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WELCOME TO TURKEYTRIB 2020!

We are very pleased to announce that the 3rd International Conference on Tribology TURKEYTRIB
2020 will be held from 18 to 20 June 2020 at the Elite World Prestige Hotel Taksim-istanbul-TURKEY.
The scope of this conference embraces the state of art and future trends in tribology research and
application, emphasizing the necessity of facilitation intellectual collaboration across both disciplinary
and national-international boundaries. The main objective of the conference is to provide a unique
opportunity of presenting and discussing recent developments in different aspects of Tribology
and strengthen the linkage between academia and industry. The conference consists of scientific
sessions, symposia on specific topics, exhibitions and various collateral events. Turkish and Foreign
groups of experts will have chance to share information and get in touch with other groups in all part
of Tribology. Nowadays these aspects are becoming more and more important both in respect of
human life and environment.

— SPECIAL ISSUE (Web of Science Core Collection-Emerging Sources Citation Index): Selected high-
quality papers (10) presented at the TurkeyTrib'’20 conference will be selected and invited to submit
their contributions for Special Issue publication in Epitéanyag - Journal of Silicate Based and Composite
Materials. (SCIE; Impact Factor 1.079 (2018). The submission due is 30 June 2020.
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Abstract

The potential of ash as supplementary cementitious material with high silicate-based pozzolanic
composition has been reviewed. Construction activities based on the utilization of ordinary cement
have contributed hugely to the greenhouse emission due to the release of CO, into the atmosphere.
The review was aimed at presenting the achievements that have been made using ash as a
replacement for ordinary cement. Also, the source of ash from biomass and the biotechnological
procedure involved in its usage have been reviewed. From the results so far reviewed, it has
been observed that ash is an amorphous nonbiodegradable material with high aluminosilicates
composition. This behavior makes it suitable for it to be utilized as alternative binder in problematic
soils stabilization. Results also showed that the index and strength characteristics of expansive
soils were improved substantially with increased proportion of ash, which included plasticity index,
compaction, gradation, compression, California bearing ratio, resilient modulus and resistant value.
Generally, it can be observed that ash is a good replacement for cement as a construction material.
Keywords: biomass, bio-based ash, solid waste recycling (SWR), biotech soil stabilization,
supplementary cementitious materials (SCM), geotechnics, silicate based composite materials
Kulcsszavak: biomassza, bioalapl salak, szilard hulladék Gjrahasznositasa, biotechnologiai talaj
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1. Introduction

Supplementary cementitious potentials found in ash
amorphous in nature, is strongly due to the aluminosilicate
composition contained in it [1, 2, 3]. For a material like ash
to be considered cementitious or otherwise considered
pozzolanic, the aluminosilicate composition i.e., the
composition of ALO,, SiO, and Fe,O, must be greater than
or equal to 70% in accordance with the American Society for
Testing and Materials [1] for pozzolanas. By this composition,
it can be seen that these materials are silicate-based composites
utilized as construction materials [4, 5]. It is also important at
this point to note that ash is only derived by direct combustion
of biomass, lignocellulosic materials, agro-industrial wastes,
household wastes and municipal wastes in a setup presented
in Fig. 1 and in a materials activity, cycle presented in Fig. 2
[2, 3]. However, in a world faced with the dangers of global
warming resulting from the emissions of carbon and its oxides,
which contribute to the depletion of the ozone layer, it is only
understandable that the future technological advancement
should move quickly towards ways of solving this condition
[2, 3, 6, 7, 8]. It is equally important to note that one of the
many ways through which oxides of carbon are released into
the atmosphere is through construction activities during the
utilization of ordinary cement. Results from environmental
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impact assessment on the use of ordinary Portland cement and
other conventional cements products in construction activities
show that an equivalent amount of CO, is emitted into the
atmosphere [3]. As a result, there have been technological effort
to develop supplementary cementing or cementitious materials
that would partially or totally replace ordinary and conventional
cements. These supplementary cementitious materials (SCMs)
are known to possess aluminosilicates at substantial amounts
that enables them exhibit high pozzolanic properties enough
to replace ordinary cements [3, 9]. They are divided into ash
and powder materials. The ash materials are derived through
the direct combustion of solid wastes while powder materials
are derived through crushing or ball milling of selected solid
waste materials [2, 3]. Research results have shown that ash
materials are more efficient as supplementary binders than
powder materials because ash materials are amorphous and
nonbiodegradable while powder materials are biodegradable
[10, 11, 12, 13, 14]. Further on this effort is the development of
silicate-based composite materials with higher aluminosilicate
contents because they are derived from the blending of more
than one material [2, 3]. Geopolymer cements belong to this
group of composite binders because they are developed by
combining in proportions, which are dependent on the ash
with the predominant aluminosilicates [15, 16]. These ashes of
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different pozzolanic composition are mixed under the reactive
influence of alkali activators as presented in Fig. 2 [2, 3, 17, 18].
It can be observed from previous findings that these materials
of biomass and agro-industrial origin have shown to be good
replacement for ordinary cement in construction operations.
The aim and main objective of this work is reviewing relevant
literatures that have shown that ash materials, as silicate-based
materials are good replacements for cement as supplementary
cementitious and composites materials for construction
purposes. This is to bring an overview at a glance of the
effects of these amorphous materials of ash and its associated
composites on the mechanical properties of soils utilized as
foundation and construction materials.
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Fig. 1 Bio-waste controlled direct combustion setup [3]
1. dbra  Biohulladék szabdlyozott elégetéséhez haszndlt rendszer osszedllitdsa [3]

Biomass
Combustion

uglss\\.\la
padd"'“"a
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Solution

Ceolis.Hydrogen power,
cells &Batteries,

Fig. 2 Bio-waste valorization by combustion and the derivation of ash cycle [2]
2. dbra  Biohulladék vijrahasznositdsa égetés dltal [2]

2. Overview of relevant resources

Ash has found been predominantly used as an admixture
in the stabilization of soils to improve their geotechnical
and mechanical properties for the purpose of foundation
constructions and other civil engineering purposes. These
also include concrete production and asphalt production as
modifiers due to its constituents. This procedure has been
successful due to the fact that; (i) ash particles are in the silt
to sand size range, (ii) they are composed predominantly of

amorphous alumina-silicate, (iii) the basic mineral found in
waste ashes is silica, and (iv) ashes contain high percentages of
0-5% of clay size, 20-70% of silt size, 30-70% of sand size and
0-5% of gravel size making it suitable for homogenous mixture
with soil during admixture stabilization of soils. An extensive
look into the relevant resources available from previous findings
from the use of ash as supplementary cementing material, will
expand the horizon of knowledge on the successes recorded in
thisarea of investigation. In the area of geotechnical engineering
experimentations, soil, which is the major geomaterial used in
various disciplines of the area are adapted into many forms
either as a single material or treated coupled materials in
composite forms. It is developed into a coupled material during
stabilization or soil improvement for foundation purposes.
Pavement foundations (airfield and highway), landscapes and
parking lots underlain, embarkments, backfills, lateritic blocks,
laterized marbles, etc. are geotechnical engineering activities
that go on daily with soils. When these activities are suspected
to be affected by problematic soils, a stabilization and ground
improvement exercise is undertaken to enhance the properties
of the soil to meet required standards. The binding effect and
properties of the admixtures utilized during geotechnical
engineering procedures have been harnessed over the years
to substantially improve on the mechanical properties of soils
used as foundation materials [2, 3]. It is important to note that
the success of admixture or silicate-based binder stabilization
rests on the ability of cations released from the oxides of the
additive materials to migrate to the surface of the clayey soils
being stabilized. This is where the diffused double layer or the
adsorbed complex is formed, which gives rise to the formation
of flocs; a resultant effect of hydration reaction, cation exchange
reaction, carbonation, calcination and pozzolanic reaction as
the case may be [10, 11, 12, 13, 14]. So, it is important that the
mixing of the soils and the additive be done deeply to enhance
reaction.

2.1 Review of selected ashes and their silicate-based
potentials in accordance with ASTM C618, 1978

Rice husk is an agro-industrial waste discharged from
rice farming and production. It has been observed through
research that over 108 tons of rice husk is being generated
annually across the world. The agro-industrial production of
rice in Nigeria is over 2.0 million tons annually (see Fig. 3).
While Niger state produces approximately 96.60 kilo-tons of
rice, Ebonyi state produces well over 187.5 kilo-tons annually
and this capacity has increased over the period due to increased
demand for food. Moreover, the ash has been classified as a
pozzolana, with silicon oxide component ranging between
67-70% with about 4.9% and 0.95% aluminum oxide and
iron oxide respectively. The silicate-based composition of the
pozzolanic ash is contained in amorphous state, which reacts
with the ionized components of problematic soils throughout
the hardening and strength gaining of the treated soils [19, 20].
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Fig. 3 Rice husk
3. dbra Rizs héj

Fig. 4 Coconut shell
4. dbra Kokuszhéj

Fig. 5 Snail shells
5. dbra Csigahdz

According to E. S. Nnochiri et al. [22], snail shells ash (SSA)
with a specific gravity of 3.07, is a product of the combustion of
snail shells (see Fig. 5) discharged as agricultural and household
wastes disposed on landfills that hardly decay. They are burnt
and pulverized to fineness and then used as additives in the
stabilization of weak engineering soils. This has been classified
as a supplementary cementing material because of its silicate-
based component having aluminosilicates composition of
more than 70% according to ASTM C618.
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According to Nnochiri [23], periwinkle shell ash derived
by combusting periwinkle shells (see Fig. 6) and pulverizing
the residue. Periwinkle shells are agricultural, biological and
household wastes found in the coastal region of Nigeria and
across the world. They are disposed as wastes on landfills. The
shells are v-shaped, hard, brittle and usually black. The ash has
also been classified as pozzolanic because of the aluminosilicate
composition, which satisfies the condition for materials to be
classified as supplementary cementitious materials (SCM) in
accordance to the ASTM C618.

Fig. 6 Periwinkle shells
6. dbra Tengeri csigahdz

Fig. 7 Wood
7.dbra Fa

According to A. W. Otunyo and C. C. Chukuigwe [24],
palm bunch ash and palm oil fuel ash are derived from the
combustion of palm bunch as a biomass and a bio-based
agricultural waste and the milling of palm oil from palm
fruits respectively. Research results have shown also that this
ash consists of aluminosilicates composition by weight over
70% thereby fulfilling the requirement for a material to be
classified as a pozzolana. This composition makes palm bunch
ash suitable as a construction material to supplement for
cementation potentials.

According to B. D. Nath et al. [25], wood ash has been utilized
in the modification of problematic soils for construction
purposes. It is also the derivative of combusted wood
materials in logs (see Fig. 7) or dusts, which are bio-based
agricultural wastes. Wood ash contains high composition of
aluminosilicates, which satisfies its utilization as a pozzolanic
material in soft soils stabilization.
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Accordingto G. M. Ayininuolaand A. O. Sogunro [26] and O.
A. Adetayo et al. [27], bone ash was utilized in the modification
of expansive soil to evaluate its effect on the shear properties of
the soil. This was necessitated due to the calcium silicate based

binding properties of the bone ash. Bone ash is an agricultural
and household solid waste materials from animal bones (see
Fig. 8). The high C-S composition satisfies the minimum
pozzolanic requirements for use as a supplementary cementing
construction material.

Fig. 8 Animal bones
8. dbra Allati csontok

Bello et al. [28] and Ramonu, J. A. L. et al. [29] had in different
researches investigated the potential of cassava peel ash (CPA) and
yam peelash (YPA) as supplementary binders in soft and expansive
soils stabilization. CPA and YPA are gotten from the peeling of
the bark of cassava and yam peels (see Fig. 9) during garri and
flour production. It was shown that CPA and YPA exhibited high
composition of silicate based pozzolanic properties. This property
enhanced the ashes suitability to be utilized as alternative binders
in the stabilization of problematic soils.

Fig. 9 Cassava and yam peels
9. dbra Manidka és jam héj

According to Chou-Fu Liang and Hung-Yu Wang [30], G.
M. Ayininuola and O. D. Afolayan [31] and Ubachukwu and
Okafor [32], oyster shell (see Fig. 10) collected from the coastal
regions of Nigeria- Rivers State, Delta State, Bayelsa State and
across the world discharged as agricultural and bio-based
waste has been studied for its potential property to be utilized

as a supplementary binder in its ash and crushed form. Results
of the investigations show that oyster shell ash and powder
possess high composition of aluminosilicates, which makes
it suitable to be utilized as a pozzolana in accordance with
appropriate standards.

Fig. 10 Opyster shells
10. dbra  Osztriga héj

According to Oriola and Moses [33], groundnut shell
ash (GSA) potential for use as a pozzolanic material in the
modification of the index and mechanical properties of plastic
soils was investigated and encouraging results were achieved.
Groundnut shells (see Fig. 11) are discharged after separating
the edible nuts and leaving the littered shells as solid wastes.
After sun drying, combustion and pulverization, the ash is
obtained. The alumina-silicate-based composition of the ash
has been determined to be more than the minimum standard
for pozzolanas and suitable as a supplementary silicate-based
binder.

Fig. 11 Groundnut shells
11. dbra  Foldimogyord héjak

According to Sadeeq et al. [34], the potential of bagasse ash
(BA) to be used as an alternative binder to replace ordinary
cement has been studied. Bagasse ash derived from the
combusted sugarcane biomass discharged after the extraction
of the fluid. Bagasse (see Fig. 12) is an agro-industrial waste
material discharged on landfills. It is predominantly common
in the northern states of Nigeria where sugarcane farming is the
trade of the people living in these areas. Research has shown
that BA contains high amount by weight of the aluminosilicates
responsible for cementation behavior of construction materials.
Hence its potential utilization as a supplementary cementitious
material in construction activities.
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Fig. 12 Sugarcane farm
12. dbra  Cukorndd farm

3. Overview of results from relevant resources

3.1 Gradation characteristics of soils treated with ashes

Results of previous investigation on the potentials of ashes
utilized as supplementary cementitious additives have shown
that the gradation of the soils improved substantially and
consistently with increased addition of ash by weight proportion
of treated solids. This was due to the fineness of ash derived by
drying-in most cases, combusting and pulverizing to fineness
[35]. The texture of ash achieved through this procedure changes
the particle size distribution of the treated soils blended with
ashes. Gradation is a very important factor in construction
materials’ characterization and structural behavior [36].

3.2 Index and strength characteristics of soils treated with ashes

Index and strength characteristics of soils especially the
expansive and problematic soils are very important factors
considered in the design and performance monitoring of flexible
pavements across the world. The overall performance and
durability of these structures depend ultimately on the strength
of the foundation. For instance, when pavements are laid on
weak or expansive subgrade, the behavior of the entire structure
is compromised. More importantly, if the structure is under a
hydraulically bound condition like the pavement foundations
subjected to the rise and fall of water table, it becomes even a
more difficult problem due to the swell and shrink potentials of
the compacted earth underlain. Over the years, ordinary cement
has been used to improve on these properties of soils utilized
as subgrade materials with its attendant greenhouse emissions.
In recent developments in geo-environmental engineering, ash
materials due to their amorphous nature and high composition
of aluminosilicates have been utilized in single forms and in
composite forms to modify weak soils. This was targeted at
making the compacted earth suitable to withstand the adverse
conditions it is subjected to in the sub structural level. Ash is
environmentally friendly and possesses properties that are
resistant to heat, moisture, sulfates, crack and shrinkage [2, 3,
35]. Because of these characteristics, soils treated with ash have
shown to improve in their plasticity index condition, compaction
behavior, and other strength properties like California bearing
ratio, resilient modulus, resistant value, deviatoric stress and
durability potentials.
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4. Conclusions

The use of ash as supplementary cementitious material has
been reviewed and the following remarks can be made; (i) ash
is derived by combusting bio-based materials, (ii) because of its
amorphous nature, ash doesn’t decompose, (iii) ash is composed
of silicate-based pozzolanic properties i.e. aluminosilicates and
this makes it suitable as alternative cement, (iv) ash has proven
to be an environmentally friendly cement with no greenhouse
effects, (v) the addition of ash to soil as a mixed blend improves
the mechanical properties of problematic soils in a stabilization
protocol, (vi) ash from various sources is readily available and
its utilization in construction works is highly sustainable and
(vii) ash is a good alternative and appropriate replacement for
ordinary cement in an environment yearning to be saved from
hazards and global warming.
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Abstract

The behavior of resilient modulus of cemented lateritic soils treated with crushed waste ceramics
and utilized as pavement underlain has been investigated under laboratory conditions. This is the
measure of the rigidity of soils used as foundation materials. The rampant failures of pavements
due to undesirable characteristics exhibited by the foundations have spurred this research work
to enable a better understanding of the behavior of soils used as foundation materials and how
best they can be handled or treated to ensure stability and durability of the structures. The soils
were first characterized and found to belong to A-7, A-7-6, A-7 and A-7-5 group of soils according
to the AASHTO classification method. Also, they were found, from basic experiments, to be highly
plastic soils with high clay contents. The soils were treated with crushed waste ceramics in the
proportion of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 110% and 120% by
weight of solid with a constant addition of 2.5% by weight ordinary cement. The results of the
examination showed that the resilient modulus increased substantially with increased rate of
crushed waste ceramics. This showed that crushed ceramic waste is a good pozzolanic material
for soils stabilization in the construction of pavement foundations.

Keywords: resilient modulus, deviatoric stress, cemented soils, crushed waste ceramics, solid
wastes, geomaterials, pavement foundation

Kulcsszavak: rugalmassagi modulus, deviatoros fesziiltség, cementalt talajok, zGzott hulladék-
keramiak, szilard hulladék, geoanyagok, ttburkolat alapozas
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1. Introduction

The unbounded aggregate layer and unsaturated state
upon which pavement foundations are constructed play
an important role in the performance of pavements more
especially with the hydraulically bound conditions where rise
and fall of moisture due to suction plays another role [1, 2, 3, 4,
5]. It is wrong to assume that pavement layers are under steady
saturated conditions and this assumption affects the design
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and eventually the stiffness and stability of the pavement
foundations [6, 7]. According to Ba et al. [8] it is noted that
moisture migration and percolation into the pavement layers
either through suction and surface water seepage affects the
resilient modulus and stability of subgrade materials, which
commonly are constructed with compacted lateritic soils. It has
been proven through research that moisture affects the carrying
capacity and strength of clayey soils due to the loss of strength
on immersion [7, 9]. The behavior of soils under suction is
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directly corresponding with the resilient modulus of such soils
especially when subjected to the effect of moisture [10, 11]. This
behavior brings about the failure of pavements when they are
underlain with unsuitable and expansive soils, which behave
in undesirable pattern under the influence of matric suction
[2, 12]. Due to the fluctuations in the water conditions of the
subgrade, the pavement foundations are designed for the most
critical exposure conditions [13, 14, 15]. Soils stabilization has
been adopted to improve on the inadequate properties of the
soils utilized as subgrade materials [2-5, 10]. This is achieved
through the use of chemical compounds like the ordinary
Portland cement or biobased or lignocellulose materials,
which are environmentally friendly geomaterials [10, 16,
17, 18]. The biobased or lignocellulose materials are derived
through controlled direct combustion to have ash or through
crushing to achieve powder with good gradation. In this work,
crushed waste ceramics is derived by crushing waste ceramic
materials collected from dumpsites. This material is used as
a geomaterial in the stabilization of soils for use as subgrade
materials because of its pozzolanic properties [18]. Due to the
high content of aluminosilicates in the CWC, its blend with
soft lateritic soils produce compacted stabilized subgrade soils
with high rigidity, density and stability. This behavior gives
rise to the improvement of the resilient modulus of the treated
material at optimum molding moisture conditions [1]. The
objectives of this work were to evaluate the effect of crushed
ceramics wastes on the deviatoric stress and resilient modulus
of the treated soils.

2. Materials
2.1 Soils

Four borrow pits in four different locations in Abia State,
Nigeria were the source of the soil samples. These borrow
pits are located on coordinates 5°29°16” North and 7°28'58”
East (for Olokoro location soil), 5°27°0” North and 7°31°60”
East (for Amaba location soil), 5°31°0” North and 7°26’0” East
(for Ohiya location soil) and 4°53°14” North and 7°21°26” (for
Akwete location soil). The samples were sundried for 7 days,
500 grams each was measured and prepared for use.

2.2 Crushed waste ceramics

The ceramics were collected from dumpsites within Umuahia
urban area, sundried for two days and crushed by ball milling.
The crushed ceramic waste was characterized and sieved to
determine its gradation and particle distribution. Afterwards,
it was stored for use in the stabilization exercise.

2.3 Ordinary Portland cement

Portland cement was used at a steady rate of 2.5%, that meets
the requirements of ASTM C618 [18], as a binder as shown
in the chemical oxide composition presented in Table 2. The
preliminary characterization exercises were conducted on
the test materials to determine their gradation and chemical
oxide composition (aluminosilicates content). These test
admixtures were utilized in the percentages of 10% to 120% in
an incremental rate of 10% to treat the soils.

3. Methods

The particle size distribution, compaction, Atterberg
limits, shrinkage limits, free swell index, and specific gravity
were generally conducted on the test soils in accordance
with BS 1377 [19]. This was carried out to determine the
characterization and basic properties of the test soils. Similarly,
chemical oxide composition and particle size distribution tests
were conducted to determine the aluminosilicate content and
gradation respectively in accordance with ASTM C618 [18]
and BS 1377 [19] respectively. Of particular interest to this work
was the stiffness of the treated soils as subgrade or pavement
materials, which was determined with the resilient modulus
test carried out on the CWC treated soils in accordance with
AASHTO [10] , AASHTO T 22-03 [1], and BS 1924 [20].
Specifically, the resilient modulus of both the control specimen
and treated test soils was determined under the laboratory
conditions. This represented the simulated physical and stress
conditions of geomaterials treated soils A, B, C and D overlain
by flexible pavements subjected to dynamic traffic loads. A
cyclic axial stress of fixed magnitude under deviatoric stress,
load duration of 0.1s, and cyclic duration of 3s is applied to
prepared cylindrical test specimens in a modified triaxial
compression set up. The final recoverable axial deformation
response (recoverable strain) and the deviatoric stress of
the test specimens were measure and the resilient moduli at
different proportions of the additives were determined with
Eq. 1.

M, =P (1)
&

r

where:
M, = resilient modulus, p, = deviatoric stress, £, = strain

4. Results and analytical remarks

4.1 Classification Characteristics of Test Materials

The basic properties of the test soils are presented in Table 1,
Fig. 1 and Table 2. The test soil were observed to possess 2.85%,
10%, 4.6% and 7.6% passing sieve No. 200, and classified as
A-7, A-7-6, A-7 and A-7-5 respectively according to AASHTO
classification method. Test soils A, B, C and D were classified
as poorly graded according to unified soil classification system.
The results of the consistency protocol show that the test soils
are highly plastic soils (> 17%) with high free swell index. The
basic results of the resilient modulus show that the soils fall
under clayey subgrade (0.345E+05 to 1.034E+05 kN/m?) [16].
The chemical oxides composition test results presented in Table
2 show that the test materials possess high aluminosilicates
responsible for the pozzolanic, calcination and hydration
reactions that take place in a stabilization process.
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Property description of test soils Values
L e Test soil (A) Test soil (B) Test soil (C) Test soil (D)

% Passing Sieve, No 200 2.85 10 4.6 7.6
NMC (%) 121 13.49 14 16
LL (%) 40 46 64 65
PL (%) 18 21 36 33
Pl (%) 22 25 28 32
SL (%) 8 8 7 10
FSI (%) 250 234 275 296
G 2.6 243 2.12 2.08
AASHTO Classification A-7 A-7-6 A-7 A-7-5
USsCs GP, CH GP GP, CH GP, CH
MDD (g/cm3) 1.76 1.85 1.80 1.56
OMC (%) 131 16.2 13.13 15.4
CBR (%) 12 13 8 7
R-Value 11.74 11.70 11.70 11.50
MR (kN/m2) 0.42E+05 0.42E+05 0.42E+05 0.72E+05
Color Reddish Brown Reddish Gray Reddish Ash Ash

Table 1 Basic properties of test soils
1. tdbldazat A vizsgdlt talajok alapvetd tulajdonsdgai

Materials Oxides Composition (content wt %)
Mgo K,0 Na,0 TiO, LOI
Soil A 76.56  15.09 2.30 2.66 0.89 2.10 0.33 0.07 - - - -
Soil B 7757 14.99 311 1.78 0.86 1.45 0.23 0.01 - - - -
Soil C 7773  16.65 1.42 3.22 0.07 0.89 0.02 - - - - -
Soil D 72.34 1730 5.40 2.32 0.34 2.13 0.17 - - - - -
CWC 64.45 2414 0.25 1.3 0.28 3.69 2.51 0.18 1.09 - 211 -
DOPC 21.45 4.45 63.81 3.07 2.42 0.83 0.20 0.22 0.81 0.11 2.46 0.16 0.64

*IR is Insoluble Residue, LOI is Loss on Ignition, CWC: Crushed Waste Ceramics

4.2 Deviatoric stress and resilient modulus (M.) of the
DOPC: Dangote Ordinary Portland cement R

treated cemented soils

Table 2 Chemical oxides composition of the materials used in this paper The results of the resilient modulus of the CWC treated soils
2. tabldzat A felhaszndlt anyagok kémiai oxidos dsszetétele used to characterize the treated matrix as a subgrade material
is presented in Figs. 2 and 3. The applied deviator stress and

1 the recoverable strain of the modified triaxial test on the treated

[ 1 specimens were used. The four test soils behaved in almost the

'y 1 same pattern with similar reactions with increased crushed

. EEO 1 waste ceramics (CWC). The deviatoric stress consistently
Xt {1 increased with increase in the proportion of the admixture for
o 60 ]  test soils A, B, C and D. It is important to note at this point
ic 4 that the additive CWC is a highly aluminosilicate compound
‘5 r ]  according to the requirements of American Standard for Testing
E 40 oSl A gnd Mater'la.lls ['18], with a crystal texture prior to its utlhzat.lon
i A SiIB in the stabilization procedure. These compounds are responsible

r —o0— SailC for pozzolanic reaction, and strengthening by forming silicates

%O —— Soil D of calcium hydrates and aluminates. These further forms floc,

L --@-- Crushed Waste Plastics which condense to the strength buildup of the treated materials.
S iy | --a--Crushed Waste Ceramics|  Test soils A, B and C had an improvement index of about 21%,

102 107" 10° 10! 102 while test soil D had an improvement index of 25%. The higher
Particle Size (mm) improvement index recorded with test soil D is in line with

its natural soil high resilient modulus of 0.72E+05, which was

Fig. 1 Grain size distribution of studied materials improved upon. The hydration reaction between compounds of

1. dbra A vizsgdlt anyagok szemcseméret eloszldsa strengthening from the additive and the dissociated soil ions
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Fig. 3 Effects of CWC on resilient modulus, M,, of the treated cemented soils
3.dbra CWC hatdsa a cementdlt talajok rugalmassagi modulusdra (M,)
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in contact with moisture caused
the improvement on both
deviatoric stress and resilient
modulus of the treated soils. In
addition, the cation exchange
reaction between the dipole
ions of the additive when in
contact with molding moisture
and those of soils caused the
improved properties of the test
soils [21, 22]. These results were
recorded under cyclic loading
on specimens subjected to
testing sequences. The physical
conditions that affect the
resilient modulus (moisture and
unit weight) were influenced by
the introduction of the highly
aluminosilicate CWC hence
improving the strength behavior
of the treated soils.

5. Conclusions

The experimental results of the
treatment of soils with crushed
waste ceramics have been
observed and tabulated. The
following remarks can be made;
(i) the crushed waste ceramics
was characterized and sampled
as a silicate-based geomaterial
with similarly particle gradation
with the test soils and results
show that the prepared
materials  contains  binding
properties that make it useful as
a supplementary cementitious
material. (ii) the soils were also
tested for their basic properties
which showed that they belong
to A-2-7, A-2-6, A-7 and A-7-
5 groups according to the
American Association of State
Highway and Transportation
Officials classification method.
Further characterization exercise
on the soils shows that the soils
are highly plastic soils, which
implies that they are problematic
and need modification to meet
the requirements for use as
construction  materials. (i)
the soils were treated with the
crushed waste ceramics at the
rate of 10% to 120% by weight
of solid in a steady increment of
10% by mixing and compacting
to maximum dry density at an
optimum moisture. (iv) the
resilient modulus of the soils
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was tested and results show that it improved consistently and
substantially with increased rate of crushed waste ceramics. (v)
the crushed waste ceramics showed that it can be utilized as a
supplementary cementing construction material with its high
content of aluminosilicates to improve the properties of soils
used as pavement subgrade materials.
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The formation of phases with low or
negative linear thermal expansion
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Abstract

Mullite ceramic has a low linear thermal expansion coefficient compared to other ceramics, such
as alumina or zirconia ceramics. Applying porous mullite ceramics as modern refractory materials
requires an extra reduction of linear thermal expansion. The main purposes of the investigation
are the modification of porous mullite ceramic with WO, and differently stabilized ZrO, as well
as in situ formation of crystalline phases with low or negative linear thermal expansion in such
ceramic. Modified porous mullite ceramics were formed by slip casting the concentrated slurry of
raw materials and were sintered at 1600 °C for 1 hour. Porosity of mullite ceramics obtained due
to hydrogen gas evolution as a result of the reaction between the used aluminium paste and water.
Using yttria stabilized zirconia (YSZ, 8 mol% Y,0,), magnesia stabilized zirconia (MSZ, 2.8 mol%
amorphous SiO, and kaolin allowed sintering the mullite ceramics with
additional in situ formed crystalline phase of ZrSi0, and Al (WO,),, which decreased the linear
thermal expansion of certain porous mullite ceramics’ samples. Used synthesis conditions allow
to achieve stability of ZrSi0, and Al (WO,), phases The differently stabilized zirconia additive had
influence on the formation of ZrSiO,. Doubling the WO, content in the mixture of components
increased the formation of AL(WO,), with a negative linear thermal expansion coefficient.
Keywords: powders, solid-state reaction, thermal expansion, mullite, Al (WO,),

Kulcsszavak: porok, szilard allapotbeli reakciok, hétagulas, mullit, AL(WO,),

Mg0), WO, a-and y-AlO

273

1. Introduction

Mullite-based ceramic is an important type of refractory
ceramic. Relatively low linear thermal expansion is very important
for mullite ceramic application in conditions of rapidly changing
temperatures [1]. The literature reports linear thermal expansion
coefficient (LTEC) values for porous mullite ceramics ranging
from 4.0 to 5.9-10°%°C™ (average between 30 °C and 1000 °C)
[2]. The average LTEC of mullite ceramics can be decreased by
adding materials with a low or negative linear thermal expansion
coefficient or the in situ formation of additional crystalline phases
with low LTEC during the ceramic sintering time. Previous
research investigated whether the thermal expansion of mullite
ceramics can be effectively decreased by modification with
cordierite (a_, =~ 0.5-10°°C™) [3], aluminium titanate (o
(=1-107%°C™) [4,5] and zircon (a,,  =4.1-10°°C™) [6] due tolow
linear thermal expansion coefficient of these phases. The influence
of phases with negative LTEC on the properties of mullite ceramics
has not been well studied. Research on materials with a negative
LTEC has been of high interest since the mid-20th century and
continues to now [7-9]. Crystalline phases such as aluminium
tungstate (AL(WO,),) and zirconium tungstate (Zr(WO,),) have
an average negative linear thermal expansion coeflicient. The
LTEC of aluminium tungstate is —1.5-10"%°C™" in the temperature

at Riga Technical University, Faculty of Material

Science and Applied Chemistry, Institute of Silicate
Materials, Latvia. Author and co-author of 185 scientific
publications, hindex in SCOPUS 4. Expert of Latvian
Science Council, member of board of Latvian Material
Research Society, Ceramic Society. Research interests:
minerals and synthetic nanopowders for obtaining of
porous ceramic, modification of ceramic materials, new
clay ceramic materials, catalysis and catalytic processes.

Visvaldis SVINKA

Dr. hab. sc. ing. Lead researcher and associate
professor at Riga Technical University, Faculty of
Material Science and Applied Chemistry, Institute of
Silicate Materials, Latvia. Author and co-author of 135
scientific publications, hindex in SCOPUS 4. Expert

of Latvian Science Council, member of Promotion
Council P-02, member of Latvian Material Research
Society, member of German Ceramic Society. Research
interests: ceramic filters, porous lightweight ceramic,
refractory ceramic, ceramic sorbents, clay minerals.

Liga GRASE

Dr. sc. ing. Lead researcher and assistant professor
at Riga Technical University, Faculty of Material
Science and Applied Chemistry, Institute of Silicate
Materials, Latvia. Research interests: investigation
of microstructure of silicate materials and
interaction of laser radiation with semiconductors.

Vadims GOREMIKINS

Dr. sc. ing. Lead researcher at Institute of
Structural Engineering and Reconstruction of Riga
Technical University, Latvia. Author and co-author
of 24 scientific publications. Research interests:
structural fire design, composite structures, cable
structures, suspension bridges.

range from 25 to 850 °C [8], and the LTEC of zirconium
tungstate is —8.6-107%-°C™! from 0 to 777 °C [9]. According to the
literature data, A1, (WO,), formation can be observed by the co-
precipitation reaction method, by the sol-gel method and from
solid-state synthesis. The AL(WO,), formation temperature is in
the 620-1050°C range, and depends on the sintering method. The
holding time at the formation temperature varies from 5 hours to
much longer, about 30-40 hours [10, 11]. The particle size and the
morphology of AL(WO,), depends on the treatment temperature
and holding time. In the case of the co-precipitation reaction
method, crystalline AL(WO,), formation occurred after firing the
Al-W-precipitated composition at temperatures of 430 °C [12],
630 °C, 700 °C [13], 800 °C [11] and 830 °C [12] for 5 hours. The
particle size of synthesized AL(WO,), powder was increased from
20 to 300 nm [12] or from 50 to 150 nm [13, 14] with increasing
temperature. Koseva and Nikolov had concluded that in the case
of the sol-gel modified Pechini method, the particle size of pure
phase AL(WO,), was between 50 nm (at 620 °C for 12 hours)
and 200 nm (at 830 °C for 36 hours) [10, 14]. Achary et al. [8]
synthesized AL, (WO,), by the solid-state reaction from A1, O, and
WO, at 900 °C for 42 hours followed by 1000 °C for 30 hours with
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intermittent grinding. Later Nikolov et al. [14] also synthesized
pure AL(WO,), by this method at similar temperatures, but with
a shorter holding time, respectively at 930 °C for 16 hours, at
990 °C and 1050 °C for 8 hours. Romao et al. prepared ZrW,0,/
ALW,O,, ceramics composites by the solid-state reaction from
yttria stabilized zirconia, monoclinic ZrO,, ALO, and WO,
during sintering at 1200 °C, with holding times varying from 6
to 21 hours [15]. A ZrW O, phase, in turn, can be synthesized by
the combustion method [16], by hydrothermal synthesis of raw
compounds at 160 °C for 36 hours with further sintering at 570
°C for 1 hour [17, 18], by the co-precipitation reaction with drying
at 60-80 °C and firing at 1150 °C for 10 hours, and by the sol-gel
method with firing at 600 °C for 10 hours [18]. From the literature,
ZrW,0, is stable in a narrow temperature range from 1105 to
1257 °C, but this phase decomposes to ZrO, and WO, at about
700-850 °C, respectively. The melting temperature of this phase is
above 1257 °C [15-18].

The aim and novelty of this work is to investigate the use of
ZrO, and WO, additives for the in situ formation of phases
with negative LTEC, (AL(WO,), and ZrW,0,), in porous
mullite ceramics sintered from powder raw materials by a
solid-state reaction method.

2. Materials and methods

2.1 Raw materials and sample preparation

Materials Average Name, Manufacturer

particle size,

d_ (um)

Nabalox NO 725,
Nabaltec AG, Germany

Nabalox NO 201,
Nabaltec AG, Germany

a-ALO, 2.0

V-ALO, 80.0

GetNanoMaterials,

Si0, amorphous 3.0-5.0 France

Kaolin (Si0, — 56.5 wt%, 15 MEKA, Amberger

ALO, - 31.0 wt%) ' Kaolinwerke, Germany

Zr0, stabilized 05 GetNanoMaterials,

by 8 mol% Y,0, ’ France

Zr0, stabilized 08 Goodfellow,

by 2.8 mol% MgO0 ’ United Kingdom

GetNanoMaterials,

wo, 50 France

Alumini t Aquapor-9008, Schlenk
uminium paste 12.0 Metallic Pigments

H 0,
(solid content of 70 + 2%) GmbH, Germany

Table 1 Raw material specifications
1. tabldzat A felhaszndlt alapanyagok pontos megnevezése

Commercially available raw powders, such as a-AlLO,,
y-AlZOS, amorphous Sio,, kaolin, two types of ZrO, and
WO, were used for ceramics materials samples preparation.
Table 1 summarises the raw materials specifications. In all
compositions, the amount of kaolin was 30 wt%, the ratio of
Al O, to SiO, was 2.57:1 and the ratio of a-ALO, to y-ALO,
was 1:3. The ratio of AL O, to SiO, corresponded to the mullite
stoichiometric composition, 3A1,0,-2Si0,. The ratio of a-ALO,
to y-ALO, was determined as effective in previous studies

[19]. Yttria stabilized zirconia (YSZ, 8 mol% Y,0,), magnesia
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stabilized zirconia (MSZ, 2.8 mol % MgO) and WO, were used
as modification additives. 5 wt% of each type of zirconia was
used, both separately as well as in a mixture with WO, in a 1:1
and 1:2 ratio. Aluminium paste (0.18 wt%) was used as a pore-
forming agent to prepare porous mullite ceramic.

Slip casting the concentrated slurry of raw materials was used
for samples preparation. The water content of the concentrated
slurry was 38-40 wt%. The method and process of samples
preparation were described in more detail in previous articles
[19-21]. The dried samples were sintered at 1600 °C with a
250 °C/h (4.2 °C/min) heating rate and the holding time at
maximum temperature was 1 hour. The fired samples cooling
process was as slow as the heating process.

2.2 Characterisation

Appropriate equipment was used to analyse the
crystallographic phases, different phase transformations and
reactions in the samples at the heating treatment time and
the sintered sample microstructure. X-ray powder diffraction
(XRD) was carried out with a Rigaku Ultima+ (Japan) using Cu
K, radiation and operating at 30 kV and 20 mA. XRD patterns
were scanned in the 5-60 20° measurement angle range with a
0.02° step and a 2°/min goniometer scanning rate. Differential
thermal analysis was done using ,,SETSYS Evolution TGA-
DTA/TMA SETARAM”. The heating for DTA was 12 °C per
minute at a temperature range from 0 to 1300 °C with air as
the carrier gas. The samples microstructures were analysed
using two scanning electron microscopes (SEM), -Hitachi
TableTop Microscope TM3000 and high-resolution field
emission low vacuum scanning electron microscope (FEI Nova
NanoSEM 650). The samples were observed in low vacuum
mode eliminating the need for metal coating sputtering.
The sample elemental composition was determined using
energy-dispersive X-ray spectroscopy (EDX) with an X-ray
fluorescence spectrometer (Apollo X SDD) created by TEAM™
Integrated EDX. The shrinkage after ceramics’ sintering and
bulk density of the samples was calculated mathematically.
The determination of apparent porosity and water uptake
was based on the Archimedes principle according to the
European standard EN 623-2. The temperature dependence of
the linear thermal expansion coeflicient for sintered samples
was determined by high temperature horizontal dilatometer
L76/1600 D (Linseis, Selb, Germany).

3. Results and discussion

3.1 X-ray diffraction

The X-ray diffraction patterns in Fig. I represent the phase
compositions of samples with yttria stabilized zirconia and
magnesia stabilized zirconia additives. The mullite phase was
the dominant phase of the samples for both raw material
compositions, which were sintered at 1600 °C. The ZrO, phase
was mainly expressed in monoclinic modification in both
samples. Cubic ZrO, was detectable in samples with yttria
stabilized zirconia, but tetragonal ZrO, modification observed
in samples with magnesia stabilized zirconia. The corundum
phase was found in the samples with YSZ additive (Fig. 1 (a))
as opposed to samples with MSZ (Fig. 1 (b)).
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e - Mullite, o - Corundum, = - monoclinic ZrO,,
o - cubic ZrO,, /\ - tetragonal ZrO,

(a)

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60
20(°)

Fig. 1 XRD patterns of the samples with ZrO, additives: (a) with YSZ, (b) with MSZ
1. dbra  ZrO,-t tartalmazo mintdk rontgen diffrakcios analizisének eredménye: (a)
YSZ-t tartalmazé, (b) MSZ-t tartalmazé

o - Mullite, © - Corundum, m - monoclinic ZrO,,
V -Zircon, » - WO,, ¢ - Al,(WO,),
L]

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60
20 (°)

Fig. 2 XRD patterns of the samples with ZrO, and WO, additives in the ratio of 1:1:
(a) with YSZ and WO,, (b) with MSZ and WO,
2.dbra ZrO,-t és WOt 1:1 ardnyban tartalmazé mintdk rontgen diffrakciés
analizisének eredménye: (a) YSZ-t és WO -t tartalmazd, (b) MSZ-t és WO -t
tartalmazo

Fig. 2 shows the XRD patterns of the samples with YSZ or
MSZ addition in a 1:1 ratio in the mixture with WO, sintered at
1600 °C. The mullite and monoclinic ZrO, were the main phases
of these samples. Tetragonal ZrO, and corundum phases were
not detectable. The intensity peaks of WO, were less definite for
samples with YSZ and WO, (1:1) than for samples with MSZ and
WO, (1:1). The XRD pattern in Fig. 2 (b) shows that zircon was
formed as an additional phase after firing in samples with MSZ
and WO, (1:1). In the samples with the addition of only YSZ or
MSZ (Fig. I (a) and (b)) and with the YSZ:WO,=1:1 (Fig. 2 (a)),
the zircon phase was not observed. This is because the presence
of stabilizers such as Y,0, and MgO, respectively from YSZ
and MSZ, led to the forming a liquid phase in the Y,0,-ALO,-
SiO, system at 1550 °C and MgO-AlLO,-SiO, at 1450-1550
°C that promoted zircon dissociation with subsequent mullite
phase formation [22]. In the case using YSZ, this influence was
much more pronounced due to the higher amount of Y,0, as
a stabilization additive rather than MgO, respectively 8 mol%
and 2.8 mol%. Using the WO, prevented liquid formation in the
MgO-AlLO,-SiO, system, and zircon was retained in the phase
composition of synthesized mullite ceramics with MSZ and
WO, (1:1), unlike the samples with YSZ and WO, (1:1).

The XRD patterns in the 26° range from 20° to 24° (Fig. 2 (a)
and (b)) show the mixture of crystalline and amorphous phases
for both samples with ZrO, and WO, (1:1). The presence of
separate peaks on the XRD patterns of these compositions in
the 20° range from 20° to 24°, at 32°, 35° and 43° corresponded
to the aluminium tungstate phase.

Doubling the WO, amount contributed to the zircon and
aluminijum tungstate formation in both sample compositions
with two types of stabilized ZrO, (Fig. 3 (a) and (b)). In the
case of these samples, the number of intensity peaks ZrO,
phase decreased due to ZrO, participation in forming ZrSiO,.
The location of t-ZrO, in the neighbourhood of amorphous
SiO, promoted zircon formation at a lower temperature by a
diffusion reaction. Zircon formation in the corresponding
ceramic samples was proposed to occur via several successive
reactions. First, ZrSiO, began forming by reacting t-ZrO, with
amorphous SiO, at about 1200 °C. Then, zircon formation
continued by the reaction of t-ZrO, with cristobalite at
1400-1470 °C owing to the crystallization and corresponding
modification of SiO,. Complete formation of this phase
occurred by the reaction of m-ZrO, with cristobalite after
~1580 °C due to t-ZrO, gradually transforming into m-ZrO,
with an increase in temperature because of the decrease in
excess surface energy [23-26]. In turn, increasing the WO,
amount also prevented liquid formation and zircon dissipation
in the case of samples with YSZ and WO, (1:2). 1600 °C
was not high enough for decomposing ZrSiO, to ZrO, and
SiO, according to the literature [23]. The mullite phase also
remained dominant in these samples, but the intensity of this
phase’s diffraction maximums decreased (Fig. 3) because the
AlO, and SiO, mullite components were used forming phases
such as aluminium tungstate and zircon. The intensity of
aluminium tungstate phase diffraction maximums increased
in samples with ZrO, and WO, additives (1:2) due to the
increasing WO, amount. The ZrW,O, phase was not observed
in sintered samples compositions. The XRD pattern of the
ceramic material with YSZ:WO, (1:2) shows the significant
presence of WO, phase than in samples with MSZ:WO, (1:2).

® - Mullite, m - monoclinic ZrO,, ¥ - Zircon,
- WO, ¢ - AlL(WO,),

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60
26 (%)

Fig. 3 XRD patterns of the samples with ZrO, and WO, additives in the ratio of 1:2:
(a) with YSZ and WO, (b) with MSZ and WO,
3.dbra ZrO,t és WOt 1:2 ardnyban tartalmazé mintdk rontgen diffrakciés
analizisének eredménye: (a) YSZ-t és WOt tartalmazé, (b) MSZ-t és WO -t
tartalmazé

3.2 Differential thermal analysis

The DTA curves for heating and cooling the MEKA kaolin and
the non-sintered sample compositions are shown, respectively,
in Fig. 4 and Fig. 5. In the DTA plots (Fig. 4) for all samples,
the first endothermic peak at about 180 °C represented the
elimination of free water absorbed between the particles. In the
case of kaolin (Fig. 4 (a)), the second strong endothermic peak
at 530 °C corresponded to the dehydroxylation of kaolinite
and the formation of metakaolinite [27]. The dehydroxylation
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process should be considered a crystal-chemical process of
the kaolinite’s bilayer lattice changing with the absorption of
a significant amount of heat [28-31]. The exothermic effect in
the 647 to 660 °C temperature range defined the crystallization
of some amorphous phase [32]. The sharp exothermic peak
within 1000 °C was due to the formation of new crystalline
phases such as a Si-containing y-Al,O, with spinel structure
plus amorphous SiO, or a 2:1 mullite plus amorphous SiO,
(30, 31]. Then, the mullite phase (3AL0,-2Si0,) formation
and cristobalite were followed at about 1235-1245 °C, which is
represented as a gently sloping exothermic peak [30, 31].

fexo

1235°C

1100°C
|

Heat flow (a.u.)
=

1010°c”

1095°C
i

(&) 1(179°C

0 200 400 600 800 1000 1200 1400
Temperature, (°C)

Fig. 4 DTA for samples, heating curves: (a) kaolin, (b) with YSZ, (c) with MSZ, (d)
with YSZ:WO, (1:1), (e) with MSZ:WO, (1:1), (f) with YSZ:WO, (1:2), (g)
with MSZ:WO, (1:2)

4. dbra Differencidlis termoanalizisbdl szdrmazé fiitési gorbék egyes mintdkra: (a)
kaolin, (b) YSZ-t tartalmazo, (c) MSZ-t tartalmaz, (d) YSZ:WO, (1:1)
ardnyban tartalmazd, (e) with MSZ:WO, (1:1) ardnyban tartalmaze, (f) with
YSZ:WO, (1:2) ardnyban tartalmazo, (g) with MSZ:WO, (1:2) ardnyban

tartalmazé
Texo
(a)
& b)
g o -J/_\\_j
=
: Zr(WO,),>Zr0,+2W0, \JJ
T (d 10552
(e) £905°C
() ————————_cwsc U
(8 /@W‘U/
0 200 400 600 800 1000 1200 1400

Temperature, (°C)

Fig. 5 DTA for samples, cooling curves: (a) kaolin, (b) with YSZ, (c) with MSZ, (d)
with YSZ:WO, (1:1), (e) with MSZ:WO, (1:1), (f) with YSZ:WO, (1:2), (g)
with MSZ :WO, (1:2)

5. dbra Differencidlis termoanalizisbdl szdrmazé hiitési gorbék egyes mintdkra: (a)
kaolin, (b) YSZ-t tartalmazo, (c) MSZ-t tartalmaz, (d) YSZ:WO, (1:1)
ardnyban tartalmazd, (e) with MSZ:WO, (1:1) ardnyban tartalmaze, (f) with
YSZ:WO, (1:2) ardnyban tartalmazo, (g) with MSZ:WO, (1:2) ardnyban
tartalmazo
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The DTA thermal behaviour of the samples compositions
with YSZ and MSZ demonstrated processes similar to those
seen in heating pure kaolin: the dehydroxylation of kaolinite
at about 514 °C, spinel structure or primary mullite formation
with amorphous SiO, at 1000 °C and secondary mullite
(3A1,0,-25i0,) formation at about 1200 °C. The DTA curves of
the samples with a mixture of ZrO, and WO, in a 1:1 and 1:2
ratio showed an endothermic peak at about 400-460 °C (Fig.
4 (d-g)), which indicated the WO, phase transformation from
the monoclinic modification to the orthorhombic [33-35]. The
exothermic peak within 1000 °C for all samples with a ZrO, and
WO, mixture was smaller than for kaolin and samples without
WO.,. It is important to note that after this small exothermic
peak at 1000 °C, an endothermic peak immediately followed
at 1015-1090 °C, which was also characteristic of all samples
with a mixture of ZrO, and WO,. This can be explained by
the combination of two processes that came at relatively the
same time in the 950-1090 °C range. Therefore, the exothermic
peak at 1000 °C corresponded to one of the stages of the
thermal conversion of kaolin, which was described above,
and the subsequent endothermic peak was associated with
the formation of zirconium tungstate from ZrO, and WO,
[16, 17, 36]. This was also confirmed by the behaviour of the
cooling curves (Fig. 5 (d-g)). The elongated endothermic peak
of the cooling curves at the 1185-1200 °C region was due to
the formation of zirconium tungstate at the samples cooling as
verified by the ZrO, and WO, system phase diagram [37] and
the works of Dedova and Lommens [17, 36], and is not typical
behaviour of an unmodified mullite ceramic DTA cooling
curve. The ZrW O, phase intensity peaks were not observed
in the XRD patterns after sample sintering because Zrw,0O,
melting occurs above 1257 °C [17, 33], which is lower than
the sample sintering temperature. ZrWZO8 was not present
after slowly cooling the samples due to the decomposition of
this phase into ZrO, and WO, within the narrow 770-825 °C
temperature range [16, 36, 37]. ZrW,O, decomposing into
oxides caused a smooth rise in the DTA cooling curves from
825 °C to lower temperatures (Fig. 5 (d-g)).

The AL(WO,), formation is shown in the sample heating
DTA curves (Fig. 4 (d-g)) as an exothermic effect at 1075-
1100°C. The mullite phase formed at temperatures higher
than 1200°C in the case of a mixture of differently stabilized
zirconia and WO, in a 1:1 and 1:2 ratios. The wide exothermic
peak of the cooling curves (Fig. 5 (d-g)) for samples with
YSZ and WO, (1:1) at 1055 °C was due to the formation of
aluminium tungstate while cooling, as verified by the ALO,-
WO, system phase diagram [38, 39]. For samples with the
addition of MSZ:WO,=1:1, YSZ:WO,=1:2 and MSZ:WO,=1:2,
the AL (WO,), formation also occurred while cooling but at
lower temperatures, respectively at ~905 °C, ~878 °C and ~875
°C. The AL(WO,), formation temperature was lower in case of
mullite ceramics with MSZ and WO, mixture of both ratios.

3.3 Scanning electron microscopy

SEM micrographs showing the microstructure of samples
with the YSZ additive are presented in Fig. 6. The structure
of these samples was composed of densely packed, elongated
mullite crystals, which are located in a glassy phase (Fig. 6 (a)
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and (b)). The glassy phase was formed with the participation
of yttrium oxide and increased the sintering of the samples.
Sample fracture occurred in the glassy phase at the time of
sample preparation for the SEM (samples were broken in half),
which is visible in Fig. 6 (c). The SEM micrograph from the
TableTop SEM Microscope TM3000 (Fig. 6 (a)) shows large
and small white inclusions, which confirm the presence of

Fig. 6 SEM micrographs of the microstructure of sintered samples with YSZ
6. dbra Az YSZ-t tartalmazé szinterelt mintdkrdl mikroszerkezetérdl pdsztdzé
elektronmikroszképpal készitett felvételek

The structure of ceramics samples with the MSZ additive
was similar to the structure of the samples with YSZ (Fig. 7 (a)
and (b)). The white particles in the SEM micrographs (Fig. 7
(a)) for samples with MSZ showed that m-ZrO, particles have
a smaller size and are more uniformly distributed in the sample
structure after sintering.

Fig. 7 SEM micrographs of the microstructure of sintered samples with MSZ
7. dbra Az MSZ-t tartalmazo szinterelt mintdkrdl mikroszerkezetérél pdsztdzé
elektronmikroszképpal készitett felvételek

Fig. 8 SEM micrographs of the microstructure of sintered samples with YSZ and
WO, additive in a 1:1 ratio
Az YSZ-t és WO ,-at 1:1 ardnyban tartalmazo szinterelt mintdkrol

mikroszerkezetérél pasztdzé elektronmikroszkdppal készitett felvételek

8. dbra

The sample structure changed with the use of a ZrO, and
WO, mixture in the case of both ratios of these oxides. The
structure of samples with YSZ:WO,=(1:1) was formed from
needle-like mullite crystals. Parts of the mullite crystals were
covered by a continuous glassy phase that was white in the SEM
micrograph from the TableTop SEM (Fig. 8 (a)). The structure
of these samples also contained granular inclusions.

Table 2 presents the elemental compositions of samples’
certain areas after EDX point analysis. EDX analysis results
showing that some grains were ZrO,, other grains were
aluminjum tungstate, respectively EDX points 1 and 2 in Fig.
8 (b) and in Table 2. The mullite crystals were distinguishable
at the larger magnification (Fig. 8 (b-e)) after using the high-
resolution SEM (FEI Nova NanoSEM 650). The EDX results
(EDX point 3) in Fig. 8 (c) and data in Table 2 show that the
existing amorphous phase contained a higher weight per cent
of elements such as O, Al, Si, W and a lower weight percent
of Zr and Y, which can correspond to the alumina-silica
glassy phase [40] and alumina-tungstate glassy phase with
dissolved ZrO, and Y,0,. This amorphous part of the samples
contained crystalline grains (Fig. 8 (c), EDX point 2), which
were identified as aluminium tungsten crystalline grains after
the EDX analysis. Some mullite crystals contained relatively
small white points (Fig. 8 (a)), which were another phase. The
SEM micrographs at the higher magnification (Fig.8 (d) and
(e)) demonstrated small crystals on the surface of the mullite
crystals. These crystals were identified as aluminium tungstate
crystals by the results of the EDX point analysis (point 2) in
Table 2.

Fig. 9 shows the structure of the samples with MSZ and WO,
in a 1:1 ratio. Relatively fine particles (marked in light grey
in Fig. 9. (a)) were distributed in the sample structure. These
faceted crystals were zircon, by the EDX analysis (EDX point 4
and 5) (Fig. 9. (a-c) and Table 2). The prismatic mullite crystals
in these samples are relatively thinner and longer than mullite
crystals of the YSZ:WO,=(1:1) samples.

R é‘ »

Fig. 9 SEM micrographs of the microstructure of sintered samples with MSZ and
WO, additive in a 1:1 ratio
9.dbra Az MSZ-t és WO -at 1:1 ardnyban tartalmazé szinterelt mintdkrol
mikroszerkezetérol pdsztdzo elektronmikroszképpal készitett felvételek

Element Point 1 Point 2 Point 3 Point 4 Point 5
Weight % Atom % Weight % Atom % Weight % Atom % Weight % Atom %  Weight %  Atom %

o 371 72.7 39.3 61.7 39.1 66.6 34.9 66.5 46.4 69.1
Al 4.9 5.6 30.8 28.6 15.9 16.1 - - 13.3 11.8
Si 23 2.6 71 6.3 11.3 11.0 16.7 18.5 14.6 12.4
w 22.9 34 26.9 4.0 - - - -
Zr 55.7 19.1 - 2.8 11 48.4 15.0 25.7 6.7
Y - 4.0 1.2 - - - -

Table 2 The elemental compositions of samples’ certain plots after EDX point analysis
2. tablazat Az EDX (energia diszperziv rontgensugdr) analizis egyes pontjaiban a mintdk elemi Gsszetételei
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The structures of samples with YSZ:WO, and MSZ:WO, in
a 1:2 ratio were formed from crystal agglomerates of mullite
and aluminium tungstate crystals. The aluminium tungstate
crystals were located on and between the mullite crystals (Fig.
10 and Fig. 11). Comparing the SEM micrographs of samples
with YSZ:WO, mixtures in ratios of (1:1) and (1:2) in Fig. 8 and
Fig. 10, the quantity of aluminium tungstate crystals increased
with increasing WO, quantity. In turn, thinner mullite crystals
were randomly located among the larger mullite crystals. The
presence of aluminium tungstate crystals in samples with
MSZ:WO, also became noticeable after increasing the WO,
quantity (Fig. 11. (b) and (c)).

(a) i r' “'\‘ﬂ"‘»a{”'"

Fig. 10 SEM micrographs of the microstructure of the sintered samples with YSZ and
WO, additive in a 1:2 ratio
10. dbra Az YSZ-t és WO -at 1:2 ardnyban tartalmazé szinterelt mintdkrol
mikroszerkezetérdl pdsztdzo elektronmikroszkoppal készitett felvételek

SEM micrographs of the microstructure of the sintered samples with MSZ and
WO, additive in a 1:2 ratio

11. dbra Az MSZ-t és WO -at 1:2 ardnyban tartalmazo szinterelt mintdkrol
mikroszerkezetérdl pdsztizo elektronmikroszkoppal készitett felvételek

The possible growth of aluminium tungstate crystals on the
mullite crystals occurred from the ALO, and WO, solid-state
reaction during sintering and from the alumina-tungstate
liquid phase during cooling. The nucleation and growth of
aluminium tungstate crystals proceeded in possible defect sites
on mullite crystals. Supersaturation of the alumina-tungstate
liquid phase occurred with increasing WO, in samples with
YSZ:WO, (1:2) and MSZ:WO, (1:2) mixtures and aluminium
tungstate crystalline grains continued to grow.

3.4 Shrinkage, bulk density and apparent porosity of the
sintered samples

The ceramics samples, modified only with YSZ or MSZ, have
shrinkage higher than 35+1% and bulk density 1.55+0.05 g/cm’
(Fig. 12). Using the mixture of stabilized ZrO, and WO, additive
decreases the shrinkage and bulk density of the samples. The
results of the bulk density decrease with increasing of the
samples apparent porosity (Fig. 13). The apparent porosity of
all samples compositions is higher than 40% and maximum
porosity is 66-73%. The samples with YSZ:WO, (1:1) and
MSZ:WO, (1:2) have porosity about 63-66% and the bulk
density of 1.24+0.05 g/cm’. Modifying of the porous mullite
ceramics with mixture of magnesia stabilized zirconia and
WO, has higher influence on the apparent porosity and water
uptake of the samples than the yttria stabilized zirconia in
mixture with WO,. The mixture of MSZ and WO, in a 1:1 ratio
caused increasing of the apparent porosity of ~15%, but these
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oxides mixture in a 1:2 ratio caused increasing of the apparent
porosity of =11%, respectively in comparison with YSZ:WO,
(1:1) and YSZ:WO, (1:2). Doubling the WO, amount slightly
decreases the porosity.
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Fig. 12 Shrinkage and bulk density of the sintered samples
12. dbra A szinterelt mintdk zsugoroddsa és testsiiriisége
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Fig. 13 Apparent porosity and water uptake of the samples
13. dbra A mintdk ldtszolagos porozitdsa és és vizfelvétele

3.5 Linear thermal expansion of the sintered samples

The analysis of the thermal property in Fig. 14 shows that
samples only with YSZ or MSZ have the similar linear thermal
expansion as the pure mullite ceramics due to the mullite
phase dominance in these samples. The presence of such
phases as zircon (a, = 4.1.10°°C™) [6] and aluminium
tungstate (o, . wngstate = —1.5-107%°C™") [8] decreased the
linear thermal expansion of samples with YSZ:WO, mixture
in a 1:1 ratio and with MSZ:WO, in a 1:2 ratio. At the same
time, samples with YSZ:WO, mixture in a 1:2 ratio and with
MSZ:WO,in a 1:1 ratio, containing unreacted WO, (confirmed
by XRD results), have higher expansion due to the high linear
expansion coefficient of WO, (otumgsten oige= 13=15:10%°C") [8,

9] The expansion of samples with the ZrO, and WO, mixture
decreases in the temperature range approximately from
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950 to 1020 °C due to the formation of zirconium tungstate
(0, omim wngstate = -8.6:107°C™) [9] from ZrO, and WO, during

the heating and at these temperatures the ceramic materials
have an effect of contracting.
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Fig. 14 Temperature dependence of the linear thermal expansion coefficient for
sintered samples: 1 - with YSZ, 2 - with MSZ, 3 - with YSZ:WO, (1:1), 4 -
with MSZ:WO, (1:1), 5 - with YSZ:WO, (1:2), 6 - with MSZ:WO, (1:2)

14. dbra A szinterelt mintdk linedris hétaguldsi egyiitthatéjdnak homérséklet fiiggése:
1 - YSZ-t tartalmazé, 2 - MSZ-t tartalmazé, 3 - YSZ-t és WO ,-at 1:1
ardnyban tartalmazo, 4 - MSZ-t és WO -at 1:1 ardnyban tartalmazo,
5-YSZ-t és WO -at 1:2 aranyban tartalmazo, 6 - MSZ-t és WO -at 1.2
ardnyban tartalmazo

4. Conclusions

Modified porous mullite ceramics were fabricated by
slip casting a concentrated slurry of raw materials and were
sintered at 1600 °C for 1 h with a slow cooling process. It was
established that the in situ formation of crystalline phases
with low or negative LTEC in mullite ceramics can be found
after adding YSZ (8 mol% Y,0,) or MSZ (2.8 mol% MgO with
WO, mixture in a 1:1 and 1:2 ratio at the correspond sintering
conditions. These synthesis conditions are much simpler than
the applicable methods and long holding time considered
above from literature date, which is an advantage for obtaining
porous mullite ceramics. Only AL(WO,), or two crystalline
phases, ZrSiO, and AL(WO,),, were formed into the porous
mullite ceramics after its modification with metal oxides such
as differently stabilized zirconia and WO,. The Zr(WO,), phase
was not detectable due to the not appropriate firing-cooling
process, which does not allow remaining this phase in phase
composition of investigated mullite ceramics. The 8 mol% Y,0,
stabilized zirconia additive has higher influence on decreasing
temperature of ZrSiO, dissociation than 2.8 mol% MgO
stabilized zirconia. Using the certain amount of WO, prevent
the ZrSiO, dissociation in mullite ceramic modified with ZrO,
and WO,. Addition of the 2.8 mol% MgO stabilized zirconia
in mixture with WO, increases the porosity of mullite ceramic.
Sintered porous mullite ceramics with YSZ:WO, mixture in a
1:1 ratio and with MSZ:WO, in a 1:2 ratio have the potential
application in conditions of elevated temperatures 21200 °C as
thermal insulator with lowered linear thermal expansion.
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Abstract

The effect of tunnel-fire can cause significant changes in the strength of the tunnel-lining and its
rock environment. This structural damage is a potential threat after fire load. The condition of
the structure can be estimated if some concrete specimens exist from the mixture of the tunnel
wall. These specimens should be loaded by the same temperature that affected the tunnel in fire
during different heating and cooling treatments. According to the test results, the inner and outer
part of the lining can be modelled under fire.

The change of compressive strength and Young’s modulus can be obtained from compressive
strength tests. These processes were explained in details in our previous article, titled “Effects of
tunnel-fire on load bearing capacity of tunnel-lining and surrounding rock mass”. The ratios of the
initial and instantaneous material properties give reduction factors. If the maximum temperature
during a fire is known the overheating of the lining wall can be modelled by numerical methods,
from which isothermal zones can be determined. From the thickness of these zones and the
reduction factors (compressive-, tensile strength and Young’s modulus) the present condition of
the tunnel wall can be estimated by the model. The damaged wall can be modelled with a wall
with equivalent stiffness to the damaged one with the use of the reduction factors. The created
numerical model gives an opportunity for a fast structural evaluation of the tunnel after fire.
This initial model was validated by comparison of model results from different software products
tested with different boundary conditions. In present paper two software and three types of beam-
spring models (2D, 3D, node and surface support) were compared. All of these model types gave
very close results, so it can be concluded, that they can be applied for tunnel modelling under
increased temperatures without the further laboratory test of concrete specimens of the tunnel
wall.

Locations of partial failure (after fire) can be determined from the model which generates
plastic hinges in the tunnel wall. In this step the model has to be recalculated to evaluate the
final condition. From the different stresses and material properties of the wall the necessary
provisional support system can be designed and constructed. This support system provides the
required safety under the early stage of reconstruction. Besides this, the necessary thickness of
reparation can also be estimated from the model results.

Kulcsszavak: Alaglttliz, gerenda-rugd modell, beton, nyomészilardsag, rugalmassagi modulus
Keywords: Tunnel fire, beam-spring model, concrete, compressive strength, modulus of elasticity
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OK. Epitmémak (Noma Consulting, 2017),
alagutak és foldmegtamaszto szerkezetek
tervezésével foglalkozo geotechnikus mémaok.

1. Bevezetés

A beton alagttfalazatok és a kézetkornyezet anyagtulajdon-
sdgainak vizsgalatat cikkiink el6z6 részében mutattuk be [1].
Jelen cikkiink a kordbbi eredményeke épiil6 modellkészitésrdl
és ebbdl levont kovetkeztetésekrol szol.

Az alaguttiizekbdl szarmazo héhatds jelentds valtozasokat
eredményezhet az alagutfalazat és a kézetkornyezet szilardsa-
gi és merevségi tulajdonsdgaiban, esetlegesen teljesen tonkre
is teheti a szerkezeti elemeket. A tlizhatason tul a szerkezeti
karosodasok is potencialis veszélyforrast jelentenek. Az alagut
betonjabdl célszerli elézetesen probatesteket késziteni és tlizte-
her hatdsara az anyagtulajdonsagaiban bekovetkezd valtozésait
megvizsgalni. A vizsgalat eredményeit egy modellbe épithet-
jiik, a modell kozelitSleg korrekt képet adhat az alagut tliz utani
allapotarol, noveli a mentés és a megerdsités alatti biztonsagot.

Beton alagutfalazatok nyomoszilardsaganak és elszinez6désé-
nek laboratériumi vizsgalataval foglalkozott [2]. A gerenda-
rug6 modellek vizsgalataval foglalkozott [3]. Talajok nyomdsa-
nak szamitasanal nagyobb biztonsagot kovetel meg a tervezés
(mint példdul magasépitésben ahol pontosabban leirhaté az
erGjaték és a megtdmasztasi viszonyok), ezért fontos hogy az
alagutat korilvevd kdzetek anyagtulajdonsagait (és véltozasait
héteher hatdsara) megfeleléen pontosan vegyiik fel és az ala-
gutfalazatra hat6 terheket jol hatdrozzuk meg. A témaval rész-
letesen foglalkozott és vizsgélta a granitos kézetek hé hatasara
torténd szilardsagvaltozasat [4]. Az alagutfalazatra és kdzetre
nem csak alaguttiizek esetén juthat héteher, hanem példaul
nukledris hulladéklerakokban lejatsz6dd bomlasi folyamatok
altal is. Nukledris hulladéklerako alagutjat vizsgélta [5].
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2. Célkitlizések

Munkank sordn alapvetSen a tiiz tartdszerkezetre gyakorolt
hatdsaival foglalkoztunk, kiemelve a vasbeton alagutfalazatban
a Dbeton anyagtulajdonsdgaiban okozott valtozasokat
visszahtlt dllapotban (ezzel a biztonsdg oldalardl kozelitve
az anyagtulajdonsagokat, tovabbd a helyredllitas soran ezen
allapotok érvényesek). Az alaguttiiz kovetkezményeinek
reprodukcidjat laboratériumi kdrnyezetben és az alagutfalazat
karosodasanak vizsgalatat (mik a kdarosodasok okai) az
»Alagittiizek hatdsa az alagutfalazat és kizetkornyezet
teherbirdsdra” ciml cikkiink elsé részében mutattuk be. A
kapott eredmények felhasznalasaval végeselemes programban
épitett sikbeli és térbeli gerenda-rugé (,beam-spring”)
modell segitségével mutatjuk be a szilardsagi tulajdonsagok
valtozasainak hatasat az alagut erdjatékara. Valaszt kerestiink
arra a kérdésre, hogy az alagutfalazat kiilonboz6 részeinek
teherbirasa megfelel-e a ttzeset utdn, illetve kialakulnak-e
képlékeny csuklok a falazatban. Majd a csuklokat beépitve a
modellbe ellendriztiik, hogy képlékeny nyomatékatrendezdés
utan megfelelé teherbirasti marad-e a falazat. Végiil dltalanos
javaslatot adtunk a helyredllitds menetére. A sikbeli modell
eredményeit dsszevetettiik a térbeli modell eredményeivel, ha
az egyezés megfelelé mértéki, elégséges lehet a sikbeli modell
hasznalata. A sikbeli gerenda-rugé modell elénye, hogy
egyszeriien felépithetd, gyorsan szolgéltat eredményeket, ami
alapjan meghatarozhatok az alaguttal kapcsolatos azonnali
intézkedések illetve eldonthetd, hogy a sériilt alagutfalazat
hosszutavon alkalmas-e a raharulé terhek viselésére, vagy meg
kell erésiteni, és ha igen, mely részeken és milyen médon.

3. A ,,beam-spring” modell

A gerenda-rugd modell vasbeton alagutfalazatok méretezése
soran Kkis takarasu vasbeton elemek esetén hasznalatos. Ez a
végeselemes modell csak a beton falazatot veszi figyelembe.
A falazat deformdcidja az alagit hossztengelyének iranydban
kozel nulla (¢=0) a keresztirdny alakvaltisokat (e, sy)
figyelembe vesszitk. Az alagutat koriilvev$ talajnyomast a
gerendaelemek csomdpontjaiban hatd kiils6 er6hatasként veszi
figyelembe a modell. A falazat talajba/kézetbe valé rugalmas
agyazasat a csomépontokba csatlakozé rugdelemek adjak. A
csatlakozé rugok merevsége a koriilvevd talaj rugalmassagi/
6sszenyomddasi modulusétol E (MPa) és Poisson tényez6jétol
v (-) figg. Kor keresztmetszetli alagutaknal a sugariranyu
elmozduldsok u (m) a kovetkez6k szerint alakulnak (1):

u= (1%) XRXp (1)
ahol

= p (MPa) a talaj/kézet nyomasa

= R (m) az alagut sugara

= E(MPa) a koriilvevd talaj rugalmassagi modulusa

= v (-) akoriilvev§ talaj Poisson tényezdje

A rugéban ébredd eré értéke (2) egyenlet alapjan szamithat6
(N), ami azt jelenti, hogy az ébredé er6 a radidlis elmozdulasok
(u) fuggvénye (3)

F=AXp (2)

F = (L X é) Xu (3)
1+v R '
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ahol
= R (m) a kor keresztmetszett alagut sugara

= E(MPa) a koriilvevd talaj rugalmassagi modulusa

= v (-)akoriilvevd talaj Poisson tényezdje

A (m?) az egy rugbelemhez tartozé alagutfalazat-teriilet
(4ltaldban a csomdponthoz csatlakozd gerendaelemek fél

hosszainak 0sszege szorozva a figyelembe vett szélességgel).
A rugéelem rugoallandoja (4) egyenlet alapjan
E _A
K = (2= x %) (N/m) @)

Az el6z6 képletek kor keresztmetszetli alagutakra
érvényesek, viszont az alagutak keresztmetszete tobb eltérd
ivbél is allhat, amikhez kiilonb6zé sugarak tartoznak. Ilyen
alagut-keresztmetszet esetén R helyére R, Kkertil, ami az alagut
keresztmetszet 4tlagos sugara.

Tapasztalatok szerint tobb ivb6l 4ll6 szerkezeti formak esetén
az esetek dontd tobbségében szamolhatunk a helyettesitd
sugdrral, amelybdl szamithaté kor keresztmetszeti teriilete
azonos a tényleges alagut keresztmetszeti teriiletével. A rugok
hazé- és nyomd- rugdémerevsége eltérd, csak nyomads esetén
vesznek fel terhelést, huzas esetén rugémerevségiik nulla [6],
[7], [8], [9]. Elséként sikbeli modellel foglalkoztunk, majd a
modellbdl kapott eredményeket Osszehasonlitottuk a térbeli
modellbél kapott eredményekkel.

4. Vagatstatikai szamitas

Az alagit modelljeit két végeselemes programban is
elkészitettitk (1. dbra), mert a ,program 1” (amit a terhek
szamitasara is haszndltunk a ,program 2”-ben készitett
modelltdl eltérd médon szdmitja a terheket. Igy az eredmények
ellendrizhetdek és, megfeleld egyezés esetén kijelenthet, hogy
az eredmények nem fliggnek a hasznalt szoftvertdl. Szilard,
tagolt kézetkornyezetben késziilt alagutak vagatstatikai
szamitasait mutatja be [10], végeselemes és diszkrét elemes
modszerrel [5]. Az alagut betonfalazatat és a mogotte 1évo
kézet kolcsonhatdsait vizsgalta laboratoriumi kortilmények
kozott [11], a modellekben valé pontosabb kapcsolati jellemz6
felvétele érdekében. Tobb sikbeli és egy térbeli modellt
épitettiink, igy elemezhetjiik, hogy a sikbeli modellbél kapott
eredmények mennyire pontosan kézelitik meg a valésighoz
kozelebb all6 térbeli modell eredményeit.

A vizsgalt minta-alagit nyomvonala tektonikai lemezek
hatarahoz kozel fekszik, ezért a teriileten jellemzé a
talnyomorészt magmads kdzetek (granit) jelenléte. Az alagut
feletti fedés 40 m. A teriileten talajvizet nem taldltak a firdsok
soran. A kdzet paramétereit az 1. tdbldzat tartalmazza.

Megne- Test- Egyiranyi  Rugal- Poisson Kohézio Belsé  GSI
vezés sliriség nyomoszi- massagi tényezo [MPa] surlodasi [-]
[kg/m®] lardsag  modulus [-] sz0g [°]

[MPa] [MPa]
Monzo 2570 120 4500 12 0,091 36,61 10
granit

1. tdbldzat Kézetfizikai paraméterek
Table 1 Rock Strength Parameters
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1. dbra Az alagiitszelvény méretei
Fig. 1 Dimensions of the tunnel section

5. Mértékado hohatas meghatarozasa

Alagutak tlzvizsgalata esetén a szénhidrogén és a modosi-
tott szénhidrogén gorbék hasznalata a jellemz6, a 1étesitmény
adottsagai, alakja és az ég6 anyag Osszetétele miatt (pl. kozle-
kedési jarmtivek tizemanyaga). A szénhidrogének égése soran
a szabvanyos tlzgorbétdl eltérd karakterisztikaju jelenségeket
tapasztalhatunk. Mind a gorbe lefutasa, mind a maximuma el-
tér a magasépitési gyakorlatban alkalmazott szabvanyos ttizt6l.
A szénhidrogének gyorsabb belobbanasa meredekebb hémér-
sékletemelkedést, mig nagyobb héfejlesztésiik magasabb maxi-
malis hdmérsékletet eredményez (5).

A gorbe egyenlete:

T[°C] = 20 + 1080 x (1 — 0,325 x
e—0,167><t[min] — 0,675 X e~25xt [min])_

5)

Az alagut keresztmetszetében feltételezett hdémeérséklet
eloszlast a kovetkezbkre alapoztuk. A szénhidrogén tlizgorbe
gyors emelkedése miatt, egyszerGsitett tlizmodell esetén a
lokalizalt tliz elhanyagolhat6 és a teljesen kifejlett tliz gyorsan
kialakul. Masrészt a fejlett téizmodellek koziil az egyzdnas
modell indokolt hasznalata tamasztja alda a feltételezést.
Ugyan mindkettd emlitett tizmodellt (egyszeriisitett, fejlett)
altalaban a magasépitésben haszndljak, de alagutak esetében
is alkalmazhaté mindkett6 modelltipus mésodik szakasza. A
keresztmetszet geometridja miatt el6all az a teljesen kifejlett
tlizh6z hasonld eset, amikor a langok beboritjak az alagut teljes
keresztmetszetét, ami egyenletes léghdmérséklet kialakulasat
vonja maga utan. A kezdeti léghdmérséklet-eloszlast az alagut
hossztengelyében vizsgalva, megéllapithatd, hogy a tlizfészek
kornyezetében uralkodé magas hémérséklet a tavolsaggal
aranyosan csokken [13]. KésGbb az egyenletes 1éghémérséklet
eloszlds kialakuldsat az alagttban 1évé erds ventilldcio is

elGsegiti. Ezen kiviil az idé mulasaval, a tlizfészektdl tavolabbi,
éghet6 anyagok is langra kaphatnak, aminek kovetkeztében a
hémeérséklet-eloszlas maximumbhelyei térben széthuzédhatnak
és az alagut falazatdnak mind nagyobb szakaszat érheti a
maximalis héterhelés [12], tehdt egyenletesebbé véalhat a
hémérséklet eloszlasa a keresztmetszetben és a hossz mentén
is. Feltételezésiink szerint a teljes alagit keresztmetszete
mentén egyenletes a légh6mérséklet eloszlas, igy a falazat
vastagsaga mentén egyenletesen melegszik 4t a keresztmetszet.
Emellett az alagat hossziranyaban is viszonylag egyenletes a
hémeérséklet eloszlas, mivel az alagutban 1évé erds ventillacio
a tliz terjedésével egyre intenzivebb lesz, ami dramlasaval
kozvetiti az energiat az alagat tavolabbi részeibe. A
hémérsékletemelkedésnek és az ebbdl szarmazé fluxusnak a
ventillacioval valo Osszefiiggését [14] vizsgalta.

B: Transient Therm
Temperature

Type: Temperature
Unit: *C

Time: 3600
14.4.2015 18:22

1300 Max
1000
800

0,000

0,150

2. dbra A modellezett fél keresztmetszet (balra), 1 6rds tiizhatds alatt dtmelegedett

falazat (jobbra)
Fig. 2 Modelled half-section (left), overheated cross-section right after 1 hour long
fire (right)
A falazat atmelegedését végeselemes programmal

hataroztuk meg 1 6ra idétartamu tiiz hatdsdra, a médositott
szénhidrogén tiizgérbe egyenlete alapjan (T, =1300°C). Az
1300 °C az 1000 °C-os terheléssel azonosnak tekinthetd, mert
a probatestek mar 1000 °C-on elveszitik teljes szilardsagukat).
A programba szimmetria megadasaval a fél keresztmetszetet
vittilk be és egyenletes hémérséklet eloszlast feltételeztiink.
Igy megkaptuk az egyes hémérsékleti tartomanyokhoz tartozé
z6ndkat, amikhez késébb hozzarendelhettitk a mért szildrdsagi
és merevségi értékeket (2. dbra).

6. A numerikus modellek felépitése

Két sikbeli és egy térbeli modellt készitettitk (,,program 2”-
ben). A sikbeli modellek és a térbeli modell is gerenda-rugé
elméleten alapulnak. Az els6 sikbeli modell egy ,klasszikus”,
csomopontjaiban megtamasztott gerenda-rugd modell, a
masodik egy moddositott valtozat, ahol csoméponti tdmaszok
helyett vonalmenti tamaszokat hasznaltunk. A térbeli modell
is gerenda-rugdé modell alapjaul szolgald, az alagut boltozat
ivét kozelité sokszog keresztmetszet alapjan késziilt, mivel a
program nem tud gorbiilt felilleteket modellezni. A modell
héjelemekbd] all, mert szegmensei mind kozépsikjukkal
parhuzamosan, mind erre merdlegesen terheltek és a valds
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alagutfalazat egyszer gorbiilt feliletszerkezet (3. dbra). A
szegmensek egymdshoz merev mddon kapcsolénak (mint
ahogy a gerenda-rugé modellnél a gerendak), talajba/
kézetbe val6 rugalmas agyazasukat felilletre meréleges felileti
tamaszokkal vettiik figyelembe. A térbeli modellt harom,
tiz méter hosszu részre osztottuk, ezek kozil a kozépsGben
maximalis 1300 °C-ot feltételeztiink, a két szélsd tiz méteres
szakaszban 800 °C-ot. A tiz méteres szakaszokra valé felosztas
az eltérd maximadlis hdmérsékletekhez tartozd, a falazatban
bekovetkezd valtozasok kozti eltérést hivatott szemléltetni.
Térben az alagutfalazat keresztmetszetét (a fal belsé feliiletétdl
kifelé haladva) 1300°C, 1000°C, 800°C, 500°C, 300 °C-os
zéndkra bontottuk fel. A 300 °C-nal alacsonyabb hémérséklet
z6nak 20 °C-os betonként jelennek meg a szendvicsmodellben,
mivel 300°C-ig jelent6s valtozas nem lép fel a beton
szilardsagaban. Ezekhez a zoéndkhoz rendeltiik hozzd a
kisérletekbdl kapott anyagjellemzdk értékeit. Igy a kapott
szendvicsmodell kiilonb6zd zondihoz (zonanként eltérd inercia
ésrugalmassagi modulus) tartozé merevségek dsszegzett értéke
alapjan szamithat6 a helyettesité vastagsag. Az igy szamitott
vastagsagu falazat a modellben a nem héterhelt, 20 °C-os beton
anyagtulajdonsagaival (szildrdsag, rugalmassagi modulus)
rendelkezik, de merevsége megegyezik a héterhelt falazatéval.
Alapvetd feltételezés, hogy a belsé oldali betonfedés réteges,
korai levalasa miatt tonkrement, igy a bels6 oldali vasalas is
elvesztette tapaddsat, majd felmelegedés utdn a szilardsaganak
nagy részét. Progressziv réteges levalds nem tortént, a levalt
betontakarast megtartotta a belsé oldali vasalds, de a kialakul6
repedések lehetéséget adtak arra, hogy a felmelegedett levegd
kozvetlen érintkezésbe keriiljon a betontakaras mogotti
zéndakkal. A réteges levalas miatt a betonfedés mogotti feliiletet
a maximalis hémérséklet kozvetleniil éri, igy ez a zoéna
melegszik 4t leginkdbb. Igy a végeselemes modellbél kapott
atmelegedett zdénavastagsagokat eltoltuk a levalt betonfedés
vastagsagaval (kb. 5 cm) a falazat killsé része felé, ezzel is
rontva a teherbirdst és novelve a biztonsagot a szamitasban.
A nyomatéki maximumok helyén (a boltozat és az ellenbolt
taldlkozdsanal) a keresztmetszetben kiékelés talalhatd, hogy
a falazat képes legyen viselni a nagy igénybevételeket, ezt a
modellben a gerendamagassag novelésével vettiik figyelembe.

7. Eredmények ismertetése

A terhek szamitisara hasznalt végeselemes programbol
(program 1) kapott terhekre a ,,program 2”-ben is lefuttattuk
a modelleket, hogy lassuk, megfeleld mértékben egyeznek-e
a két szoftverbdl kapott igénybevételek, illetve az eredmények
a sikbeli és a térbeli modell esetén. A kiilonbozé szamitasi
moédokkal kapott eredmények mind a normaler6k mind
a nyomatékok tekintetében 10-15%-os eltérést mutatnak
(4. dbra). Néhany kritikus keresztmetszetekben ébredd
igénybevétel, kiillonbozé szoftverb6l vagy modelltipusbol
szarmazo tlizeset el6tti, illetve utani értékeinek 6sszehasonlitasa
a 5-6 és 12-13. dbrdkon lathatéak. A normdl hémérsékletd,
tlizeset el6tti alagutfalazat igénybevételeit és ellenallasi értékeit
egyszerUsitett teherbirasi gorbén abrazoltuk és igy igazoltuk az
alagutfalazat teherbirasi megfelel6ségét a kiindulasi allapotban.
(7. dbra). Az alaguttervezési gyakorlatban a nyirderék és azok
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felvétele jellemzéen nem okoz problémat, ezért a jelen cikk
keretein belill ezt nem vizsgaltuk. Ahol értékiik jelentsen
megnovekszik a falazatban, ott az ellenbolt megtdmasztja a
falazatot és ahol az ellenboltban névekszik jelentés mértékiire
a nyirderd, ott a falazat kiékelt része tdmasztja meg az

ellenboltozatot.

3. dbra A gerenda-rugé modellek felépitése. Sikbeli (fent) térbeli (lent)
Fig. 3 Structure of beam-spring modell. 2D (above) 3D (below)

// -
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4. dbra A kézetnyomdsbdl ébredé nyomatékok osszehasonlitdsa: térbeli modell
(bal fels6), a terheket szdmito végeselemes program (jobb fels6) csoméponti
megtdmasztdsii modell (bal alsé) és vonalmenti megtdmasztdsii modell (jobb
alsé)
Fig. 4 Comparison of bending moment calculated by different softwares
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6. dbra A kiékelés kezdeti szakaszdndl ébredd,
kiilonbozs szoftverekbdl vagy modelltipusbol
szdrmazé normdlerdk dsszehasonlitdsa

(feliil). A kiékelés kezdeti szakaszdndl ébredd,
kiilonboz6 szoftverekbdl vagy modelltipusbol
szdrmazé nyomatékok dsszehasonlitdsa (alul).
Comparison of normal force in the joint of
the wall and invert from different softwares

or modell types (abowe). Comparison of
bending moments in the joint of the wall and
invert from different softwares or modell types
(belowe).

Fig. 6

A héterhelés utani esetekben az alagutfalazatot két-harom
mértékadd helyen vizsgaltuk meg, melyek koziil a kiékelés
kezdeti szakasza volt a kritikus keresztmetszet. Az alagutfalazat
belsé oldalardl kiesé vasak miatt a keresztmetszet nyomdsi
teherbirasi pontjanak eltolodasat nem vettiik figyelembe,

2374

9. dbra A kritikus keresztmetszet tehermentesité

and after bending-moment rearrangement after
T, .= 1300 °C. a: without plastic hinges, b:

m

with plastic hinges, c: with struts

diic alkal,
Fig. 9 Load reduction of the critical cross-section by using a strut

ival

mert az eltolddas mértéke elhanyagolhat6an kicsi, a szerkezeti
vastagsagokhoz képest a falazatban 1,38 mm és az ellenboltban
5,93 mm. A 8. dbra az 1300°C-os héterhelés utan a kritikus

keresztmetszet teherbirdsi gorbéit mutatja eltéré allapotokban.
A teherbirasi gorbéket elkészitettiik 1300 °C, 1000 °C, 800 °C,
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500 °C, 300 °C-os zéndkra is (terjedelmi okok miatt csak a
kezdeti és magasabb hémérsékleti értékeket abrazoltuk). A
tlizeset utdni a hossztengely mentén valtozé alagutfal
merevséget a 10. dbrdn mutatjuk be 20, 800 és 1000 °C-os
héterhelés hatéaséra.
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10. dbra Az alagiitfalazat merevségének viltozdsa a hémérséklet fiiggvényében
Fig. 10 Change in stiffness of tunnel wall at different temperatures
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11. dbra Az ellenbolt kizepén ébredé, kiilonbozé modellekbél szdrmazd normdlerk
dsszehasonlitdsa, a tlizeset utdn (feliil). Az ellenbolt kozepén ébredd,
kiilonbozé modellekbdl szarmazoé nyomatékok Gsszehasonlitdsa, a tiizeset
utdn (alul).

Comparison of normal force after fire in the middle of the invert from
different modell types (abowe). Comparison of bending moments after fire in
the middle of the invert from different modell types (below).

Fig. 11

Ahol a maximalis légh6mérséklet elérte az 1300 °C -ot, ott
a falazat a bels6 oldali hizast egyértelmien nem tudta tovabb
felvenni. A képlékeny nyomatékatrendezédés utani szamitasok
eredményei alapjan kijelenthet6, hogy ennek ellenére az
alagutfalazat allékony marad. Azonban a kiékelés kezdeti
szakaszan, ugyan nem alakul ki képlékeny csukld, mivel a
falazat kiils6 oldalon huzott, de keresztmetszet cs6kkenése és
a nyomaték-atrendez6dés miatt kozel 100%-ban kihasznalt
(8. dbra). Ezért a tonkremenetelhez kozeli keresztmetszet
felett (50-100 cm-el) ki kell ducolni az alagutfalazatot, ekkor
az emlitett keresztmetszetben a nyomaték 60%-ara esik vissza
(9. dbra). A 800 °C-ra felmelegedett keresztmetszetekben az
el6z6 esettel analég mdédon kell cselekedni. Miutan a ducolds
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megtortént megkezdddhetnek a megerdsitési munkalatok,
minek soran el kell tavolitani minden olyan sériilt betonréteget,
amely elérte a 300 °C-ot. A bontdsi munkélatokat csak kis
szélességli, egymastol eltolt zonakban, tobb iitemben lehet
végrehajtani. Ezt kovet6en a feliiletet meg kell tisztitani és
kellden érdesiteni (sziikség esetén egyiittdolgoztatd csapokkal
ellatni), hogy a megerdsité betonrétegek megfelelden egyiitt
tudjanak dolgozni a régi szerkezettel. A betonréteg felhordasa
el6tt a vasalast rogziteni kell a falazaton tgyelve arra, hogy
a szakaszos megerdsitéseknél a vasalds elegendd toldasi
hosszisagban talnyuljon a 16tt felilleten, hogy a tolddsok
kialakithatéak legyenek. A megerdsités soran célszer(i
visszadllitani legalabb azt a teherbirast, amivel a szerkezet a
tlizesetet megel6zen rendelkezett.
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12. dbra A kiékelés kezdeti szakaszdn ébredd, kiilonbozé modellekbdl szarmazé
normdlerék dsszehasonlitdsa, a tiizeset utdn (feliil). kiékelés kezdeti szakaszdn
ébredé, kiilonbozé modellekbdl szdrmazoé nyomatékok dsszehasonlitdsa, a
tiizeset utdn (alul).

Comparison of normal force after fire in the joint of the wall and invert from
different modell types (abowe). Comparison of bending moments after fire in
the joint of the wall and invert from different modell types (below).

Fig. 12

8. Osszefoglalas

A modellkisérletek soran egy alagutfalazat tlizterhelés el6tti
és utani viselkedését vizsgaltuk. A modellek bemend adatait
az ,Alaguttiizek hatdsa az alagiitfalazat és kézetkornyezet
teherbirdsdra”, [1] cim( cikkiink tartalmazza.

1. Ellendriztiik a hat6 kézetnyomast ,,kézi modszerrel”
és végeselemes programban. Az eredmények 99 %-ban
egyeztek.

2. Vertikélisan terhelt, kor keresztmetszetii ellen6rz6 alagut

modellen igazoltuk a gerenda-rugé modell beallitasinak
helyességét.

3. Azalagutfalazat igénybevételeit két végeselemes

programban is meghataroztuk. Az eredmények
megfelel6en kozel estek egymashoz, realisnak
tekintheték. A masodik programban két gerenda-rugé
elven miikddo sikbeli és egy térbeli modellt készitettiink.
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Ep alagttfalazat esetén a modellek eredményeinek
eltérése 10-15 %-on beliili (a biztonsag javara), tehat
elégséges a sikbeli modellek alkalmazasa.

Kiszamitottuk a héterhelés utani alagttfalazat helyettesité
vastagsagat. A héterhelés utani alagutfalazat két- és
haromdimenzids modelljének igénybevétel eloszlasai és
maximélis értékei kozel estek egymashoz. Stirgds esetben
megengedhet6 az elhanyagolds.

A modelleket képlékeny csuklok kialakulasa elStt

és utan is vizsgaltuk. Az alaguat igénybevételeit és
teherbirasat minden édllapotban egyszertisitett teherbirasi
gorbével abrazoltuk. Az alagutfalazat képlékeny
nyomatékatrendezédés utan megfelel, de szinte 100%-
ban kihasznalt, a biztonsag csekély. A megerdsitési
munkalatok csak a falazat diicoldsa utdn kezdddhetnek
meg.

A megerésités sordn a sériilt (300°C-nal jobban
atmelegedett) betonrétegeket el kell tavolitani, a feliiletet
meg kell tisztitani, kelléen érdesiteni és nedvesiteni,

hogy a meger6sit6 betonrétegek tapadasat biztositsuk. A
meger6sitéssel vissza kell llitani az eredeti teherbirast.

Az eltér6 modelltipusok azonos keresztmetszeteinek
igénybevételeit oszlopdiagramok segitségével
szemléltettiik. Az eredmények kozel estek egymashoz,
tehat a jelen kutatas eredményei alapjan gyors intézkedés
sziikségessége esetén kell§ biztonsaggal alkalmazhatok a
kétdimenzidés modellek is (ennek végleges bizonyitdsara
tovabbi nagyszamu vizsgalat sziikséges.) (11-12. dbra).

Az alagutfalazat h6 hatdsara id6ben véltozé merevségét
diagramon abrazoltuk (10. dbra). A falazat teljes
vastagsaganak csak kis része melegszik at, mégis
nagymértéki merevségcsokkenést szenved a szerkezet.
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Abstract

Natural fibers could be used as sound insulation due to their advantageous acoustic properties.
The main object of this study is to investigate the sound transmission loss (STL) of natural Luffa
fibers (LF) due to their availability and sustainability where they would be a good choice instead of
synthetic materials that have some health issues. The study has been done experimentally. The
work has included a collection of LF from local gardens in Iraq, manufacturing of the specimens
and measuring the STL using an impedance tube for selected samples: 20 mm of 970 kg/m3,
30 mm of 880 kg/m3 as well as 30 mm of 600 kg/m3. The effect of both thickness and density
of the samples on the values of STL were studied. The results show that the increase of the
thickness by adding 10 mm layer improved the STL value by 15-20 %. Also, the increasing of the
density enhanced the sound insulation, where the STL value at 880 kg/m3 has improved by 30-
40 % comparing to 600 kg/m3 for the same thickness (30 mm).

Keywords: sound transmission loss, acoustic insulation, natural fiber, luffa, sustainability
Kulcsszavak: hangatviteli veszteség, hangszigetelés, természetes szalak, luffa, fenntarthatésag
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1. Introduction

Noise has many negative effects on humans including:
nervous stress, sleep loss and hearing loss. In addition, acoustic
waves may damage sensitive mechanical and electrical systems
because of the corresponding vibration and fatigue. For these
reasons, sound insulation materials are used to reduce the
noise as well as to keep a certain range of calm.

There are two important terms describe the acoustic
performance of a material which are the sound absorption and
sound transmission loss. The sound absorption is the ability
of a material to reduce sound reflections, reverberation, and
echo within an enclosed space. While, the sound transmission
loss (STL) is the ability of a material, panel, or wall to act as
a barrier preventing airborne sound transmission from one
space to another [1]. In this study, the sound transmission
loss has taken into account where it provides an indication of
the sound intensity stopped by a barrier for certain frequency.
Insulation materials have the ability to reflect or absorb the
sounds nearly at all frequencies [2-3].

Conventional acoustic insulators are evaluated depending
on their fibrous construction and sizes of pores for their
structure. Thus, most sound insulators are synthetic materials
manufactured from combinations of minerals and plastics.
Insulators made of synthetic materials, like glass wool, expanded
polystyrene and polyurethane foams have many health side
effects related to eyes and lungs. Hence, researchers have looked
into natural materials and agricultural waste to find alternatives.
These types of materials have many benefits as they are cheaper,
nonabrasive and renewable. Also, organic substances impose
less health and safety issues during processing [4, 5 and 6].
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Luffa is a plant grows up in tropical and subtropical regions.
It is available locally in Iraq and neighborhood countries, and
the fruit is very fibrous so it is used as a scrubbing sponge, as
shown in Fig. I. In addition, Luffa usually grows up rapidly and
profusely, where it requires 150 to 200 warm days to mature.
The fibrous characteristic of Luffa is an encouraging factor of
applying it as sound insulation and it would be a contribution
to green technology.

Fig. 1 Luffa as a natural material: a) Local plant; b) Sponge shape of Luffa
1. dbra  Luffa természetben megtaldlhato formdi: a) termés; b) szivacsnak feldolgozva
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2. Literature review

There is currently much interest in developing sustainable
insulators, either from natural, biomass or even recycled
materials. Natural materials, such as plant fibers could be used
to satisfy comfortable environment free of undesired sounds.
Many investigations have developed a wide range of natural
porous materials, where these materials have shown a bunch of
advantages such as availability and no side effects [6].

A study, conducted under the EU HOLIWOOD project a
decade ago [7], has tested the performance of several possible
absorbers made from natural materials like: cotton, flax and
cellulose. Results were compared with those for conventional
fiberglass, mineral wool and polymers where the natural
materials show encouraged conclusions. The most effective
natural absorber was the flax, while cotton fibers have very
similar acoustic properties to fiberglass. Cellulose fibers are not
attractive where they may be attacked by fungi and dampness.

Nor et al. [8] analyzed the effects of compressing porous layers
of Coir fibers on its sound performance, which can be used for
automotive applications. Moreover, Nor, et al. [9] investigated
the effects of various factors of Coir fiber on acoustic absorption.
The results indicated that layer thickness and fiber diameter
have important effects on the absorptive behavior of Coir fibers.

Yang et al. [10] studied the acoustic performance of
assembled fiber consisting of: cashmere, goose down and
kapok. These natural materials had internal structures that
influenced the sound absorption as measured against mass,
air gap and sound frequency. These fibers showed a good
performance at low to medium frequencies, where with low
density and tiny diameter, these fibers have good absorption
but their performance deteriorated at higher frequencies.

Deveikyté et al. [11] investigated the effectiveness of different
configurations of straw and reeds with respect to frequency
bands. In order to compare their effectiveness, the specimens of
the same density had different thicknesses (5-20 cm). The noise
reduction values were between (10-25 dB) within frequency
bands range from (100-3150) Hz. The result indicated that
thicker specimens have better sound insulation. However,
straw and reeds are good at low frequencies, and they could
therefore be used to make composite panels of both fibrous and
porous panels [12].

Khair et al. [13] used Bamboo as natural material for sound
absorption. The result revealed that it is a good sound absorber
at high frequency above 3 kHz with a sample of 2 cm long.
Improvement of absorption at lower frequency can be achieved
by increasing the air gap at the back of the sample.

3. Experimental work

The experimental work included the collecting of LF from a
local garden then using spinning machine to rip the fruit and
product the raw material yarns. In order to manufacture the
composite fibers, the raw material was grinded and peeled it to
tiny strings and then mixed with the Urea-formaldehyde resin
as a cohesive material. The additional mass due to the resin was
20% of the original mass for each sample. After mixing the fibers
with the resin in a mold, the sample has been inserted in the
compressing machine, where thermal treatment involving. The

machine was running simultaneously to compact the composite
under high temperature. The sample was covered by two plates
upper and lower for an approximately 5-7 minutes under pressure
of 170 kg/cm’. Fig. 2 shows the processes of the manufacturing.

Fig. 2 Processes of manufacturing the composite sample
2. dbra A kompozit anyag elédllitdsdanak folyamata

Three typical samples have manufactured and tested
according to ISO10534-2 in order to determine the effect of
both density and thickness on the practical values of STL. The
samples were: 20 mm of 970 kg/m’, 30 mm of 880 kg/m* and
30 mm of 600 kg/m?, as shown in Fig. 3.

Fig. 3 Samples used in the study
3. dbra A kutatds sordn haszndlt mintdk

Measurements of bulk density for the panels have evaluated
by taking random set of individual fibers of Luffa and
measuring the dimensions and physical properties using
electronic microscopy of 50X magnification. Some captured
photos of the selected fibers are shown in Fig. 4.

The selected panels have cut into circular shapes (100 mm
and 28 mm for each panel) to fit the diameters of the impedance
tubes, as shown in Fig. 5.

Measurements were conducted at Noise and Vibration
Laboratory, UTHM University, Malaysia. The readings of STL
values have obtained using an impedance tube instrument, as
shown in Fig. 6. The device allowed the normal incidence acoustic
field to flow through the fiber to reach a resonator. Each test was
repeated three times to confirm the measurements data where
the time that required acquiring the absorber's spectrum by the
instrument took approximately 10 s with a resolution of 3.13 Hz.
Furthermore, calibration process has been utilized for GRAS-42
AB microphone at calibrations sensitivity of 114 dB at 1 kHz.
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Fig. 4 Photos captured for some selected individual fibers
4. dbra  Egyes kivdlasztott szdlakrdl késziilt felvételek

e -11?‘_.

g

Fig. 5 Samples cut to circular shapes (100, 28 mm)
5. dbra Henger alakiira vagott mintdk (100 ill. 28 mm dtméré)

Fig. 6 Impedance tube instrument and setup system
6. dbra Impedancia meghatdrozdsdra haszndlt kisérleti osszedllitds

4. Results and discussions

4.1 Effect of thickness

Fig. 7 illustrates the STL values of LF panels treated with Urea
Formaldehyde for 20 mm (970 kg/m?) and 30 mm (880 kg/m°) at
a range of frequencies from 50 Hz to 5000 Hz. The results show
that the STL values of LF panels at 30 mm thickness shifted to up
comparing to the 20 mm panel, thus indicated more reliability as
a sound barrier. The 20 mm panel reached a maximum value of
24 dB at low frequencies (less than 1500 Hz) and 26 dB at high
frequencies. The 30 mm panel (880 kg/m?) reached a maximum
value of 28 dB at low frequencies, and 30 dB at high frequencies.
So in general, the increasing of the thickness improved the STL
value by 15-20 %. A lack of measurement accuracy at frequencies
between 1500 Hz and 2000 Hz was apparently marked, due to
the combining of the data collected from both tubes in lower and
higher frequencies that created unexpected sharp decline in STL
curve. However, Luffa fibers (LF) may have less transmission loss
in low to medium frequency ranges because the latex applied has
not affected on the panel's inelasticity. The well mixing of fibers
with sufficient amounts of air gaps may improve this problem to
some extent [14].
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Fig. 7 Comparison of STL values for the effect of thickness
7. dbra Minta vastagsdg hatdsa az STL-értékekre

4.2 Effect of density

The STL values from experimental test for the densities (600
and 880 kg/m®) of the same thickness panels (30 mm) are
shown in Fig. 8. Maximum STL values at low frequencies were
19 dB and 28 dB for densities of 600 and 880 kg/m?, respectively.
Maximum STL values at high frequencies were 22 dB and 30
dB for densities of 600 and 880 kg/m?>, respectively. Thus, the
STL values have been increased by increasing the value of the
density, and in general, the increasing in STL value was 30-40%
for current samples. In frequency ranges less than 500 Hz, the
difference in STL values between the panels is unrecognized
and that is attributed to the high acoustic resistance which leads
to diminish sound transmission. Whereas at high frequencies,
the improvement was recognized due to lose the ability of
dissipation the high sound power.
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Fig. 8 Comparison of STL values for the effect of density
8. dbra Minta siirtiségének hatdsa az STL-értékekre

4.3 Sound transmission class

Plots of sound transmission loss are complex and are usually
reduced to single number represent the sound transmission
class (STC). To determine STC, the values of STL across a
barrier could be compared at various frequencies, between 125
to 4000 Hz, to a standard contour. Then a standard curve could
be plotted according to ASTM E413 over STL values where the
value at 500 Hz is assigned as the STC [15]. The higher STC
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value the better sound barrier. Figs. 9, 10 and 11) show the STC
values of the selected panels, where the results show that value
of STC has increased from 13 dB to 15 dB due to the increasing
of the thickness from 20 mm to 30 mm. Evidently, STC value
for the higher density of 30 mm panel is increased comparing
with the less density one, where it was 11 dB for 600 kg/m’
panel and became 15 dB for 880 kg/m? panel.
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Fig. 9 STC for (20 mm, 970 kg/m?) panel
9. dbra STC értékek a 20 mm vastag, 970 kg/m’ siiriiségii minta esetén
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Fig. 11 STC for (30 mm, 600 kg/m’) panel
11. dbra  STC értékek a 30 mm vastag, 600 kg/m?’ siiriiségii minta esetén

5. Conclusions

The environmental concerns due to the utilization of petroleum
resources, called to employ new eco-friendly materials for many
applications. Among various natural materials, Luffa fibers
(LF) have introduced as a matrix for sound insulation panels,
where they have less environmental impacts, more economic
advantage and no health side effect. The study has done
experimentally by manufacturing Luffa composite panels and
testing the sound transmission loss (STL) for selected samples.
The effect of both density and thickness of the samples on the
values of STL were studied. The results show that by increasing
the thickness from 20 to 30 mm, the STL was improved by 15-
20%. Also, the increasing of the density increases the STL value,
where the STL value for 880 kg/m? panel improving by 30-40%
comparing to 600 kg/m?® panel for the same thickness (30 mm).
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Abstract

In this study, new nanocomposites of biopolymers were prepared. Sunflower oil synthesized
fatty amides (FA,), used as an organic compound to change the natural group of mineral clay
phyllosilicate, sodium montmorillonite (Na- MMT) and potassiumiillite (K- ILT). The clay modification
was accomplished by stirring the clay particles in an aqueous (FA.,) solution which increases
the clay layer distance from 1.28 to 2.79 nm of MMT and 1.18 to 1.33 nm of ILT because the
action exchange capacity Na- MMT is much greater than the low cation exchange capacity K-
ILT. The improved Na-MMT was then used as a natural rubber (NR) nanocomposite isoprene
preparation. The modifier's interaction in the clay layer was defined by X- ray diffraction (XRD).
The nanocomposite was synthesized through melt mixing of modified clay (MMT) and NR by a
traditional method. Using XRD, transmission electron microscopy (TEM) and thermogravimetric
analysis (TGA), the nanocomposite was characterized. The results of XRD and TEM verified
nanocomposite growth. Compared to pure NR, NR modified MMT nanocomposites show higher
thermal stability. FA__ as a vegetable oil derivative to modify clay will reduce dependence on
surfactants based on petroleum. Such nanocomposite is considered environmentally friendly in

materials, biopolymer nano-composites,
corrosion of metals, nanomaterials,; He has more
than 5 publised papers in Scopus journals ; his
H-Index = 4 according to Scopus database.

Emad Al-Mulla

is a Professor at College of Health and Medical
Techniques, Al-Furat Al-Awsat Technical
University, Irag; He is currently Dean of Babylon
Technical Institute at above University. He

has received his PhD from University Putra
Malaysia, Malaysia in 2010, He was a Post
Doctoral researcher at the same University

from April 2012 to April 2013; main fields of
interest: biopolymer nano-composites, bioorganic
synthesis, nanomaterials,; He has more than 60
published papers in Scopus and ISI journals; his
H-Index = 16 according to Scopus database.

Wisam Hindawi Hoidy

is a Lecturer at Chemistry Department, College
of Education, University of Al-Qadisiyah, Irag;.
He has received his Msc from University

Putra Malaysia, and Ph.D from University of Al
Qadisiyah; main fields of interest: Biochemistry,
genetics, cancer, biopolymer nano-composites
and bioorganic synthesis; He has more than 15
published papers in Scopus and ISI journals; his

addition to renewable resources.

Keywords: natural rubber, nanocomposite, fatty amides, phyllosilicate

H-Index = 7 according to Scopus database.

Kulcsszavak: természetes gumi, nanokompozit, zsirsavamidok, rétegszilikat

1. Introduction

Thermoplastic elastomers are a class of rubber-like
polymers, but can be treated as a thermoplastic polymer [1].
When combining rubbers and plastics, the most impressive
results were obtained by the thermoplastic elastomers. The
most suitable type of rubber for natural rubber producing
countries are thermoplastic natural rubber among the different
nonplastic rubbers. There have been several studies on
processability and rheological properties in this field [2]. Clay
(mineral phyllosilicate group) is one of the most commonly
used non-black rubber fillers. It is a cheap natural mineral that
was an important part of the rubber industry, it is used as an
economical filler to adjust the processing and performance of
natural and synthetic rubbers, but due to its large particle size
and law surface operation, the strengthening ability of clay
is small. The clay particles in the polymer matrix could only
be spread on the microscale even though the clay consisted
of layers of silicate with a planar structure of 1 nm thickness
[3-4]. Through general methods of polymer production, the
layers can not be isolated from each other. The most recent
way to improve clay’s enhancement potential is achieved
by adjusting clays hydrophilic form to organophilic. This is
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achieved by replacing clay interlayer cations with organic
cations like alkylammonium. Some researchers have been able
to intercalate different polymers in the clay interlayer using
modified clay to prepare polymer/clay nanocomposites [5,6].
For modification of Na- MMT and K-ILT, mixed fatty amides
(FA,;) synthesized with vegetable (sunflower) oil were used.
Modified Na- MMT was used to prepare new nanocomposite
rubber/clay and modified K-ILT was used to prepare new
traditional composite rubber/clay. In this study, two forms
of rubber composite’s properties have been explored using
the above group of minerals of phyllosilicate. With FA  as a
modifier for production of rubber/MMT nanocomposite and
rubber/ILT traditional composite [7], rubber/modified Na-
MMT is more thermal stability was observed compared to
those used rubber/ modified K-ILT.

2. Materials and Methods
2.1 Materials

Sunflower was obtained from Ngo Chew Hong Oils and
Fats(M) Sdn. Phyllosilicate was from Novo Nordisk, Denmarks.
Urea, sodium hydroxide, and hexane were purchased from
Merck, Germany. The Malaysian Rubber Board (MRB),
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Malaysia, kindly provided the natural rubber (NR) of SMR
(CV60) grade. Both chemicals used were available in the
highest purity.

2.2 Preparation of organoclay

Organoclay was made with a method of cationic
exchange, where was Na*, triacylglyceride synthesized (FA,)
alkylammonium ion was shared in the MMT. The procedure
was prepared as mentioned by Al-Mulla et al. [7,8]. In a
watery solution, in 600 ml of hot distilled water, sodium
montmorillonite (Na-MMT) (4.00 g) was vigorously stirred
for 1 hour to form a clay suspension [9,10]. FA_, (4.50 g)
was then dissolved in 400 ml of hot water and concentrated
hydrochloric acid (16.00 ml). After being vigorously stirred at
80 °C for 1 hour, the organoclay suspension was filtered and
washed with distilled water until a 1.0M silver nitrate solution.
It was dried for 72 hours at 60 °C. The mixture was ground
until the particle size was 100 ml before the nanocomposite
was prepared [11-13].

2.3 Preparation of NR/ modified clay

An internal mixer (Haake Poldrive) prepared the planned
quality of NR. For the first time, the NR was softened for 1
minute and blended in the second and third minutes with the
required amount of modified clay. The compounds were then
molded for 10 minutes with a pressure of 150 Kg/cm? in an
electrically heated hydraulic press at 130 °C. The compounds
were immediately cooled for 5 minutes at the end of the
molding cycle [14]. Table 1 lists the quantity of NR and the
modified clay used in this analysis.

Sample identity Weight of NR (g)

Weight of modified clay (g)

NR modif.0 30.00 0.00
NR modif.1 29.70 0.30
NR modif.2 29.40 0.60
NR modif.3 29.10 0.90
NR modif.4 28.80 1.20
NR modif.5 28.50 1.50
NR modif.6 28.20 1.80

Modif.0, modif.1, modif.2, modif.3, modif.4 , modif.5 and modif.6 =0, 1, 2, 3,4, 5 and 6
Dphr, respectively.

Table 1 Weight of modified NR and clay (modified Na-MMT and K-ILT)
1. tdbldzat Természetes gumi és agyag (mddositott Na-MMT és K-ILT) ardnya az egyes
mintdkban

2.4 Characterization
2.4.1 X-Ray diffraction (XRD) analysis

X-ray diffraction study was conducted using Shimadzu XRD
6000 diffractometer with CuK (k= 0.15406 nm ) radiation.

2.4.2 Thermogravimetric analysis (TGA)

A Perkin Elmer model TGA7 Thermgravimetry analyzer was
used to test the thermal stability of the samples. The samples
were heated from 35 to 800 °C with a 10 °C/min heating rate
under the atmosphere of nitrogen with 20 ml/min nitrogen
flow rate.

2.4.3 Transmission electron microscopy (TEM)

The dispersion of clay has been analyzed using electron
microscopy (EFTEM) for energy filtering transmission. TEM
images were taken in a 120 KeV acceleration voltage LEO 912
AB EFTEM. The specimens were made using a cryomicrotome
Ultracut E (Reichert and Jung). With a diamond knife at 120
°C, thin pieces of about 100 nm were sliced [7].

3. Results and discussion

3.1 X-ray diffraction measurements

X-ray diffraction technique was used to measure the distance
of the silicate layers from the clay and alkyl ammonium cations
from the interlayer. This has also been used to calculate the
distribution of modified clays in the NR matrix by the silicate
layers. Table 2 indicates the alkylammonium (FA,, MMT and
poorly modified FA_-ILT) interlayer gap of natural clay (Na-
MMT) and modified clays [15]. The interlayer gap of Na- MMT
for FA;, - ILT and FA,, MMT has been extended from 1.18 nm

SF -

to respectively 1.32 and 1.28 to 2.79 nm.

Type of clay Exchange cation 2@ (degree) d-Spacing (nm)

Na-MMT Na* 6.88 1.28
FA__-MMT RCO-NH,* 3.36 2.79
K-ILT K* 7.80 1.18
FA, -ILT RCO-NH,* 6.45 1.32

Table 2 X-ray diffractometer of unmodified MMT, ILT and modified MMT, ILT
2. tdblézat  Rontgen diffraktométeres mérési eredmények médositott és médositatlan
MMT és ILT esetén

Table 3 summarizes the intercalated silicate layer in NR /
unmodified MMT and NR / modified MMT nanocomposites
obtained from the XRD study.

Composite/ d-Spacing (nm)
clay 1phr 2phr 3phr 4phr 5phr 6phr
NR/Na-MMT 1.35 1.37 1.34 1.32 1.30 1.29
NR/ FAsr'MMT 3.05 3.19 3.34 3.21 2.98 2.85
NR/K-ILT 1.22 1.23 1.25 1.21 1.20 1.19
NR/ FA-ILT 1.36 1.37 1.38 1.39 1.36 1.33

Table 3 XRD analysis of composites of NR / unmodified MMT, ILT and NR / modified
MMT, ILT
3. tdblazat  Rontgendiffrakcios analizis eredményei: természetes gumi és modositatlan
MMT, ILT kompozitok valamint természetes gumi és modositott MMT, ILT
kompozitok

3.2 Thermo gravimetric analysis (TGA)

Fig. I shows the weight loss curves for K- ILT, Na- MMT, FA,
- ILT, FA,-~MMT, NR. NR/ 3phr K- ILT, NR/2phr Na- MMT
and NR/ 4phr FA_ -ILT microcomposite, NR/ 3phr FS, MMT
nanocompoositecontainingwaterduetohydratedsodiumcation
(Na") intercalated inside the clay layers. The main difference
between the unmodified clay thermogram and the organoclay
thermogram is that the organic components in the organoclay
decompose between 200 and 500 °C. As temperature rises 165
to 610 °C, the FA_, decomposed. The cycle of decomposition
at about 320 °C (Fig. Ic). It can be found that FA, -MMT
decomposition temperatures (Fig. le) are higher than K- ILT
(Fig. 1a), Na- MMT (Fig. 1b), pure FA, (Fig. 1c) and FA_- ILT
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(Fig. 1d) temperatures. The increase in FA,, decomposition
temperatures in organoclays suggests a strong intermolecular
interaction between the cations of alkylammonium and
the clay. In other words, their decomposition temperature
increases after the FA , ion is intercalated and bound to the
clays silicate layers. Thermo gravimetric analyzes were also
performed on the microcomposite NR / 3 phr K- ILT (Fig.1g),
NR / 2 phr Na- MMT (Fig. 1h), NR / 4 phr FA_, - ILT (Fig.
1i ) and NR / 3 phr FA, - MMT ( Fig. 1j ) nanocomposite
to assess the effect of unmodified nanocomposite, poorly
changed clay (poor organoclay FA_-ILT) and altered clay
material (organoclay FA,, MMT) in the thermal properties
rubber matrix, the TGA results are shown in ( Fig. 1f, g h, i,
7). The onset of nanocomposite degradation is higher for NR
containing FA, - MMT (Fig. 1j ) at 375 °C compared to pure
NR ( Fig. 1f), NR / 3phr K- ILT (Fig. 1g), NR /2 phr Na- MMT
(Fig. 1h), NR / 4 phr FA_, - ILT (Fig. I1i) microcomposite,
respectively at 265, 270, 285 and 290 °C.

Weight loss (%)

T T T T v . v
0 100 200 300 400 500 600 700 800
Temperature (C)

Fig. 1 TGA thermograms of (a): K-ILT, (b): Na-MMT, (c): FA, (d): FA-ILT, (e):

FAy-MMT;, (f):NR, (g): NR/3phr K-ILT, (h): NR/2 phr Na-MMT, (i): NR/4
phr FA, ~ILT, (j):NR/3 phr FA;, -MMT

1. dbra Termogravimetriai vizsgalatok eredményei (TGA): (a): K-ILT, (b): Na-MMT,
(¢): FAy, (d): FA,-ILT, (e): FAy-MMT; (f):NR, (g): NR/3phr K-ILT; (h): NR/2
phr Na-MMT , (i): NR/4 phr FA, ~ILT, (j):NR/3 phr FAj, -MMT

The results show that the thermal stability improves in (Fig.
1j) with the addition of the FA_-MMT, up to 3 phr loadings,
and an increase above this percentage does not boost thermal
stability. The presence of homogeneously dispersed silicate
in the polymer surface obstructs the permeability of volatile
degradation products from the substrate and helps to prolong
nanocomposite degradation [16,17].

3.3 Transmission electron microscopy (TEM)

Fig. 2 shows transmission electron microscopy micrographs
of NR composites supported by 4 phr FA_ -ILT and 3 phr FA_,
-MMT. The FA, -ILT micrograph of NR/4 phr reveals that
stack morphology is completely preserved in the NR matrix
due to the incompatibility of both components (Fig. 2a). Dark
bundles are the thickness of each layer of clay or agglomerates.
Image, Fig. 2b shows TEM images of nanocomposites NR /
3 phr FA,, -MMT showing good properties and composite
effects. The dark bundles of the changed clay are scattered with
an intercalated state in the NR matrix, which can be seen in the
pictures [18]. Table 3 displays the silicate interlayer gap of the
clay layer from the XRD study .
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Fig. 2 TEM micrographs of (a): NR/4 phr FA, ~-ILT microcomposite and (b): NR/3
phr FA,-MMT nano-composite
2. dbra  Transzmisszios elektronmikroszkdppal készitett felvételek: (a): NR/4 phr FA,
-ILT mikrokompozit és (b): NR/3 phr FA,,-MMT nanokompozit

4. Conclusions

Sunflower oil synthesized fatty amides (FASF) have been used
as an organic compound to modify the natural group of mineral
clay phyllosilicates (Na-MMT & K-ILT). The presence of long
chain fatty acids in FASF suggests that they should only be useful
as surfactants to modify Na- MMT. Using modified MMT,
new rubber / clay nanocomposites (nano- NR) were prepared.
Rubber nanocomposites developed using FASF as a modifier
display more thermal stability compared to microcomposites
produced on the basis of poorly configured ILT with NR, these
are considered environmentally friendly nanocomposites.
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Szomori szivvel tudatjuk mindazokkal, akik ismerték és szerették,
hogy életének 93. évében elhunyt

Dr. Boksay Zoltan
kémikus, nyugalmazott egyetemi tanar,
az ELTE Természettudomanyi Kar egykori oktatasi dékanhelyettese.

1927-ben sziiletett Budapesten. Kozépiskolai tanulmanyait Kaposvarott és Budapesten végezte, majd 1950-ben
szerzett okleveles vegyész diplomat az Eotvos Lorand Tudomdnyegyetemen, ahol 1948-t6l mar hallgatoként is
oktatott. 1971-1997 kozott egyetemi tandr, kozben négy éven at dékanhelyettes az ELTE Természettudomanyi karan.

1953-t61 1973-ig fizikus hallgatoknak kémia fékollégiumot tartott, majd 1973-t6l 1997-es nyugdijazdsaig vegyész
hallgatoknak altalanos kémiat. Kozben 1966-t6l tobb specialis kollégiumi eladason adta at tuddsat részben sajat
kutatdsi teriiletérél, részben a kémia elvi problémainak korébdl valasztott témakban. Sok SZTE tagunk emlékezik
nagy nosztalgiaval a Veszprémi Egyetem 1981-1983. kozotti szakmérnoki képzésére, melyen ,, Az liveg szerkezete és
tulajdonsagai” cimi nagysikert eladassorozataval egy életre elhivatottd tette tobbségiinket az tivegtudomany irdnt.

1960-ban az MTA kémiai tudomanyok kandidatusa, majd 1970-ben az MTA doktora cimet szerzett. Behatéan
foglalkozott a kozépiskolai és az egyetemi kémiaoktatds 6sszehangolasaval és a permanens egyetemi reformokkal.
Nyolc éven 4t volt az Oktatasi Minisztérium Vegyész Szakbizottsaganak titkara. A hetvenes évektSl nyugdijazasaig
az ELTE kémiatanari allamvizsga bizottsaganak elndke. A kozépiskolai kémiaoktatast a tanarok tovabbképzésével
és tankonyvirassal segitette. Az Orszdgos Kozépiskolai Tanulmdnyi Verseny Kémiai Bizottsaganak évtizedeken at
volt elndke.

Tudomanyos munkdssagaban kiilondsen az iivegelektrodokkal és az iiveg elektromos vezetésének elméleti és
kisérleti tanulmanyozasaval ért el nemzetkozileg is szamottevé eredményt.

Kezdetektéltagjavoltaz M TA Szilikatkémiaiésaz Elektroanalitikai Munkabizottsaganak. A tudomanyos mindsitési
eljardsokban gyakran szerepelt biral6 bizottsagi tagként vagy elnokként, legtobbszor azonban opponensként.

78 cikkben foglalkozott kutatdsi eredményeivel, 1971-1996. koz6tt 26 tudomanyos beszamolot készitett az tivegipar
és tivegfelhasznalok szdmadra. 29 kémiai és oktatasi targyu, tovabbd 9 magyar nyelvészeti cikket irt. Egy szakkonyv
és tobb tankonyv szerzdje.

Szamos kitiintetés birtokosa, koztitk az ELTE Pro Universitate emlékérme és a Magyar Professzorok Vilagtandcsa
Pro Universitate et Scientia kitiintetése is.

1999. 6ta a Szilikatipari Tudomanyos Egyesiilet 6rokos tagja, évtizedeken at, 2010-ig az Epitdanyag folydirat
szerkesztébizottsagat segitette szaktudasaval. Egyesiiletiink a Szilikatiparért Emlékérem adomanyozasaval ismerte
el kiemelkedé munkassagat.

2020. méjus 19-én bicsizott el szeretett csaladjatol.

Nyugodjék békében!
Emlékét szeretettel orizziik sziviinkben.
SZTE
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