.

When the anode and cathode reactant concentrations are examined, the positive effect of
multiple inputs can be observed as evidenced in Figure 15 and 16. The reaction is
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monitored over a wider active area and at high concentrations. Fuel cell water
management is also considered to be more easily applicable in this design.

4.4. Design 4

Design 4 composed of 12 reverse-straight inputs and outputs. Channels with a surface area
of 58.56 cm? and a volume of 2.88 cm? are designed on anode and cathode plates with a
surface area of 73.8 cm? and 2.7 volume of cm?3. The solution network used 1.187.049 four-
surfaces (Tetrahedral), 48.659 pyramids, 429.385 prisms, 276.247 triangular elements,
enhanced with corner development and corner layers (Boundary Layers) auxiliary
elements for different flow channels. The smallest element size is 0,0023 c¢cm, while the
average element size is selected as 0,50 cm.
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Fig. 17 2D Membrane Current Density (a) 0,2975 cm (b) 0,3175 cm (c) 0,3375 cm

Examination of the current density in different y-axis sections is shown in Figure 17. The
effect of reverse current is clearly seen when compared with Design 3, which is a linear flat
design. The current density is scattered across the channels and an interfering distribution
is observed. The positive effect of flat channels is still seen in the middle section.
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(a) (b)

Fig. 18 Distribution of the (a) hydrogen concentration (b) water concentration in the x-
y plane of the anode side.

While hydrogen density was 25.8 mol/m?3at the inlet, it decreased to 25.6 mol/m3 towards
the outlet. A small amount of change is occurred as seen in Figure 18 (a). Figure 19 (b)
shows the distribution of water concentration in the reaction at the cathode interface at
constant cell voltage (0.5V). According to the water concentration change graph, the water
presence increases from 3 mol/m3to 5.5 mol/m3.

Fig.19 Distribution of the (a) oxygen concentration (b) water concentration in the x-y
plane of the cathode side

Concentration changes along the canals are considered positive with their wide
distribution in terms of water management, but changes in oxygen and hydrogen
concentrations are considered to be low on the individual canals. Detailed concentration
distributions can be examined in Figure 18 and Figure 19. This low drop on concentration
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confronts decreases in efficiency and lack of reaction. As the retention time becomes
limited the high rate of voltage gradually will increase the efficiency drop.

4.5. Design 5

For sustaining a broader coverage on the cell area a wavy formation is used as presented
in some applications on the literature. The wavy fuel cell with 6 inputs and outputs is
designed on channels with a surface area of 70.44 cm? and a volume of 3.588 cm3 and anode
and cathode plates with a surface area of 100.1 cm? and a volume of 3.675 cm3. There are
3.055.986 four-surface (Tetrahedral), 87.143 pyramids, 1.027193 prisms, 575.956
triangle elements are used, corner refinement and boundary layers auxiliary elements are
also used for different flow channels. The smallest element size is 0,0018 cm, while the
average element size is 0,51 cm.
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Fig. 20 2D Membrane Current Density (a) 0,2975 cm (b) 0,3175 cm (c) 0,3375 cm

The effect of the wavy channels used in Design 5 on the current density is shown in Figure
20. The positive effect of multiple inputs and the negative effect of the wavy design on the
homogeneous distribution can be observed here. As expected, the current density
decreases along the channels and goes down even further in the middle gaps and edges.
Inefficient regions arising from the design can also be observed. This design is therefore
less homogeneous compared to other designs. That being said, it is also concluded that
with a denser structure the distribution can be further optimized in terms of homogeneity.
The increased retention time will be another advantage in a denser structure as well.
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(a) (b)

Figure 21. Distribution of the (a) hydrogen concentration (b) water concentration in
the x-y plane of the anode side.
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Fig. 22 Distribution of the (a) oxygen concentration (b) water concentration in the x-y
plane of the cathode side.

For Design 5, the concentrations of the components are shown Figures 21 and 22.
Hydrogen density was 25.8 mol/m3 at the inlet, whereas it decreased to 25.5 mol/m?3
towards the outlet. According to the water concentration change graph, it was observed
that it increased from 1 mol/m?3to 1.35 mol/m3. It is evident that there is a higher reactant
distribution than linear channels, and the rapid concentration drops are seen in the entry
regions as a result of these. The increase in the retention time of the reactants in the system
also enhances the efficiency. The formation, however, still needs to be smoother and
denser for the sake of homogeneity and increasing high rates in reaction.

4.6. Design 6

U-shaped fuel cell with 7 inputs and outputs, the channels with a surface area of 61.22 cm?
and a volume of 3.064 cm? are designed on anode and cathode plates with a surface area
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of 63.68 cm? and a volume of 2.325 cm?3. In the solution network using 1.748.034 four-
surface (Tetrahedral), 62.533 pyramids, 553.700 prisms, 345.402 triangle elements,
corner refinement and boundary layers auxiliary elements are also used for different flow
channels. The smallest element size is 0,0018 cm, while the average element size is 0,52

cm.
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Fig. 23 2D Membrane Current Density (a) 0,2975 cm (b) 0,3175 cm (c) 0,3375 cm

The current densities of this design, with multiple inlets and outlets which extend the
length of the channel with its spiral structure and cover the active area to the maximum,
are shown in Figure 23. As a result, a dominant homogeneous structure appears where the
majority of the active area is used. Since the canal design covers the entire surface area, it
has a lower amount of inefficient zones.
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Fig. 24 Distribution of the (a) hydrogen concentration (b) water concentration in the x-
y plane of the anode side
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(a) (b)

Fig. 25 Distribution of the (a) oxygen concentration (b) water concentration in the x-y
plane of the cathode side

One of the positive features of Design 6 is that it facilitates water management for the fuel
cell system. According to Figure 24 and Figure 25, the multi-inlet-outlet channel design
prevents excessive drop in concentrations. Accordingly, the hydrogen concentration was
25.8 mol/m?3 at the inlet, but it decreased to 25.4 mol/m3, due to the relatively long
channels providing adequate distribution of the reactants. Oxygen content was 5.5 mol/m?3
at the inlet, but decreased to 4.3 mol/m?3 at the outlet. From water concentration point of
view, it was observed thatitincreased from 1 mol/m3to 1.35 mol/m?3in the anode, whereas
itincreased from 1 mol/m3to 3 mol/m3 in cathode side (Figure 25-b)

5. Conclusions

Today, due to the increase in environmental pollution, scientists have turned to clean
energy. It has been scientifically proven that environmental pollution is mostly caused by
vehicles using fossil fuels. For this reason, fuel cell vehicles have come to the fore instead
of internal combustion engine vehicles. Fuel cells are highly preferred in vehicles due to
their low fuel supply and long driving distance, as well as being environmentally friendly.
However, optimum temperature and sufficient humidity must be provided for adequate
efficiency from fuel cells. Therefore fuel cells must be well designed.

The present study investigated different flow channel layouts modeled using COMSOL
Multiphysics program. A series of performance analyses were performed on these flow
plates to determine their current densities, changes in hydrogen and oxygen contents, and
overall efficiencies.

When the surface area of a given flow plate is used homogenously, the potential damage
due to focal degenerations or breakdowns will be minimized. These focal degenerations
occur as a result of high reaction rates in particular locations and the homogeneity of the
reaction over the course of the reactant flow helps prevent them from taking place, making
it very important in terms of overall efficiency and performance. From this perspective,
multiple input fuel cell designs were found to help disperse the fuel on the membrane more
equally, which in turn help achieve higher efficiencies. Similarly, cross-flow channels were
with relatively shorter lengths were found to lead to more positive results compared to
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their longer or parallel flow counterparts. As the cross-flow channels get longer, however,
they begin to have negative effects.

We are hopeful that the findings of this study will present a useful source for those who
are interested in fuel cell designs, particularly for those with vehicular use in mind. The
modeling and simulation method used in the study reduces the time needed for the design
stage and can reduce the number of experimental tests in search for the optimal flow plate
design.
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