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Abstract: Engineered Cementitious Composite (ECC) is a type of micro-mechanically designed, high performance
composite compared to conventional concrete. A considerable number of research in the existing literature
concentrate on mechanical performance and ductility improvement of ECCs. In this paper, thermal properties of
special type of ECC incorporating high tenacity polypropylene fiber by 2% of total matrix volume (HTPP-ECC) have
been investigated. For this purpose, prismatic composites were prepared and thermal conductivity tests were
performed. Tests results were compared with the data obtained from existing literature. The mechanical performance
and multiple cracking ability of HTPP-ECCs were also tested under bending load. In addition to the existing literature,
thermal heat insulation performance of HTPP-ECCs have been tested at virgin (before bending test), cracked (up to
10% of load drop after peak load) and failed (up to 5 mm major crack width at the bottom of the specimen) state by
using an insulation test setup which simulates actual site conditions. The effect of steady state micro-cracking on the
thermal insulation performance of HTPP-ECC was evaluated. Results showed that, HTPP-ECCs produced in this
study has better performance in terms of thermal conductivity when compared to other types of cement-based
materials even at the plastically deformed state. Also, HTPP-ECCs exhibited an effective thermal insulation
performance even in micro-cracked state as a promising alternative thermal insulation material with improved
mechanical properties and multiple cracking ability.
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YUK UYGULANMAMIS VE PLASTiK DEFORMASYONA UGRATILMIS
HTPP-ECC’LERIN TERMAL YALITIM PERFORMANSI UZERINE
KARSILASTIRMALI BiR INCELEME

Ozet: Miihendislikge gelistirilmis ¢imentolu kompozitler (ECC) mikro-mekanik olarak tasarlanan geleneksel betona
kiyasla yiiksek performansli kompozitlerdir. Mevcut literatiirdeki 6nemli sayida arastirma, ECC'lerin mekanik
performansinin ve siinekliginin gelistirmesine odaklanmaktadir. Bu ¢alismada, ECC'nin HTPP-ECC isimli 6zel bir
tirtiniin termal Ozellikleri arastirilmistir. Bu ama¢ dogrultusunda, prizmatik kompozitler hazirlanmig ve termal
iletkenlik deneyleri gergeklestirilmistir. Deney sonuglari mevcut literatiirden elde edilen verilerle kiyaslanmustir.
Ayrica, HTPP-ECC'lerin mekanik performansi ve ¢oklu catlama yetenegi egilme yiikii altinda test edilmistir. Mevcut
literatiire ek olarak, HTPP-ECC'lerin termal 1s1 yalitim performansi, ¢atlamamig (egilme testinden once), gatlatilmig
(tepe yliklemesinden sonra yiik diisiisii % 10'a kadar) ve gogmiis (numunenin altinda 5 mm genisliginde biiyiik ¢atlak
olusana kadar) durumlarda ger¢ek saha kosullarinm taklit eden bir yalitim testi kurulumu kullanilarak test edilmistir.
Kararli haldeki mikro-catlaklarin HTPP-ECC'nin 1s1 yalitim performansi {izerindeki etkisi degerlendirilmistir. Sonug
olarak, bu calismada iiretilen HTPP-ECC'lerin plastik olarak deforme olmus halde bile ¢imento esashi diger
materyallere kiyasla daha iyi bir termal iletkenlik performansi sergiledigini goéstermistir. Ayrica, HTPP-ECC'ler
mikro-gatlakli halde bile gelismis mekanik 6zelliklere ve goklu kirma yetenegine sahip umut verici alternatif bir 1s1
yalitim malzemesi olarak etkili bir 1s1 yalitim1 performansi sergilemistir.

Anahtar Kelimeler: Termal 6zellikler, Miihendislikge gelistirilmis ¢imentolu kompozitler, HTPP, lif, uzun dénem.



INTRODUCTION

Recently, the importance of energy conservation is well
recognized worldwide. The building sector is
responsible for the 40% of total energy consumption in
the world (Chwieduk, 2017). Therefore, an efficient
thermal energy storage in buildings is becoming an
essential part of country policies due to both economic
and environmental reasons.

Engineered Cementitious Composite (ECC) is a micro-
mechanically designed, high performance composite when
compared to conventional concrete and fiber reinforced
composites. ECC exhibits higher ductility and enhanced
durability properties depending on the saturated stable
micro-cracking and pseudo-strain hardening behavior by
only addition of 2% polymeric micro-fibers into cement
based matrix (Li, 1997). Ultra-high molecular weight
poly-ethylene (UHMWPE) and poly-vinyl alcohol (PVA)
fibers were used in ECC production in general (Li et al.,
1996, Li et al., 2001). Last decades, high tenacity poly-
propylene fibers were also introduced as an economic
alternate and used in HTPP-ECC production successfully
(Yang, 2006, Felekoglu and Keskinates, 2016). Various
types of ECCs have been developed by adjusting the
micro-mechanic design theory to fulfill the intended
characteristics for special construction topics such as dam
retrofitting, anti-seismic building material production and
highway applications (Li and Kanda, 1998, Rokugo et al.,
2009, Muzenski et al., 2015). However, most of the
studies in the literature have focused on improving the
mechanical, ductility or durability properties of ECCs and
their thermal properties were investigated, rarely. Huang
et al. (2013) studied the mechanical and thermal
properties of green lightweight polyvinyl alcohol (PVA)
fiber reinforced ECCs and reported that the use of hollow
fly ash cenospheres reduced the thermal conductivity of
PVA-ECCs. Xu and Li (2014) investigated the thermal
energy storage of ECCs (TES-ECC) incorporating a
paraffin/diatomite composite phase change material
(PCM). They concluded that the thermal conductivity of
TES-ECCs were about 42-45% lower than the ordinary
fiber reinforced cementitious composites. In another
study, the addition of PCM by 3% increased the thermal
resistance of PVA-ECC by 22% (Desai et al., 2014). Up
to 23.3% reduction in thermal conductivity has been

reported by using different fly ashes (FA) and aerogel
combinations and correlated with the hollow structure of
the FA, the air voids entrapped within the composite, and
the open nano-porous nature of aerogel particles (Hanif et
al.,, 2016). Wu et al. (2015) developed ultra-lightweight
cement composites that incorporating polyethylene (PE)
fiber by 0.5% of total volume, and their thermal
conductivities ranged between 0.28-0.80 W/mK. Zhang
and Li (2015) designed a fireproofing ECC material by
using high tenacity polypropylene fiber (HTPP), which
was also suitable for spray applications. However, it
should be noted that all these experiments were conducted
on the virgin (unloaded) specimens.

As first in the literature, long-term thermal performances
of HTPP-ECC specimens have been investigated at
virgin (unloaded) and different plastically deformed
states. First, thermal conductivity of virgin HTPP-ECC
is tested. The conductivity performance of HTPP-ECC
has been compared with the conductivity values of
familiar materials that obtained from literature. As an
addition to the recent literature, thermal insulation
performance of HTPP-ECC was also examined at virgin
(unloaded), cracked (10% of load drop after peak load)
and failed (by loading up to 5 mm crack width at the
bottom of the specimen) state.

MATERIALS AND METHODS

In the matrix phase of the composites, Type | ordinary
Portland cement (OPC) conforming to the requirements of
ASTM C150, calcined kaolin (CK), limestone powder
(LP) and standard sand described in EN 196-1 were used.
The chemical and physical properties of OPC and CK are
given in Table 1 and Table 2. LP used in the mixture has a
specific gravity of 2.69 and a min. 90% of Ca(CO)s.
HTPP fibers with 12 um diameter and 10 mm length were
used. The density, nominal tensile strength, Young’s
modulus, and elongation at rupture of HTPP fibers were
0.91 g/cm?, 850 MPa, 6 GPa, and 21%, respectively (Ikai
et al., 2006). A polycarboxylate-based high range water
reducing admixture (HRWRA) was also used in order to
disperse fiber to whole matrix, homogenously. The mix
proportions of materials that used in composite
preparation were presented in Table 3.

Table 1. Chemical and physical properties of Type | 42.5 R ordinary Portland cement.

Chemical Analysis (Basic Oxides) Physical Properties
(% bw*)

SiO, 18.46 Specific Gravity 3.10
Al,Os 4.18 Specific Surface Area (m?/kg) 305
Fe,O3 3.17 Retaining on 0.090mm sieve (% bw) 1.5
CaO 64.28 Retaining on 0.045mm sieve (% bw) 23.1
MgO 1.27 Vol. stability (mm) 0.5
Na,O 0.50 Vicat water (% bw) 28
K20 0.84 Retaining on 0.045mm sieve (% bw) 23.1
SO3 3.14 *bw: by weight of cement
Cl 0.006
F. CaO 1.80




Table 2. Chemical and physical properties of Calcined kaolin.

Chemical Analysis Related
(Basic Oxides) Physical Properties Standard or Reference
(% bw*)
SiO; 52+0.5 Whiteness (%) >93.5 ASTM E 313
Al,O3 45+ 0.5 Particle Size (-2um) (%) 88 +2 Mackkinon et al. (1993)
Fe,0s | <0.35 Residue on 325 mesh (>44 um) (%) | <0.003 T & 2o 5
TiO; <0.50 Moisture (%) <05 ASTM C 323-56
CaO <0.30 Specific Gravity 2.50 ASTM D 854-14
MgO <0.20 *bw: by weight of cement
K20 <0.05
Na,O <0.15
Table 3. Mix proportions of composite (kg/m?3).
Mix Code Cement Calcmed Standard Water HRWRA H.T PP Total
Kaolin Sand fiber
CK 297 742 132 521 15.2 18 1725

HTPP-ECC mixtures were prepared using a Hobart
floor mixer with 40 L capacity. Powder ingredients were
premixed without water for 2 min at low speed (56
rpm). Water and HRWRA were then added and mixed
for 1 min at low speed and 2 min at moderate speed
(104 rpm). HTPP fibers were added to the mixture and
mixed for 2 min at moderate speed and for 3 min at high
speed (185 rpm), respectively. After fiber addition,
matrix was checked by hand if any fiber balling were
present in fresh composite after the completion of
mixing stage. If any fiber balling occurred, an additional
mixing was proceeded to minimize the clumping. Fresh
HTPP-ECC mixture was cast into three 25x60x300 mm
prismatic molds and moderately vibrated on a vibration
table. Specimens were demolded one day after mixing

Air Dry Density

v

and their densities were measured. Composites were
cured in water (20+2 °C) for 28 days and cured in air for
another 152 days. After 180 days of composite
preparation, mechanical and thermal properties of
composites were investigated. Flowchart of testing
procedure was presented in Fig. 1.

The air-dry densities of composites were calculated by
dividing the air dry weight of each composite to their
total volumes after 180 days and ranged between 1602-
1690 kg/md. After density measurements, thermal
conductivity and insulation tests have been performed
by using a hotwire and infrared thermal camera based

5 e

Thermal Conductivity Test
1* Thermal Insulation Tests :: Virgin (uncracked) composites
Four Point Flexural Tests L Micro-cracked composites
(up to 10% of load drop after peak load) il )
< 2% Thermal Insulation Tests
Y
Four Point Flexural Tests — Failed composites
(up to 5 mm major crack width at the
bottom of the specimen) v
3* Thermal Insulation Tests

Figure 1. Flowchart diagram of testing procedure.
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test setup (Fig. 2 and Fig. 3). Temperature and humidity
values ranged between 18-21°C and 50-55%,
respectively. A quick thermal conductivity meter
(Showa Denko K. K. — Shoterm QTM-D2) based on hot
wire method was used to measure the thermal
conductivity of composites (Fig. 2a) (ASTM C 1113-
90). The device can measure the thermal conductivity
between 0.02 and 10 W/m.K. Conductivity
measurements were performed to each composite from
the right, middle and left part of the composites at virgin
(uncracked) state (Fig. 2b). First, hot wire included
device placed on the left side of the specimen and 1st
thermal conductivity was measured. Then, the device
placed to the middle of the specimen and 2nd thermal
conductivity was measured. Finally, the device placed to
the right side of the specimen and 3rd thermal
conductivity was measured. Their averages were
assumed as the thermal conductivity for the specimen.
This testing procedure was performed to other two
specimens and their thermal conductivity values were
obtained. By averaging the thermal conductivities of
three specimens the thermal conductivity value of
HTPP-ECC was calculated.

Thermal insulation test setup includes an infrared
thermometer, a laboratory type-newly designed artificial
heat source with digital temperature adjustment and
timer (Fig. 3a). The experimental test setup, which
designed for  thermographic  measurements, s
completely isolated from the back and side walls. The
front side of the device is covered with sodium silicate
and quartz mixture. This mixture is a heat resistant
material (can withstand 12000C) that provides heat
dissipation of heat treatment devices and provides
uniform homogenous heat distribution to all surface
areas of the samples placed. In addition, the heat
distribution of the front side surface can be controlled
over time by the thermocouples located about 5 mm
below the front side dough for ensuring the
homogeneous distribution of pre-determined
temperatures to the samples placed on the device. The
experimental setup was arranged regarding the technical
specifications of the thermal camera used (Table 4). The
field of view and accuracy was taken into account to
adjust the setup and a distance of 2 meters from the

composites surface was fixed. The artificial heat source,
originally designed for homogeneous heat distribution
along the surface area, was used to transfer heat on the
rear side of the samples (Table 4).

A specimen holder was prepared by using Rockwool
board and placed to the front side of the heat source
(Fig. 3b). The samples were placed in to the holder and
their back surfaces were completely contacted with the
heat source (Fig. 3b). Temperature level of the heat
source surface was adjusted digitally, kept constant and
checked simultaneously by an infrared thermometer
from the empty zone on the holder (Fig. 3b). Thermal
insulation properties of composites have been
investigated at 30°C, 45°C and 60°C degrees for virgin
(unloaded), cracked (10% of load drop after peak load)
and failed (by loading up to 5 mm crack width at the
bottom of the specimen) composites. Specimens initially
conditioned at 20°C and placed to test setup (Fig. 3b).
Thermographic images were captured and recorded
along 1 hour by 5 min. intervals for each temperature.
Every temperature level was adjusted and setup was
prepared individually  regardless of  previous
measurements. The samples and heat source were
reposed to reach constant ambient temperature prior to
measurements. Their thermographic analyses have been
examined with a software (FLIR Tools) by taking whole
area of the composite into consideration and the ultimate
surface temperature (UST) after 1 hour exposure to heat
is measured (Fig. 3c). This value is assumed as an
indicator of thermal insulation ability of composites
where a low UST means improved insulation ability.

Mechanical performances of composites were tested by
using a four-point flexural test setup under controlled
displacement with a rate of 0.5 mm/min. A linear
variable displacement transducer (LVDT) with a gage of
30 mm used to obtain deflection values of specimen at
the mid-point. Flexural load and deflection values
recorded via using data recorder software. Specimens
that plastically deformed up to 10% of flexural load
drop have been used as “cracked” specimens at thermal
insulation measurements. An additional loading is

Figure 2. a) Thermal conductivity test setup, b) Measurement method.
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Figure 3. a) Thermal insulation test setup, b) Specimen placement to the test setup and raw images, c¢) Analysis of raw images by
FLIR Tools.

Table 4. Technical specifications of thermal camera and heat source

Thermal Camera IR resolution

240 x 180 pixels

Thermal sensitivity

<0.05°C @ +30°C

Field of view 25° x 19°

Focal length 18 mm

Detector type Focal plane array, Uncooled microbolometer
Spectral range 7.5-13 um

Object temperature range

—20°C to +120°C & 0°C to +650°C

+2°C or 2% of reading for ambient temperature

Accuracy 10°C to 35°C
Heat Source
Max. power 5000 W
Dimensions 70x70x30 cm
Adjusted current 55A
Status Fully insulated excluding the front side

applied and these specimens called as “failed” where
major crack width increased to 5 mm (from the bottom).
Flexural load-Mid-span deflection curves of composites
were drawn by using the recorded data and mechanical
parameters were obtained with the help of data obtained
from the curves. First cracking strengths and flexural
strengths were calculated by inserting the load from the
point where the load-deflection relationship became

63

non-linear and maximum flexural loads in Equation 1,
respectively.

P.L )
b.h?

where, o is the first crack or flexural strength, P is the
first crack or maximum flexural load, L is the mid-span
length (290 mm), b and h are the width and height of the

aJ =



specimen, respectively. The deflection capacity was
considered as the abscissa of maximum flexural load. The
area under the load-deflection curve up to maximum
flexural load was calculated and accepted as “Peak
Toughness”. Besides, the multiple cracking behavior of
composites and crack properties (width and number) were
examined by using a digital hand microscope after the
removal of applied load.

RESULTS AND DISCUSSION
Thermal Conductivity of Composites

Thermal conductivity test results of HTPP-ECCs were
presented in Tab. 5. Conductivity values of specimens
were ranged between 0.255-0.307 W/m.K. By considering
the conductivity of air is 0.024 W/m.K, the fluctuation of
conductivity values in the same specimen but different
regions (Fig. 2b - left, middle, right) can be correlated
with the presence of air voids due to the natural pore
structure of composite. The average thermal conductivity
of HTPP-ECC was calculated as 0.274+0.003 W/m.K.

In Fig. 4, the density and conductivity values of prepared
composites were compared with the literature data of

conductivity obtained from recently published papers for
different kinds of ECCs (researchers referred to Fig. 4),
ordinary fiber reinforced cementitious composites
(FRCC) and concrete, respectively. All ECCs have lower
thermal conductivity when compared to ordinary concrete
and FRCC. HTPP-ECC prepared in this study showed 86
and 80% less conductivity compared to ordinary concrete
and ordinary FRCC. In addition, lower conductivity
values than PVA-ECCs which ranging between 28-69%,
have been obtained. By considering the Fig. 4, it is clear
that HTPP-ECCs (CK and SFR-ECC) appears as heat
resistant compared to PVA-ECCs (GL-ECC, TES-ECC,
HSL-ECC) with relatively lower conductivity values. The
conductivity values of HTPP-ECCs (HTPP-ECC prepared
in this study and SFR-ECC) were close to each other,
relatively. However, it is remarkable that HTPP-ECC has
higher density value (1646+31 kg/m®) than SFR-ECC
(550 kg/m®, Zhang and Li, 2015). As commonly known,
there are strong correlations between the density and the
mechanical properties of concrete (Iffat, 2015). A denser
concrete generally provide higher mechanical properties
owing to less porosity. Due to this reason, HTPP-ECC
may be advantageous for meeting the strength
requirements when compared to SFR-ECC.

Table 5. Thermal conductivity values of composites

(W/mK) Left Middle Right Average Standard Deviation

CK (1) 0.265 0.261 0.267 0.264 0.003

CK (2) 0.302 0.298 0.307 0.302 0.005

CK () 0.255 0.256 0.255 0.255 0.001
HTPP-ECC* 0.274 0.003

*The mean conductivity value of HTPP-ECC used in comparison in Figure 4.
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Figure 4. Comparison of Thermal conductivity values of HTPP-
ECC with various composites (unloaded, “virgin” state) (GL-
ECC: Green lightweight engineered cementitious composites,
TES-ECC: thermal energy storage engineered cementitious
composites, PCM-ECC: Phase change material engineered
cementitious composite, SFR-ECC: Spray applied fire resistive
engineered cementitious composites, HSL-ECC: High strength
lightweight engineered cementitious composites).

Flexural Test Results of Composites

Flexural load-Mid-span deflection graphs of composites
have been presented in Fig. 5. Mechanical properties of
HTPP-ECCs were also given in Table 6.
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Figure 5. Flexural load-Mid-span deflection curves of

composites (black point represents the averages of flexural
loads and their corresponding deflection values).

All HTPP-ECCs produced in the study showed deflection
hardening behavior with multiple micro-cracks (Fig. 5a).
Flexural strength and deflection capacity of HTPP-ECCs
ranged between 3.22-4.18 MPa and 3.82-5.75 mm,
respectively. Their average crack number and width
values were measured as 18 and 30 pum, respectively.
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Table 6. Mechanical performances of composites

Specimen First Crack Flexural Defl_ection Tosgﬁsess Crack Crack Width
Strength (MPa) | Strength (MPa) | Capacity (mm) (N.mm) Number (um)
CK (1) 2.71 4.02 5.75 2577.66 24 43
CK (2) 1.97 3.22 4.00 1441.72 15 18
CK (3) 2.11 4.18 3.82 1764.34 14 29
Average 2.26 3.81 4.52 1927.91 18 30
Std. Dev. 0.28 0.36 0.75 413.92 3.90 8.86
Thermal Insulation Test Results of Composites at 30 °C
Thermal insulation test results of virgin, cracked and E * 1o ven Specimens
failed state HTPP-ECCs at 30, 45 and 60°C were S 35 1 eraled Specimens
presented in Fig. 6. The aim of testing at different %‘ ]
temperatures was to compare their performance at =30
different service conditions. § £ 3
T 725 ]
At 30°C, ultimate surface temperatures (UST) of f 3
composites were ranged between 22.0-24.5°C %’” 20 4
depending on the state of composites. UST of virgin T
composites were measured as 22.0°C (Fig. 6a). After 0 5 10 15 20 25 30 35 40 45 50 55 60
flexural tests, cracked composites were re-heated and Exposure Time (min)
their UST value slightly increased to 22.4°C. However,
after the failure of composites (enlargement of the major (@)
crack up to 5 mm) the ultimate surface temperature of o
composites increased by 21% and reached to 24.5 °C. o 10 at45°C
= 1 ©Virgin Specimens
At 45°C, UST of composites increased due to increasing % 35 :g;ﬁ;“gpif;;?
temperature and ranged between 26.1-30.6°C (Fig. 6b). = ]
Virgin composites reached to a UST of 26.1°C. At the E 30 ] ¢
cracked state, UST increased by 6% and reached to 80 ] A/.:Hfo—o——ﬂﬂ.
27.7°C. After the failure of composites, UST value | S 25 oo Y
measured as 30.6°C with a 17% increment. f 0 1
[=11] P
At the highest exposure temperature (60°C) (Fig. 6¢), g 5 ]
UST of composites ranged between 32.3-37.5°C. UST 0 5 10 15 20 25 30 35 40 45 50 55 60
of virgin composites were found as 32.3°C. Even at the ‘
cracked state, the UST of composites increased only Exposure Time (min)
slightly to 32.7°C. UST of failed composites showed the ()
highest value and measured as 37.5°C.
It is obvious that the micro-cracked composites at 60 °C
exhibited similar thermal resistance results with the 8 40 T Vg specimens
virgin HTPP-ECCs when compared to failed ones. This £ { @Cracked Specimens M.
behavior may be attributed to the steady state multiple g 351 erald Spmmaj/ ,
cracking behavior of composites and presence of tight 3 /"ﬁ:':e:
micro size cracks. Mechanisms supporting this 85 ] //’/
hypothesis are schematically presented in Fig. 7. Virgin & S5
composites may have acted as a blockage and isolated @ ]
the environments (Fig. 7a). With any breakage in the & 20 4
insulation material, heat leakage may occur and g ]
insulation property may negatively be affected. <18 e RRARSAAAAREN
Therefore, the heat leaking from the failed crack section 0 1015 20 25 30 35 40 45 50 55 60
of composite and causing the loss of thermal insulation Exposure Time (min)

efficiency in Fig 7c may be explained as such. It must be
noted that such a wide crack width cannot be observed
in HTPP-ECC under plastically deformed specimens at
practical loading conditions. In the case of micro-
cracked ECC composite, heat leakage can be blocked
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Figure 6. Average surface temperature values obtained from the
thermal insulation test results at a) 30 °C, b) 45 °C, c) 60 °C.
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Figure 7. Schematical heat insulation and leakage mechanisms of composites a) Virgin state, b) Cracked state, c) Failed state.

owing to small micro sized crack widths and temperature
lost can easily be prevented even at highly plastically
deformed conditions (Fig. 7b). This property of ECC can
also be accepted as an eco-efficient advantage for
increasing the service life and reducing the repair cost
with preserving thermal insulation performance of
building.

CONCLUSION

In this paper, long-term thermal conductivity and thermal
insulation properties of special type of ECC named as
HTPP-ECC have been investigated at unloaded (virgin)
and plastically deformed (micro-cracked and failed
major crack) conditions.

Results showed that, HTPP-ECC have better
performance in terms lower of thermal conductivity
(0.274 W/m.K) when compared to PVA-ECCs (0.380-
0.875 W/m.K) and other types of cement-based materials
in the existing literature (0.863-1.990 W/m.K). Besides,
HTPP-ECC exhibited an effective thermal insulation
efficiency even in micro-cracked state when compared to
failed state composites. HTPP-ECC can provide an
efficient insulation property to the buildings even after
even plastically deforming (in damaged state) by
preserving its insulation property due to heat being
unable to penetrate through micro-cracks (rather than
large cracks). Therefore, HTPP-ECC can be accepted as
an eco-efficient material, which has advantage for
reducing the energy release, repair cost and increasing
the insulation service life of building.

ACKNOWLEDGEMENT

Materials supply from Cimentas (cement), Kimtag-
Carmeuse (limestone powder), Grace Company
(HRWRA), and Saint-Gobain Brasilit (HTPP fiber) are
gratefully acknowledged.

REFERENCES

ASTM C1113/C1113M-09, 2009, Standard Test Method
for Thermal Conductivity of Refractories by Hot Wire
(Platinum Resistance Thermometer Technique), ASTM
International, West Conshohocken, PA, www.astm.org.
doi: 10.1520/C1113_C1113M-09

66

ASTM C150/C150M-17, 2017, Standard Specification
for Portland Cement, ASTM International, West
Conshohocken, PA, WwWw.astm.org. doi:
10.1520/C0150_C0150M-17

ASTM C323-56, 2016, Standard Test Methods for
Chemical Analysis of Ceramic Whiteware Clays, ASTM
International, West Conshohocken, PA, www.astm.org.
doi: 10.1520/C0323-56R16

ASTM C325-81, 2007, Standard Test Method for Wet
Sieve Analysis of Ceramic Whiteware Clays, ASTM
International, West Conshohocken, PA, www.astm.org.
doi: 10.1520/C0325-81R07

ASTM C371-09, 2014, Standard Test Method for Wire-
Cloth Sieve Analysis of Nonplastic Ceramic Powders,
ASTM International, West Conshohocken, PA,
www.astm.org. doi: 10.1520/C0371-09R14

ASTM DB854-14, 2014, Standard Test Methods for
Specific Gravity of Soil Solids by Water Pycnometer,
ASTM International, West Conshohocken, PA,
www.astm.org. doi: 10.1520/D0854-14

ASTM E313-15el, 2015, Standard Practice for
Calculating Yellowness and Whiteness Indices from
Instrumentally Measured Color Coordinates, ASTM
International, West Conshohocken, PA, www.astm.org.
doi: 10.1520/E0313-15E01

Chen, Z., Li, J. and Yang, E., 2016, High strength
lightweight strain-hardening cementitious composite
incorporating cenosphere. 9" International Conference
on Fracture Mechanics of Concrete and Concrete
Structures (FraMCoS 9), V. Saouma, J. Bolander and E.
Landis(Eds). doi:10.21012/FC9.130

Chwieduk, D.A., 2017, Towards modern options of
energy conservation in buildings. Renew. Energy, 101,
1194-1202. doi:10.1016/j.renene.2016.09.061

Desai, D., Miller, M., Lynch, J.P. and Li, V.C., 2014,
Development of thermally adaptive Engineered
Cementitious Composite for passive heat storage.
Construction and Building Materials, 67, 366-372.
doi:10.1016/j.conbuildmat.2013.12.104


http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/

EN 196-1, 2005, Methods of testing cement-Part 1:
Determination of strength. European Committee for
standardization, 26.

Felekoglu, B. and Keskinates, M., 2016 Multiple
cracking analysis of HTPP-ECC by digital image
correlation method, Computers and Concrete, 17(6),
831-848. doi:10.12989/cac.2016.17.6.831

Hanif, A., Diao, S., Lu, Z,, Fan, T. and Li, Z., 2016,
Green lightweight cementitious composite incorporating
aerogels and fly ash cenospheres - Mechanical and
thermal insulating properties. Construction and Building
Materials, 116, 422-430.
doi:10.1016/j.conbuildmat.2016.04.134

Huang, X., Ranade, R., Zhang, Q., Ni, W. and Li, V.C,,
2013, Mechanical and thermal properties of green
lightweight  engineered  cementitious  composites.
Construction and Building Materials, 48, 954-960.
doi:10.1016/j.conbuildmat.2013.07.104

Iffat, S., 2015, Relation between density and
compressive strength of hardened concrete. Concrete
Research Letters, 6(4), 182-189.

Ikai, S., Reichert, J.R., Vasconcellos, A.R. and Zampieri,
V.A., 2006, Asbestos-free technology with new high
tenacity PP—polypropylene fibers in air-cured Hatschek
process. In 10th Int. Inorganic-bonded Fiber Composites
Conference (IIBCC 2006), Brazil. October 15 - 18, 2006.
Universidade de Sao Paulo & University of Idaho: Sao
Paulo, pp. 33-48.

Li, V.C. and Kanda, T., 1998 Innovations forum:
engineered cementitious composites for structural
applications, Journal of Materials in Civil Engineering,
10(2), 66-69.

Li, V.C., 1997, Engineered cementitious composites-
tailored composites through micromechanical modeling.,
Proceedings of Fiber Reinforced Concrete: Present and
the Future, N. Banthia, A. Bentur, A. Mufti (Eds.),
Canadian Society of Civil Engineers (CSCE), Montreal,
Canada, p. 38.

Li, V.C., Wang, S. and Wu, C., 2001, Tensile strain-
hardening behavior of polyvinyl alcohol engineered
cementitious composite (PVA-ECC), ACI Materials
Journal-American Concrete Institute, 98(6), 483-492.

Li, V.C.,, Wu, H.C. and Chan, Y.W., 1996, Effect of
plasma treatment of polyethylene fibers on interface and
cementitious composite properties. Journal of the
American Ceramic Society, 79(3), 700-704.

Mackinnon, 1.D.R., Uwins, P.J.R., Yago, A. and Page,
D., 1993, Kaolinite particle sizes in the <2 um range
using laser scattering. Clays & Clay Minerals, 41, 613—
623. doi:10.1346/CCMN.1993.0410512

Muzenski, S., Flores-Vivian, I. and Sobolev, K., 2015,
Hydrophobic engineered cementitious composites for
highway applications, Cement and Concrete Composites,
57, 68-74. doi: 10.1016/j.cemconcomp.2014.12.009

Neville, A.M., 1995, Properties of Concrete, Longman
Scientific and Technical, 844p.

Rokugo, K., Kanda, T., Yokota, H. and Sakata, N.,
2009, Applications and recommendations of high
performance fiber reinforced cement composites with
multiple fine cracking (HPFRCC) in Japan. Materials
and Structures, 42, 1197-1208. doi:10.1617/s11527-
009-9541-8.

Xu, B. and Li, Z., 2014, Performance of novel thermal
energy storage engineered cementitious composites
incorporating a paraffin/diatomite composite phase
change material. Applied Energy, 121, 114-122.
doi:10.1016/j.apenergy.2014.02.007

Yang, E.H., 2006, Designing added functions in
engineered cementitious composites, Ph.D. thesis (Civil
Engineering), The University of Michigan, 276p.

Zhang, Q. and Li, V.C., 2015, Development of durable
spray-applied fire-resistive Engineered Cementitious
Composites (SFR-ECC). Cement and Concrete
Composites, 60, 10-16.
doi:10.1016/j.cemconcomp.2015.03.012

Eren Godek (MSc. Eng.) Eren GODEK was born in 1989 in Ankara. He received his BSc. degree
in Civil Engineering from Dokuz Eyliil University in 2014. In 2016, he completed his Master’s
degree at Dokuz Eylll University, Institute of Science and Technology, Department of Building
Materials. During his Master of Science education, he has been actively involved in various
Scientific Research (BAP) and TUBITAK projects. He is still a PhD candidate at Dokuz Eylil
University, Institute of Science and Technology, Department of Building Materials. Eren Gddek
started his academic career as a Research Assistant at Yasar University in 2016. Recently, he is
lecturer at Hitit University. Main research areas: Fiber reinforced composites, composite

microstructure, self-settling concrete, rheology, mineral Admixtures, chemical admixtures and

historical mortars.

67



Kamile Tosun Felekoglu (Assoc. Prof.) Kamile TOSUN FELEKOGLU was born in 1977 in
Izmir. She graduated from the Department of Civil Engineering of the Engineering Faculty of
Dokuz Eylul University in 1998. In 2001, she graduated from Dokuz Eylul University, Institute of
Science and Technology, Master of Science Program in Construction and Doctor of Philosophy in
2007. In 2002, she was started her academic career as a research assistant at Dokuz Eylul
University. In 2009, she was assigned as assistant professor and in 2014 she became an associate
professor. She did post-doctoral research at University of California-Berkeley with TUBITAK
scholarship from 2009-2010, and then at University of Michigan with YOK scholarship from
2012-2013. She is currently working at the Department of Civil Engineering of the Faculty of
Engineering at Dokuz Eylil University. She teaches a variety of courses at the undergraduate,
graduate and PhD levels. She has been as coordinator and researcher in various TUBITAK and
BAP projects, published more than 20 SCI / SCI-E articles and received more than 200 citations.
Main research areas: Durability of construction materials, delayed ettringite formation, clinker and
cement microstructure and design of fiber reinforced composites.

Mete KUN (Assoc. Prof.) Mete KUN completed his PhD degree at Mining Eng. Department of
Dokuz Eylul Universty in 2010. He received “Assoc. Prof.” title in 2015. He currently works in the
Mining Engineering Department of Dokuz Eylul Universty. His research interest are; natural
stones, thermal analysis, open and closed mine planning and numerical analysis.

68


https://tureng.com/tr/turkce-ingilizce/thermal%20analysis

