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1. Introduction

The use of construction and demolition waste for the
production of concrete and mortar, as a substitute for natu-
ral aggregates, is an important alternative for reducing the
environmental impact of the civil construction sector. The
application of this type of recycled aggregate, replacing
the fine and coarse natural aggregate, in the production of
reinforced concrete structural elements, has been success-
fully evaluated by several researchers around the world
“ ' which will allow the expansion of the reinsertion of this
waste in the sector productive.

However, due to the differential characteristics of re-

*Corresponding Author:
Paulo Lima,

The operation of reinforced concrete structures is directly associated with
the adhesion between the steel bar and the concrete, which allows the inter-
nal forces to be transferred to the reinforcement during the process of load-
ing the structural elements. The modification of the concrete composition,
with the introduction of recycled aggregate from construction and demoli-
tion waste (CDW), affects the steel-concrete interface and can modify the
bonding stress, which is also influenced by the type and diameter of the bar
used. In this work, the influence of the recycled fine aggregate (RFA) and
types of steel bar on the steel-concrete bond was experimentally evaluated
using the pullout test. Conventional concrete and recycled concrete, with
RFA replacement level of 25%, were produced. Two types of steel rebars
(i.e.,plain and deformed) with diameters of 10.0 and 16.0 mm were con-
sidered in this paper. The results indicate a reduction in the adhesion stress
with the introduction of recycled aggregate, but this trend is influenced by
the diameter of the bar used. The use of ribbed bars modifies the stress bon-
slip behavior, with an increase in the average bond strength, which is also
observed with the reduction of the diameter of the bar.

cycled aggregates, in relation to the natural aggregate, its
use in larger quantities can result in a significant reduction
of the compressive strength and tensile strength ' and the
fracture mode of the concrete . Due to this, the recycled
fine aggregates have been banned or have limited substitu-
tion content by some reinforced concrete design standards
to be used in structural concrete .

The reduction in mechanical properties directly af-
fects the steel-concrete bond and the structural behavior
of reinforced concrete elements produced with recycled
concrete. According to Mukai et al ™Y, the use of recycled
aggregate can affect the behavior of reinforced concrete
beams when the recycled aggregate is used to replace
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the natural aggregate; the authors found a reduction in
the shear strength and crack load of the beams, when
compared with the conventional concrete beam, which
was attributed to the lower adhesion between steel and
recycled concrete. Other studies on the effect of recycled
aggregate on steel-concrete bond have been developed
but have not shown a consensus between the results.
While some researchers did not verify any influence of
the recycled aggregate on the bond-slip behavior ',
in another study a reduction in the bond stress was veri-
fied with the substitution of the natural aggregate by the
recycled aggregate """, This apparent contradiction is as-
sociated with the characteristics of each work, since sev-
eral parameters affect the steel-concrete bond behavior,
such as composition and type of recycled aggregate, type
of steel and diameter of the bar and also the mechanical
properties of the concrete.

Thus, in order to allow the application of recycled
aggregate in reinforced concrete safely, it is necessary
to assess how the parameters associated with the bond-
ing stress, such as bar diameter and bar texture, affect
the stress-slip behavior in concrete with recycled ag-
gregate.

The objective of this work is to verify the effect of the
addition of recycled fine aggregate and the characteristics
of the steel bar on the bond stress-slip behavior. Pullout
test was performed to determine the adhesion between
concretes with 25% recycled fine aggregate and steel bars.
Four types of steel bars were evaluated, with 10 mm and
16 mm diameters and with plain or deformed surface tex-
ture.

2. Materials and Methods

2.1 Materials

Two natural fine aggregates used were: fine river quartz
sand (NFA1) and medium (NFA2) river quartz sand. The
granitic aggregate, with specific gravity of 2.69 kg/dm’
and maximum size aggregate of 9.5 mm, was used as nat-
ural coarse aggregate (NCA). The aggregate properties are
presented in Table 1. As a binder, the Portland cement (C)
composed with pozzolan (type CP II Z - 32), with a spe-
cific mass of 2.89 kg/dm’, was used. Drinking water was
used in all mixtures.

The recycled fine aggregate (RFA) was obtained from
the grinding, in a jaw crusher, of demolition waste com-
posed of mortar, ceramics and concrete, in the proportions
of 29%, 27% and 44%, respectively. After grinding, the
residue was sieved through a 4.8 mm sieve and character-
ized, as shown in Table 1.

2 Distributed under creative commons license 4.0

Table 1. Physical properties and granulometric analysis
of aggregates

Fine aggregates

Properties (test method)

NFA1 NFA2 RFA
Siirze(r(iﬁs;l- %passing
4.8 99 100 100
24 99 85 85
Granulometric analysis 1.2 98 52 72
0.6 87 37 52
0.3 33 24 30
0.15 7 21 16

Maximum size aggregate (mm) (NBR NM 12 48 24

248/03)
Fineness (NBR NM 248/03) 1.77 347 246
Specific gravity (kg/dm?) 261 257 218
Bulk density (kg/dm?) (NBR 7251/82) 1.60 146 1.37
Water absorption rate (%) 01" 02" 188*
Fines content (%) (NBR NM 46/03) 2.1 0.8 10.0

! Experimental Method: NBR NM 30/03; > Experimental Method: Leite "

For this investigation, deformed and smooth steel bars
with diameters of 10 mm and 16 mm were used. The yield
strength of the bars was determined according to NBR
I1SO 6892 " and a value of 800 MPa was obtained.

As shown in Table 2, two mixes were prepared with
natural aggregate (REF) and with fine recycled aggre-
gate (25% CDW) replacing the 25%, in volume, of fine
natural aggregate. As can be seen in Table 1, the water
absorption of the recycled aggregate is around 18%.
Because of this, the addition of recycled material in the
mixture tends to absorb part of the water used and re-
duce the workability of the concrete in the fresh state.
As a result, there is a difficulty in launching the con-
crete. In this way, an additional amount of water, called
"compensating water", was inserted into the mixtures, to
compensate for the aggregate water absorption rate and
not to reduce the workability of the concrete in the fresh
state. However, to avoid an increase in the water/cement
ratio and a possible reduction in mechanical strength,
the amount of free water was corrected, considering a
water absorption from the recycled aggregate for a time
of 10 minutes. This mixing time was then adopted for all
concretes. The proportions of the mixture for all lots are
detailed in Table 2. A scientific method of mix design,
based on the compressible packaging method, was used

to provide mixtures, and is presented in detail in "',

DOL: https://doi.org/10.30564/jaeser.v4i2.2810
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Table 2. Composition of concrete

Mix proportions (kg/m®)

Mix %CDW Stump
. water (mm)
C NCA NFA1 NFA2 RFA water compensating water total
REF 0 604.8 259.2 - 0 212.4 100
360 892.8 212.4
25%CDW 25 453.6 194.4 198.0 28.8 241.2 115

2.2 Preparation of Pull-out Test Specimens

Figure 1a shows a schematic drawing with the dimen-
sions of the pull-out specimens and positioning of the steel
bars. It can be seen in Figure 1b that the production pro-
cess was carried out with PVC molds supported on wood-
en structures and with vertical positioning of the bars. The
relationship between the diameter of the steel bar and the
diameter of the concrete cylinder was kept equal to 10. A
portable needle vibrator was used to consolidate the fresh
concrete in the samples (Figure 1c¢).

Figure 1. Pull-out specimens production: a) dimensions; b)
PVC molds; c) casting and vibraton.

2.3 Test Procedures

The pullout test was carried out according to the
RILEM standard """ and is shown in Figure 2. To assist
in the test, a metallic apparatus consisting of two steel
plates with central holes, 30 mm thick and connected
with four bars threaded was manufactured. The upper
plate of the apparatus was connected to the clamp of the
test machine and the specimen was positioned inside
it. The steel bar of the sample was then attached to the
machine's claw at the bottom and subjected to a tensile
load. The sliding of the bar was measured by a linear
variable differential transformer (LVDT) attached to the
upper part of the specimen and the load was measured
by a load cell, with a capacity of 300 kN and positioned
under the sample, as shown in Figure 2b. An automatic
signal acquisition system was used to capture the load
and displacement values in real time that allowed ob-
taining the load-slip curve. A 1000 kN universal test ma-

Distributed under creative commons license 4.0

chine with load control was used.

LVDT _Steel bar

Aquisition system

Concrete

H Load cell

\s
P

L ]

Signal processing

a) sketch

b) photo

Figure 2. Pullout test setup

To determine the mechanical properties of concretes,
axial compression and splitting were carried out in cy-
lindrical samples with 100 mm in diameter and 200 mm
in height after 28 days of curing in a humid environment
(95% RH). The specimens were tested on a 2000 kN test-
ing machine.

3. Results and Discussion

3.1 Mechanical Properties of Concrete

Table 3 shows the experimental results of mechanical
tests.

Table 3. Compressive strength (f,), splitting strength (f;)
and elastic modulus (E,) of reference and experimental
concrete sample

Mixture %CDW f. (MPa) fq (MPa) E. (GPa)
Referéncia 0 23.65+1.06 2.08+0.04 30.50+0.43
25%CDW 25 22.82+0.58 1.70+0.09 25.58+1.71

It can be seen in Table 3 that the addition of recycled
aggregate as substitution to the natural aggregate resulted
in a reduction of 3.5%, 18.3% and 16.1% in compressive
strength, splitting strength and elastic modulus, respec-
tively.

The reduction in mechanical properties with the in-
troduction of recycled aggregates has been observed by
other researchers """'” and may be associated with an

DOI: https://doi.org/10.30564/jaeser.v4i2.2810 3
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increase in the water content of the mixture, the greater
fragility of the recycled aggregate grain, when compared
to the natural aggregate or due the saturation level of the
recycled aggregates may affect the strength of the con-
cretes.

3.2 Bond Stress

The experimental stress bond versus slip curves of
pull-out test with 10 mm and the 16 mm diameter bars are
presented in Figure 3.

w16 o=10 mm

Reference

(MP
=

= = 25%CDwW

—
pN]
L

Deformed bar

Bond stress
© o

6 -
4
1 )
249 Plain bar
e = == ———=—= -
0 T T )
0 2 4 slip (mm) ©
16 _
¢=16mm Reference
14
- =25%CDW
12
10 Deformed bar
8 - == -
6
4
2 Plain bar
0 - T — —— -
0 2 4 Slip (mm) 6

Figure 3. Experimental bond stress-slip curves

The steel-concrete bond is formed by the combination
of three components associated with chemical adhesion,
mechanical anchoring and friction. When using smooth
bars, chemical adhesion is the predominant mechanism,
and the adhesion stress is usually weak. In the pullout test
with smooth bars, after the rupture of the chemical adhe-
sion, the increase in loading generates the longitudinal
cracking of the steel-concrete interface along the bar. Sub-
sequently, a pullout process characterized by an increase
in sliding and maintenance of a practically constant load,
as schematically shown in Figure 4. This phenomenon
was also observed in the experimental results obtained
with smooth bars shown in Figure 3.

In the corrugated bars, on the other hand, the ribs
provide a mechanical lock that allows the development
of greater bond stress after overcoming the chemical
adhesion. The mechanical interlock, which is generated
by the ribs of the bar and the concrete, provides bearing

4 Distributed under creative commons license 4.0

force against the face of the bar ribs, as shown in Figure
6. The cracking process at the steel-concrete interface is
then characterized by an increase in the adherence stress
to a maximum stress level, after which the complete rup-
ture of the interface and the reduction of bond stress can
be observed in a process called shearing off (Figure 4).

Bond stress

Mechanical

interlocking _, Shearing off

Deformed bar
ppr————e

Plain bar sulout

-
Adhesive
bond

Smax S“P’-

Figure 4. Schematic bond stress-slip relationship "*

Flain bar
T

I —

Deformed bar o
PR AR T4
Il
e - s s

Figure 5. Local bond response on plain and deformed bar
(adapted from ')

Considering the theoretical model shown in Figure 5
1”1 the bond stress in the pullout test can be considered
constant along the length of the steel bar embedded in the
concrete. Thus, the bond stress 7 is given by:

P
= (M

N mply,
where P is the load; /, is the embedded length of the
steel rebar and ¢ is the diameter of the steel rebar.
The average bond strength z,, is obtained by media of
three bond stresses relatives to slip of 0.01 mm (1), 0.1
mm (t,,) e 1.0 mm (7, ,):

=001t %1t o

. @)

From Equation (1) it is possible to obtain the maximum

DOL: https://doi.org/10.30564/jaeser.v4i2.2810
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bond strength, z,,,, using the maximum load obtained in
the test. However, when the maximum load is obtained for
a displacement below 1 mm, the value of 7, , is adopted as
the maximum stress.

Table 4 shows the experimental results of pull-out test.

It can be seen that, when using plain bars, the average
bond strength is usually lower, reaching maximum va-
lues in the order of 0.98 MPa, as shown in Table 4. For
the deformed bars, average bond strength varied from
2.76 MPa to 6.89 MPa, which represents an increase of
up to 9 times in the adhesion when compared with the
plain bar, due to the mechanical anchoring effect provi-
ded by the ribs.

In addition to the surface texture, it is verified in this
work that the diameter of the bar affects the development
of bond stresses. The results shown in Table 4 indicate
that the average bond stress, , decreases with the increase
in the bar diameter. For conventional concretes, this re-
duction is about 62% when the diameter of the bars var-
ies from 10 mm to 16 mm. For recycled concrete, the re-
duction in the average bonding stress, , with the increase
in the bar diameter was 45% for plain bars and 38% for
deformed bars. The reduction of the bonding stress with
the increase in the diameter of the bars was observed
by ®” for conventional reinforced concrete with bars of
12, 16 and 20 mm. According to """ this phenomenon
is associated with the steel-concrete interface; in the 16
mm bars the thickness of the transition zone is greater
than in the 10 mm bars, which facilitates the trapping of
air and water close to the rib and, consequently, reduces
the adhesion of the bar with the concrete. The reduction
in mean porous zone thickness can be considered one of
the many influencing factors that resulted in increased
ultimate bond strength ", During the concrete casting

process, voids can form under the bars or close to the
ribs, generating a bleed water zone " that affects the
steel-concrete adhesion and even the durability of the
bar.

Regarding the use of recycled aggregate, there is a
tendency to reduce the average bonding stress, which is
mainly influenced by the reduction in the tensile strength
of recycled concrete, when compared to conventional
concrete, as shown in Table 3. This behavior was iden-
tified by Choi and Kang " and which verified that the
bond strength decreased with the increasing recycled
aggregate ratio. However, the bar diameter differently
affects the adhesion ratio between steel and recycled
concrete. While for deformed bars with 10 mm there is a
reduction of about 35% of the average bond stress with
the introduction of recycled aggregate, in the test with
deformed bars of 16 mm, the introduction of recycled
aggregate resulted in an increase of 16% in this bond
strength, demonstrating that there is an interaction be-
tween these two parameters. For plain bars, the adhesion
between the bar and recycled concrete decreased by 39%
and 11%, for bars of 10 mm and 16 mm, respectively.
The combined effects of recycled aggregate addition,
type and diameter of steel the bond strength have shown
no clear tendency in the current study. Xiao and Falkner "
also verified the interaction between the use of recycled
aggregate and the type of steel bar; the authors found
that the bond strength between the recycled aggregate
concrete and the plain rebar decreases while the bond
strength between the recycled aggregate concrete and the
deformed rebar is similar.

4. Conclusions

Based on the experimental results obtained with

Table 4. Results of the pullout test

. ¢ Bar | N To.01 Toa Tio Tinax T
Mistura POV mm) type ®N) MPa)  (MPa)  (MPa) (MPa) (MPa)
TOP10 0 2.06 +0.20 0.72 0.92 1.27 1.31 0.98
10 Plain

T25P10 25 1.37+0.10 0.26 0.62 0.81 0.91 0.60

TOD10 0 21.48 £1.08 2.81 4.54 13.33 13.68 6.89
10 Deformed

T25D10 25 18.73 £1.37 0.97 2.03 10.36 11.90 4.45

TOP16 0 3.04+0.10 0.09 0.32 0.69 0.76 0.37
16 Plain

T25P16 25 3.14+0.01 0.11 0.20 0.68 0.79 0.33

TOD16 0 33.83 + .41 1.06 1.36 5.85 8.42 2.76
16 Deformed

T25D16 25 33.24+3.14 1.08 1.45 7.10 8.27 3.21

Distributed under creative commons license 4.0
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pullout tests on concretes containing recycled fine ag-
gregate, it was possible to obtain the following conclu-
sions:

» The use of recycled fine aggregate to replace the
natural aggregate reduces the mechanical properties of
concrete, affecting the splitting tensile strength more sig-
nificantly, affecting the splitting strength more significant-
ly than the compressive strength or the elastic modulus,
when compared with conventional concrete.

» The general shape of the load versus slip curve be-
tween recycled aggregate concrete and steel rebars is sim-
ilar to the one for normal concrete and steel rebars.

* The stress-slip behavior is not affected by the intro-
duction of the recycled aggregate, being similar to the
behavior of the test with conventional concrete and ac-
cording to the results already observed in the literature.
The use of deformed bars, on the other hand, changes the
stress-slip behavior, when compared to the result obtained
for the plain bar, due to the mechanical component of
bond stress resulting from the effect of locking the ribs.

* For the deformed bars, average bond strength varied
from 2.76 MPa to 6.89 MPa, which represents an increase
of up to 9 times in the adhesion when compared with the
plain bar, due to the mechanical anchoring effect provided
by the ribs.

* The reduction of the bonding stress with the increase
in the diameter of the bars.

» The average bond strength between the recycled ag-
gregate concrete and the plain rebar decreases for the RCA
replacement percentage of 25% while the bond strength
between the recycled aggregate concrete and the deformed
rebar is dependent of diameter of bar. For deformed bars
with a diameter of 10 mm there is a reduction in bond
strength with the introduction of recycled aggregate while
for deformed bars with a diameter of 16 mm there is an
increase in adhesion.
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1. Introduction

The continuous population growth and urban sprawl
directly influence the negative effects of global warming
and climate change, with the increase of buildings and
paved surfaces, and the reduction of vegetation in urban
areas. In this case, the predominance of impermeable
surfaces contributes with the rise on solar energy
absorption by different materials, with direct impact on surface
and ambient temperatures, given rise to the microclimate

*Corresponding Author:
Kelen Almeida Dornelles,

The use of cool materials on the building envelope is one of the most
cost-effective ways to increase indoor thermal comfort conditions in hot
climates and decrease the cooling energy needs. Despite the benefit of
reducing cooling loads, researches have demonstrated that aging of roof
coatings changes the initial solar reflectance (SR), which influences the
long term building thermal and energy performance. Thus, this work
presents preliminary natural weathering tests performed on samples of nine
white coatings exposed to natural weathering for one year in the city of Sao
Carlos, Brazil. Solar reflectances were measured with a spectrophotometer
before and after exposure, every 3 months, for identifying the effect of
aging along the time. The findings showed changes of 13% to 23% on
SR after one year of natural weathering, with higher decrease on SR for
rougher surfaces. The cleaning process restored from 90% to 100% of
the original SR, which means maintenance can be an effective solution to
restore the initial SR. Simulations indicated that roofs with higher solar
reflectance increase indoor thermal comfort conditions and decrease the
cooling energy need for buildings in hot climates, but the aging of white
coatings increased the cooling energy needs along the time.

phenomena called urban heat islands (UHI) ",

The UHI is mainly characterized by urban areas with
higher temperature when compared to their surrounding
rural environment. This phenomenon can be more intense
in cities with hot climate conditions, located mainly in
latitudes from 15° North to 15° South, where the solar
radiation is an important issue regarding building heat
gains 51 In Brazil, for example, solar radiation is one of

the most important contributors with the thermal load
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of buildings. According to the Brazilian standard NBR
15220-3 ', the country is mainly characterized by tropical
and hot conditions, with solar radiation levels sufficiently
high and no active heating required for buildings even
during the winter season. In contrast, the summer
overheating usually adversely influences indoor comfort
conditions in the built environment and increases energy
need for cooling systems ",

It is already known that the building sector is
responsible for more than 40% of the global energy
consumption . Considering the energy needs mainly
related to HVAC systems, this effect is increased primarily
in countries with predominance of hot climate conditions.
The Brazilian Energy Balance for 2019 ' demonstrated
that buildings account for 52% of the electric energy use,
with 26.1% for the residential sector and 25.9% for non-
residential buildings, mainly related to HVAC systems.
More specifically, the cooling energy need has increased
considerably in the last decades, as the use of cooling
systems has been more intense to control the overheating
in the built environment, associated primarily to climate
change and urban development . Furthermore, Ascione
" demonstrated a worldwide increase of cooling degree
days through a large literature review concerning building
envelope, HVAC systems and renewables.

Over the years, different solutions were suggested to
control the negative effects of global warming and urban
heat islands on buildings thermal-energy performance,
including building design strategies "'>'*. One of this
solution is the use of cool coatings on the building
envelope in order to decrease cooling energy needs in
buildings and improve indoor thermal comfort in summer
conditions. Cool materials are characterized by high solar
reflectance and thermal emittance, which can maintain
a lower surface temperature, reducing the solar heat
gains by the building envelope "">'®. However, building
envelopes in the urban environment are subject to weather
and the deposition of particulate matter present in the
air, with direct effects on the solar reflectance of these
surfaces ', Results from several researches indicated that
natural weathering of roof surfaces decreased the original
'%23 By this way, durability
has become an important issue for new materials
considering the potential of preserving high SR over time,
since the higher initial investment must be paid back by
cooling energy savings **.

According to Bretz and Akbari **, the high initial solar
reflectance of surfaces likely to decrease mainly due to
material degradation and surface materials accumulation
as dirt and microbial growth. In this case, the surface
accumulations may not be permanent, depending on their

solar reflectance over time '
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water solubility. According to the authors, microbial
growth is more common in humid areas. Degradation,
however, induces chemical changes in the material with
permanent alteration of the solar reflectance. Previous
researches have indicated that degradation of roof coatings
is mainly related to insolation (particularly UV radiation),
temperature variation of the roof (daily time-averaged),
moisture (humidity, rain, and dew), and natural and
anthropogenic pollutants !'>***!. Furthermore, the solar
reflectance degradation of coatings occurred primarily
within the first year of application, and even within the
first two months of exposure "**
maintenance procedure can reduce albedo changes by
natural aging, as presented by Levinson et al. *°.

The effect of natural weathering on solar reflectance
has been continuously analyzed "*’?'. Alchapar and
Correa " assessed the influence of natural weathering on
the thermal behavior of 19 roof tiles and roof paint. They
concluded that all materials tend to reduce their reflectance
capacity after three years of weathering exposure, and
identified that morphological characteristics of color,
composition, and finish (for new materials) and color,
finish, and shape (for aged materials) impact the thermal
performance. Ferrari et al. * investigated the effect of
natural aging on the solar reflectance for clay roof tiles
exposed to natural weathering in Arizona for three years.
The results indicated that Arizona weathering condition
affects the solar reflectance up to 0.05. On the other hand,
De Masi et al. ' found that the solar reflectance of a
white cool roof coating decreased from 0.67 to 0.48 after
1 year of outdoor natural weathering in Benevento, Italy,
under Mediterranean climatic conditions. Dornelles et
al. ®* analyzed the effect of natural aging for 20 coatings
after 18 months of exposure in tropical climate conditions,
in Brazil. The results confirmed a reduction on the solar
reflectance mainly related to dust and soot deposition
for most of the samples. Two coatings with dark colors
(SR<0.15) presented an increase on the SR, probably
associated to degradation from UV radiation.

In addition, some studies also assessed the influence
of natural aging of coatings on buildings thermal-energy
performance. Mastrapostoli et al. " found a decrease
of 72% on cooling energy demand with the application
of a new cool roof coating when compared to the aged
cool roof, through simulations with Energyplus. Aoyama
et al. " conducted a study to evaluate the potential of
increasing the durability of a high-reflectance coating
due to its self-cleaning capability when exposed to
natural aging tests at Kobe University. After one year of
exposure, the results indicated differences of 0.09 on SR
from the self-cleaning (0.70) and conventional (0.79)

! However, an accurate
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roofs, and the energy saving of the self-cleaning coating
and the cool roof was great during the year. Paolini et
al. ¥ investigated the performance of wall finishes with
high solar reflectance and thermal emittance after four
years of aging in Milan, Italy. The authors find a reduction
on the solar reflectance of 0.20 for white coats and 11%
increase in cooling energy need for a typical residential
building with aged white walls without exterior insulation.
In a previous study of natural aging in Roma and Milan,
Italy, Paolini et al """ identified a reduction of 0.14 on the
initial SR of white roof membranes in Rome and 0.22 for
samples aged in Milano after two years of exposure. For
a typical commercial building highly insulated in Milan,
an aged white roof may reach a surface temperature 16°C
higher than a new white roof. The study confirmed that
the decrease on SR after natural aging influences the
energy needs of buildings and the surface temperature of
the roofing membrane.

Based on the above, this work presents preliminary
natural aging tests for samples of cool white coatings
exposed to natural weathering for one year in Sdo Carlos,
SP, Brazil. Spectral and solar reflectances were measured
with a spectrophotometer before and after exposure,
every 3 months, for identifying the effect of aging along
the time. A cleaning process was also conducted to
identify the ability of the coatings to restore the initial
solar reflectance after the period of natural weathering.
Computer simulations were performed to assess the
cooling and energy need for a residential building located
in different climate conditions in Brazil, considering new
and aged solar reflectances of samples analyzed in this
research.

2. Methodology

Specimens were prepared for the characterization of
the material properties (solar reflectance and thermal
emittance) in laboratory, according to specific standards.
Natural weathering exposure procedure was conducted
for 12 months to identify the effects of aging and cleaning
on the solar reflectances of 9 cool white roof coatings.
As a case study, computer simulation for a single-
story residential building located in 4 different climate
conditions in Brazil estimated the thermal performance
and energy need to restore indoor comfort conditions,
considering different roof’s reflectance. Procedures and
instruments are following described.

2.1 Selected Materials

In this work, nine coatings available in the market were
selected: three standard white acrylic coatings (STD) and

10 Distributed under creative commons license 4.0

six white coatings formulated with ceramic microspheres
(CER), according to information provided in Table 1.
Samples were prepared with ceramic specimens with
smooth surface (80 x 80 mm) to minimize the roughness
effect on the solar reflectance results.

Table 1. Characteristics of analyzed coatings

Sample Coating description Type Color
S1-STD  Acrylic, elastomeric coating Standard White
S2-CER Ac.ryhc, elastom.erlc coating .Ceramlc White
with ceramic microspheres microspheres

S3-CER Ac.ryhc, elastorn‘erlc coating .Ceramlc White
with ceramic microspheres microspheres

S4-CER Ac.ryhc, elastorn‘erlc coating .Ceramlc White
with ceramic microspheres microspheres
Acrylic, el i i i .

S5-CER crylic, elastomeric coating _Ceramlc White
with ceramic microspheres microspheres

S6-CER Agryhc, elastomerlc coating 'Ceramlc White
with ceramic microspheres microspheres

S7-CER A({ryhc, ela;tomfzrlc coating 'Ceramlc White
with ceramic microspheres microspheres

S8-STD Styrene acrylic coating Standard White

S9-STD Styrene acrylic coating Standard White

2.2 Laboratory Measurements
2.2.1 Spectral Reflectance Measurements

In this work, spectral reflectance laboratory
measurements for optical analyses were conducted
according to the ASTM E903-20 standard "*. The
equipment is a double-beam spectrophotometer (Varian
CARY 5G), fitted with an integrating sphere of 150 mm
diameter. The spectral reflectance was measured from 300
to 2500 nm, at wavelength intervals of 1 nm. The solar
reflectance was calculated by weighted averaging, based
on a standard solar spectrum provided by ASTM G173-20
P31 as the weighting function.

2.2.2 Thermal Emittance Measurements

Thermal emittance measurements were performed
with the emissometer model AE1 from Devices and
Services, according to the standard ASTM C1371-15
B9 This equipment measures the total thermal emittance
when compared to standard materials with low and high
emittance (0.06 and 0.87, respectively), calibrated before
each measurement. The thermal emittance was conducted
for the nine white coatings for initial conditions, before
exposure to natural weathering.

2.3 Natural Weathering Procedure

The samples with 9 acrylic cool coatings were exposed
to natural weathering conditions for 12 months in the
city of S@o Carlos, SP, Brazil (22°S, 48°W, 860 m). The

DOL: https://doi.org/10.30564/jaeser.v4i2.2812



Journal of Architectural Environment & Structural Engineering Research | Volume 04 | Issue 02 | April 2021

specimens were positioned on a low sloped roof surface
(8°) to avoid standing water and to maximize the effect of
soiling in a short testing period (Figure 1).

Figure 1. Low sloped roof with exposed specimens and
detail of investigated samples

A weather station continuously monitored air
temperature, relative humidity, global solar radiation,
and precipitation) on site. The main assessment criteria
for durability were the variation on solar reflectance
and appearance along the time. The solar reflectance
is related to the thermal performance of materials and
the appearance is associated to the aesthetic condition.
Soiling was supposed to have the major effects on solar
reflectance loss, and this result must be differentiated
from the contribution from other weathering agents
like insolation, air temperature, and relative humidity.
In this research, the natural aging considering both
weathering and soiling actions was quantified through
the reflectance loss over time for specimens exposed
to natural weathering conditions. Solar and spectral
reflectance for the cool coating samples were measured
in laboratory before the exposure (new specimens), and
every three months for aged specimens.

Finally, reflectances of each soiled specimen was
remeasured followed by a cleaning process of washing
with dishwashing detergent, water, and natural air drying,
until the appearance of the coating stabilized. This
procedure was intended to simulate an artificial cleaning
mechanism.

2.4 Building Energy Simulation

The numerical analysis was carried out to assess the
impact of cool white coatings on the indoor thermal
comfort conditions and building energy needs of
residential buildings located in 4 different climate
conditions in Brazil. Computer simulations were
conducted with EnergyPlus simulation software, based on
solar reflectance data (new and aged) obtained for nine
different white coatings considered in this work. Table 2
presents the latitude, longitude, and altitude of selected
cities, with different climate conditions according to the
Brazilian National Standard NBR 15220 ',

Distributed under creative commons license 4.0

Table 2. Latitude, longitude, and altitude of selected cities
with different climates in Brazil.

ClZi:)r:lte City / State Lat(iot)ude Lon(goi)tude Al:i:ll;de a :i:iirflil:;teion
1 Curitiba, PR -25.52  -49.18 934 Subtropical
4  Brasilia, DF -1578 -4792 1171 ‘ropical (dry
winter)
7  Petrolina, PE  -9.35 -40.55 376 Hot Semi-Arid
8 Belém, PA° -1.38 -48.48 10 Humid tropical

Meteorological data were based on the weather
database of the US Department of Energy for Energyplus
Software 7, typically used also for dynamic thermal-
energy simulation of buildings. The building considered as
a base case for simulation is a single story with a flat roof
(Figure 2). This building is a real example of residential
buildings currently built in Brazil in the last decade,
mainly for low-cost houses. Its height is assumed to be 2.7
m, with walls and ceiling made of 10 cm of concrete. The
solar reflectance of walls was assumed 0.5 and window
area of 1.44 m? each one with clear 3 mm glass. The
roof is covered with a 6 mm fibrocement tile, with solar
reflectance according to the laboratory measurements of
the selected white coatings. Bathroom has one window
with 0.36 m? of clear 3 mm glass.

8.0

Kitchen &

45

Room

¢ Bathroom o
I 2.9

Bedroom 2

)
o Bedroom 1

40 4.0

Figure 2. Case study — reference building

Infiltration and ventilation rates were set as 1/hour,
according to the Brazilian standard NBR 15575 P,
Regarding internal gains, simulations considered thermal
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loads from the rooms’ occupancy (people, lighting, and
equipment), according to a typical Brazilian family ! for
which this kind of buildings are designed for (low-cost
houses): 2 adults (100 W/person) and 2 children (60 W/
person) in sedentary activities; lighting (18 h-24 h, 100 W)
and TV (15 h-24 h, 50 W); kitchen equipment (lighting: 2
h/day, 100 W/hour; refrigerator: 24 h/day, 90 W/h; stove:
8 h/day, 60 W).

This building configuration may not necessarily be
representative of houses in different tropical and hot
climates. However, the purpose of this work was to
assess the influence of roof reflectance on indoor thermal
comfort conditions and energy use for different climate
conditions in Brazil. In addition to the solar reflectance
obtained in this study for the nine different samples (new
and aged white coatings), it was included in the simulation
procedure one fibrocement tile widely used for roofing
in developing tropical countries. The new and aged solar
reflectance for the fibrocement tile was obtained from
earlier study .

In order to assess indoor thermal comfort conditions,
comfortable temperature intervals were considered
according to Equation 1, from ASHRAE 55-2017 ™ for
natural ventilated buildings. The main advantage of this
standard is its adaptative nature, which means that this
standard recognizes that occupants used to living in warm
climates prefer higher temperatures than those in cold
climates, and vice versa.

Te=17.9 +0.31* To (1)

Where:

Tc: temperature for comfort conditions (°C);

To: Arithmetic average of the mean daily minimum
and mean daily maximum outdoor (dry bulb)
temperatures per month (°C). Equation 1 is valid for 10.0
°C<To<335°C.

ASHRAE " indicates comfortable temperature range
with upper limit calculated from Equation 2 and /ower
limit from Equation 3.

Upper limit = Tc + tolerance 2)
Lower limit = Tc - tolerance 3)
Where:

Tc: temperature for comfort conditions (°C);

Tolerance: in this work it was considered a tolerance
of 2.4 °C, which satisfies 90% of the occupants according
to ASHRAE 55 . For 80% of the occupants, standard
ASHRAE 55-2017 indicates a tolerance of 3.4 °C.

Table 3 presents the temperature intervals (upper and
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lower limits) for indoor thermal comfort conditions, in
order to obtain the degrees-hour of discomfort for summer
(December) and Winter (June) design days, for each
selected climate zone in Brazil.

Table 3. Comfortable limits for indoor air temperatures
analyzed in building simulations.

Lower limit  Upper limit
(W9) (W9)

Jun  Dec Jun Dec Jun Dec Jun Dec

Zone City To (°C) Tn (°C)

1 Curitiba 14.82 19.78 22.49 24.03 20.09 21.63 24.89 26.43
4  Brasilia 18.44 21.26 23.62 24.49 21.22 22.09 26.02 26.89
7  Petrolina 24.32 27.08 25.44 26.30 23.04 23.90 27.84 28.70
8  Belém 26.24 26.29 26.03 26.05 23.63 23.65 28.43 28.45

The indoor thermal discomfort was quantified in
degrees-hour (Kh) of heat or cold conditions. Each
degree-hour (1 K/h) relates to the discomfort due to dry-
bulb temperature once this is under the lower limit (cold)
or when it is above the upper limit (heat). Daily, monthly,
or annual discomfort levels are the sum of these during
the corresponding period.

For the building energy performance, Szokolay '
presents a simplified method to estimate the cooling or
heating energy required to restore indoor thermal comfort,
according to Equation 4:

41]

E = DH*q (4)

where E is the energy for cooling or heating the
building (Wh/day), DH is the daily degrees-hour of
discomfort (Kh/day), and g is the heat flux by conduction
(gc) and convection (gv), according to Equations 5. gc and
qv are calculated according to Equations 6 and 7:

q=qc+qv Q)

gc = Y (AxU), (6)
i=1

qv =0.33*V*N (7)

gc is the heat flux by conduction (W/K), 4 is the total
area of the envelope (walls, roof, windows, floor - m?); U
is the thermal transmittance (W/m?K), n is the number of
external parts of the building envelope. gv is the heat flux
by convection (W/K), N is the ventilation rate (volumes/h)
and V is the room volume (m?).

3. Results and Discussion

3.1 Laboratory Measurements for New and Aged
Samples

Spectral reflectances measured in laboratory for
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new and aged samples are presented in Figure 3. Solar
reflectance and thermal emittance are presented in Table 4,
for the 9 coatings considered in this research. The thermal
emittance was measured only for conditions before natural
weathering (new). The measurements show that all the
cool white coating samples have high thermal emittance,
ranging from 0.89 to 0.91, which confirm the non-metallic
material characteristics.

Results showed that the standard white coating S1-STD
presented higher solar reflectance (0.91) when compared
to cool white coatings with ceramic microspheres, or to
standard white coatings S8 and S9 (Table 4). Actually, all
coatings presented high rsolar (higher than 0.74) when
new, before natural exposure, once conventional white
based colors are characterized by the high near-infrared
reflectance due to the intrinsic properties of the titanium
dioxide (Figure 3).
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Figure 3. Spectral reflectance for new and aged coatings
(3, 6,9, 12 months) and after a cleaning process.

Figure 4 indicates solar reflectance ranges over time
for weather conditions of Sao Carlos, SP, Brazil. During
the first six months of natural weathering, a significant
decrease on solar reflectance was observed, mainly related
to the specimens weathering. Reflectance modifications are
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Table 4. Thermal emittance (g) and solar reflectance (p,,,,) of the selected samples.

Solar Reflectance (p,,,,)

Sample E T.hermal Ap. A
mittance (&) New 3 months 6 months 9 months 12 months Washed p'&”_“)'”'“ p("‘;/:')”‘“

S1-STD 0.90 0.91 0.89 0.82 0.82 0.79 0.92 0.12 13
S2-CER 0.91 0.82 0.80 0.73 0.68 0.66 0.83 0.16 19
S3-CER 0.90 0.81 0.75 0.68 0.68 0.66 0.78 0.15 19
S4-CER 0.90 0.85 0.77 0.72 0.70 0.69 0.84 0.16 19
S5-CER 0.91 0.81 0.75 0.68 0.68 0.67 0.80 0.14 17
S6-CER 0.90 0.85 0.81 0.73 0.67 0.69 0.87 0.16 19
S7-CER 0.89 0.78 0.70 0.63 0.62 0.61 0.75 0.18 23
S8-STD 0.91 0.74 0.62 0.62 0.61 0.61 0.74 0.12 17
S9-STD 0.90 0.76 0.71 0.65 0.67 0.62 0.73 0.14 19

mostly due to dust accumulation during the dry period in
Sao Carlos (months 3 to 6), with dust removal as a result of
precipitation after the winter (months 6 to 9). The cleaning
process restored the solar reflectance for all specimens to a
range very similar to the initial solar reflectances (Table 4).
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Figure 4. Solar reflectance vs. time and for washed
condition after 1 year of natural weathering exposure.

Sample S1 (standard) presented higher solar reflectance
reduction after month 6 (from 0.91 to 0.82), with a small
reduction from month 6 to 12 of exposure. The SR for
sample S1 presented a total reduction of 13% for one year
of natural weathering exposure, the lower reduction from
all the coatings analyzed in this work. The reduction of
solar reflectance during the first 6 months was similar for
samples S3 and S4 (with ceramic microspheres), but with
a total decrease of 19% after one year. For samples S5, S6,
and S7, the reduction was also significant during the first
6 months, with higher difference during the total period of
12 months for sample S7 (23%, rsolar from 0.78 to 0.61).

Sample S2-CER had a significant decrease in the SR
after 9 months of exposure (from 0.82 to 0.68), keeping it
in this range after 12 months (0.66), with a final reduction
of 19%. Sample S8 had a very significant decrease in
solar reflectance since the first 3 months (0.74 to 0.62)
and kept this range of SR for the next 9 months, with a
final solar reflectance of 0.61. On the other hand, sample
S9 presented a gradual reduction during all the period of
exposure, from 0.76 to 0.62 (total decrease of 19%)).
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After one year of natural weathering, the coatings’
solar reflectance decreased 13% to 23% (respectively for
specimens S1 and S7). In addition to weather conditions,
soiling (dust and soot deposition, biological growth, etc.)
has a large effect on white coatings. Combined actions of
weathering and soiling on the specimens can be mainly
observed on the spectral reflectance curves in the visible
range (380-780 nm) from the solar spectrum (Figure
3). This decrease validates the influence of soiling on
the surface appearance '******”). The average decrease
about 19% for the samples analyzed in this work are very
similar with results obtained by Bretz and Akbari *°'.
The authors found 20% solar reflectance reduction for 26
different roofs during the first year of natural weathering.

On the other hand, the surface roughness of specimens
with coatings with ceramic microspheres is higher than
in smooth standard acrylic coatings. For this reason, the
soiling accumulation on the surface is increased according
to the surface roughness, which decreases the specimen's
solar reflectance. As rougher is the roof surface, higher is
the dust deposition, and then the decrease in the long-term
solar reflectance **. This condition was mainly observed
for sample S7, the rougher from all the samples analyzed
in this work, as can be noticed in Figure 4, which
compares the appearance of the sample for two different
conditions: new and after 12 months of natural weathering
exposure.

Figure 4. Sample S7-MEC, new and after 12 months of
natural weathering exposure

[ —
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The cleaning process restored from 90% to 100% of
the original solar reflectance, which means the cleaning
process is a very efficient approach to keep the good
thermal performance of white roofs, mainly in hot
climates. Similar results were achieved by Bretz and
Akbari in earlier study **' and Levinson et al. *%,

3.2 Building Simulation Results

3.2.1 Indoor Thermal Comfort for Summer and
Winter Conditions

Table 5 presents the degrees-hour/day (Kh/day) of heat
discomfort for the simulated building with 9 different
solar reflectances (new), and after 12 months of exposure
(aged). The results showed that as higher is the roof solar
reflectance, the lower is the heat discomfort for buildings

located in cities with hot climate (ZB4 and ZBS).

Furthermore, the degrees-hour/day of cold discomfort are
presented in Table 6. In this case, the results indicate that as
higher is the solar reflectance of a roof surface, the higher
is the heating need for colder climates (ZB1 and ZB4),

considering the Brazilian scenario. Furthermore, no heating
energy was needed for hot climates of ZB7 and ZBS.

The results confirmed that using cool white coatings
for cooling roof surfaces are efficient to decrease the
indoor heat discomfort for buildings located in tropical/
hot climates. According to the findings, a building with
fibrocement roofing (FIBCIM) with solar reflectance of
0.48 presents 70.6 Kh/day of heat discomfort for Belem
(ZB8). If this roof was covered with cool white coatings
(solar reflectance higher than 0.8), the heat discomfort
could be more than 50% reduced in this building, offering
indoor thermal comfort conditions for users. And this
condition would directly influence the cooling energy
needs in buildings, as mentioned in the next analyses.

3.2.2 Building Energy Needs

Based on the degrees-hour of heat (Table 5) and cold
discomfort (Table 6), the following cooling and heating
energy needs were obtained from Equation 4, as presented
in Figure 5 and Figure 6. The results indicated that aging

Table 5. Degrees-hour/day of heat discomfort

Solar Reflectance Degrees-hour of discomfort (Kh/day) - Heat

Sample rsolar ZB1 ZB4 ZB7 ZB8

New Aged (12M) New Aged New Aged New Aged New Aged
S1-STD 0.91 0.79 0 0 0 0.9 354 50.0 27.5 40.1
S2-CER 0.82 0.66 0 0.3 0 34 45.6 64.2 36.2 51.8
S3-CER 0.81 0.66 0 0.3 0.2 3.4 46.8 64.2 37.3 51.8
S4-CER 0.85 0.69 0 0 0 1.6 42.5 58.1 335 46.5
S5-CER 0.81 0.67 0 0.2 0.3 33 47.0 64.0 37.4 50.7
S6-CER 0.85 0.69 0 0 0 1.6 41.9 58.1 33.1 46.5
S7-CER 0.78 0.61 0 1.4 0.8 5.4 49.8 70.0 39.8 57.0
S8-STD 0.74 0.61 0 1.4 1.9 5.4 55.3 70.0 44.5 57.0
S9-STD 0.76 0.62 0 1.1 1.3 4.8 52.7 68.4 423 55.5
FIBCIM 0.48 0.39 5.9 9.9 11.2 16.1 84.5 94.7 70.6 79.9

Table 6. Degrees-hour/day of discomfort by cold
Solar Reflectance Degrees-hour of discomfort (Kh/day) - Cold

Sample rsolar ZB1 ZB4 ZB7 ZB8

New Aged (12M) New Aged New Aged New Aged New Aged
S1-STD 0.91 0.79 104.9 97.7 7.1 43 0 0 0 0
S2-CER 0.82 0.66 99.8 55.0 5.1 1.4 0 0 0 0
S3-CER 0.81 0.66 99.2 55.0 4.8 1.4 0 0 0 0
S4-CER 0.85 0.69 101.3 57.1 5.7 2.5 0 0 0 0
S5-CER 0.81 0.67 99.1 56.0 4.8 2.1 0 0 0 0
S6-CER 0.85 0.69 101.6 57.1 5.8 2.5 0 0 0 0
S7-CER 0.78 0.61 97.7 53.3 43 1.0 0 0 0 0
S8-STD 0.74 0.61 95.0 53.3 3.4 1.0 0 0 0 0
S9-STD 0.76 0.62 96.3 53.8 3.9 1.1 0 0 0 0
FIBCIM 0.48 0.39 49.15 46.3 0.24 0 0 0 0 0
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of white coatings after 1 year of natural weathering
increased the cooling energy needs, and this difference is
very significant for white coatings with higher initial SR,
when compared to the fibrocement tile.

The highest cooling energy need was for the
fibrocement roof, when compared to the white coatings,
mainly for hot climates (ZB7 and ZBS). The effect of
using cool materials (white coatings) can contribute
significantly for the reduction of cooling energy needs, as
confirmed for some earlier studies “***".

The simulations showed that, for the climate of
Petrolina (ZB7), with very hot and dry conditions, and for
the city of Belem (ZB8) with hot and humid climate, the
building system considered for simulation demonstrated
weak thermal performance, despite the use of white roofs,
with high solar reflectance. On the other hand, the use of
white roofs decreased the cooling energy needs in these
climates, when compared to the fibrocement tile with SR
0f 0.48 or 0.39.
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Figure 5. Cooling energy needs estimated for new and
aged coatings in different climate conditions

Considering the city of Curitiba (ZB1), subtropical climate
with cold winter, the heating energy needs is high for all
the solar reflectances considered in the simulation, once the
building characteristics are not appropriate for the climate
conditions of this zone. However, the difference between
energy needs is significant when compared to new and aged
roofs, after one year of natural weathering exposure (Figure
6). These results confirm the importance of the maintenance
during the lifecycle of roofs, in order to restore the solar
reflectance of coatings near to initial condition.
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Figure 6. Heating energy needs estimated for new and
aged coatings in different climate conditions
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Figure 7 presents the correlations between the roof
solar reflectance and the energy needs for cooling and
heating, according to the outdoor climate conditions. The
results showed that, as higher is the solar reflectance of
roofs, for the base case analyzed in this work, lower is the
cooling energy needs, mainly in hot climate conditions
(ZB7 and ZBS8). Considering subtropical climates with
cold winter in Brazil (ZB1), the heating energy need is
higher, but these results are directly related also to the
building constructive system simulated. Furthermore,
the heating energy need is negligible for tropical and hot
climates in Brazil.
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Figure 7. Correlation between roof solar reflectances and
the cooling and heating energy needs for different climate
conditions in Brazil

4. Conclusions

Cool roofs are effective in maintaining indoor thermal
comfort conditions and decreasing the cooling energy
needs of buildings, mainly in hot climates. However,
solar reflectance may be strongly affected by weathering
and soiling after a long period of natural exposure. In this
work, nine commercially available white coatings with
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high solar reflectance were analyzed. Specimens were
exposed to natural weathering conditions in a middle-
size city in Brazil (Sao Carlos, SP) for one year. Solar and
spectral reflectances were measured in laboratory before
exposure (new) and after 3, 6, 9 and 12 months (aged
samples). The results indicated that changes on the solar
reflectance of cool white specimens were mainly affected
by weathering and soiling, even within the first 6 months.
After one year of natural weathering, the coatings’ solar
reflectance decreased 13% to 23%. The average decrease
in solar reflectance about 19% for the samples analyzed in
this work are very similar with results from earlier studies.

Considering the roughness of the samples, the
results indicated that the soiling accumulation on the
specimens are higher for rough surfaces, and as rougher
is the coating surface, higher is the dust deposition. In
consequence, there is a significant decrease in the long-
term solar reflectance, mainly observed for sample S7
in this study. A cleaning process was also conducted to
identify the capability of the coatings to restore the initial
solar reflectance after the period of natural weathering.
The cleaning process restored from 90% to 100% of the
original solar reflectance, which means the maintenance
is a very efficient approach to keep the good thermal
performance of white cool roofs, mainly in hot climates.

Computer simulations were conducted to assess
the cooling and heating energy needs for a residential
building located in different climate conditions in Brazil,
considering new and aged solar reflectances of samples
analyzed in this research. The results indicate that as
higher is the solar reflectance of roof surfaces, the lower
is the heat discomfort and the cooling energy need for
buildings located in hot climate cities (ZB7 and ZB8).
On the other hand, as higher is the solar reflectance, the
heating energy need increases for buildings located in
subtropical climates with cold winters, considering the
Brazilian scenario. The results also indicated that the
aging of white coatings increased cooling energy needs,
and this difference is very significant for white coatings
with higher initial SR, when compared to the fibrocement
tile with initial SR of 0.48.

In conclusion, the proposed analysis showed how
the use of cool coatings on roofs could be a passive
solution for buildings in tropical and hot climates, which
contribute to increase indoor thermal comfort conditions
and decrease cooling energy needs. In particular, the
weathering and soiling of roof surfaces may be considered
in these analyses once the effect on the solar reflectance
over time cannot be neglected. In this case, maintenance
through cleaning processes can be an effective solution to
restore the initial solar reflectance. The effect of aging on
the thermal performance of materials from the building
envelope is significant and cannot be ignored in the design

Distributed under creative commons license 4.0

of green buildings. The results emphasized the importance
of developing a new generation of cool coatings, relatively
easy to clean and also able to maintain the initial solar
reflectance for a long period.

The findings presented in this work apply to a
particular building configuration under to specific climate
conditions. Future research is needed to account for the
aging of the coatings after 3 years of natural weathering
exposure, as recommended by the Cool Roofing Rating
Council "' and earlier studies “***!. Different building
systems may also be analyzed to identify the influence
on the cooling and heating energy needs according to the
aging of roofs solar reflectance.
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1. Introduction

In the world, people have recognized the importance
of the SHMS for monitoring large-span bridges during
in construction and service. At present, the health
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When the bridge components needing maintenance are the world problem
at present, and the health monitoring system is considered to be a very help-
ful tool for solving this problem. In this paper, a large number of strain data
acquired from the structural health monitoring system (SHMS) installed
on a continuous rigid frame bridge are adopted to do reliability assessment.
Firstly, a calculation method of punctiform time-dependent reliability is
proposed based on the basic reliability theory, and introduced how to cal-
culate reliability of the bridge by using the stress data transformed from
the strain data. Secondly, combined with “Three Sigma” principle and the
basic pressure safety reserve requirement, the critical load effects distribu-
tion function of the bridge is defined, and then the maintenance reliability
threshold for controlling the unfavorable load state which appears in the
early operation stage of this type bridge is suggested, and then the combi-
nation of bridge maintenance management and health monitoring system
is realized. Finally, the transformed stress distribution certifies that the load
effects of concrete bridges practically have a normal distribution; as for the
concrete continuous rigid frame bridge with C50 strength grade concrete,
the retrofit reliability threshold should be valued at 6.13. The methodology
suggested in this article can help bridge engineers do effective maintenance
of bridges, which can effectively extend the service life of the bridge and
bring better economic and social benefits.

monitoring system becomes an indispensable part of
long-span bridges, of which the role is to supply safety
evaluation of bridge construction and operation '™,
In recent years, the technology of the SHMS has got a
significant improvement, mainly in sensing technology,
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sensing systems, innovative strategies for monitored
data analysis etc. Ni Y.Q. ! designed and implemented
a sophisticated long-term SHMS consisting of more
than 700 sensors with 16 types on the Canton Tower
from construction to service. Kim M. H. et al "” in-
troduced a typical hull monitoring system (HMS) for
ship structures, which adopts Long-based strain gauges
(LBSG), motion sensors and pressure sensors. Habel W.
R. and Rodrigues C. et al """'* presented an innovative
monitoring method of the SHMS for concrete structures
mainly based on the increasingly used Fibre-optic sen-
sor technology. Although many scholars in the world
have put forward many data analyzing methods and
many structures are installed with SHMS, however, the
real function of the health monitoring system has not
been realized so far ">,

Due to many influence factors of the data collected
from the SHMS, such as: environmental factors, large
size of the data itself, instability of material properties
and the structure shape, the structure load and the ma-
terial resistance changing with time during the bridge
construction and operation stages etc., it makes evaluate
the bridge safety in bridge construction or operation
stage by the data collected from the SHMS or other
methods very difficult. At present, many international
experts and scholars have done effective work in the
area of using the information acquired from the SHMS
for rational maintenance planning of gradually dete-
riorating structures. For developing advanced bridge
management systems, taking RC bridges as an exam-
ple. Thoft-Christensen " proposed to apply reliability
theory in bridge management systems, but the paper is
strongly based on the reports produced within the EU
project. The international workshop "*** on structural
reliability in bridge engineering has demonstrated the
advantages of using reliability based methods in the key
field of civil infrastructure systems, but the application
of reliability techniques in bridge engineering has lagged
behind application in other types of structural systems
and there are some limitations of the reliability concepts
using in bridge applications. In order to estimate the
reliability distributions for bridges, Frangopol and Das
1 and Thoft-Christensen **! defined the bridges’ reli-
ability states and proposed a procedure to estimate the
reliability distribution for bridge maintenance, but they
just suggested the maintenance reliability threshold of
the steel- concrete composite bridge taking the value 4.6
mainly based on theory and experience. In order to shed
some light on the past, present, and future of life-cycle
management of highway bridges, Frangopol D. M. *¥
systematically concluded the birth and growth of bridge

Distributed under creative commons license 4.0

management systems, and suggested that the limitations
of current bridge management systems could be over-
come by using the reliability-based approach. In the pro-
cess of summary of the recent technology developments
in the field of SHM and their application to large-scale
bridge projects, Kim J. M. et al ** suggested an idea of
calculating the bridge reliability by using the basis re-
liability theory and the stress monitored data, but they
lack long-term monitoring data and so they don’t estab-
lish the linkage between structural health monitoring
technology and the bridge inspection, maintenance and
management exercises. In order to forecast the lifetime
performance of a reinforced concrete bridge by the prob-
abilistic framework, Akgul F. and Frangopol D. M. ©*°
explored general methods for the analysis of the bridge
performance in the life cycle and applied their research
achievements in more than a dozen concrete bridges lo-
cated in American Crow Leader states, but there is lack
of site-specific or lab test data to revise the deteriora-
tion models. For predicting the likelihood and extent of
cracking for RC surfaces exposed to chloride ion attack,
Stewart M. G. and Mullard J. A. ®* proposed a space
and time related reliability analysis method to forecast
the probability of crack and damage degree of concrete
bridges under environmental erosion, but they achieve-
ments need to be used in conjunction with a life-cycle
cost analysis to optimize maintenance strategies, inspec-
tion intervals and durability design specifications for RC
structures. In the case that most of SHM applications
focusing on damage detection, Mustafa G. and Catbas F.
N. ? paid attention to investigate the statistical pattern
recognition for SHMS by using time series modeling
of theory and experimental verification, but the tests
are just conducted by using two different structures in
laboratory conditions and didn’t do a sensitivity analy-
sis to examine the effects of different parameters of the
methodology. For cost-effective monitoring planning
of a structure system, Kim S. and Frangopol D. M. ©**
provided an approach with a time-dependent normalized
reliability importance factor (NRIF) of structural com-
ponents, however, further studies are needed to develop
a general framework for cost-effective life time optimal
monitoring of structural systems taking into account
the uncertainty. How to determine the best maintenance
strategies under budget constraints, Orcesia A. D. and
Frangopol D. M. *” researched the optimal maintenance
strategies based on monitoring information and shown
the benefits of SHMS, however, the lifetime reliability of
structures is characterized by survivor functions and the
SHM data is only used to update the probability density
function of time to failure through a Bayesian process.
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In order to do construction safety assessment and long-
term prediction of prestressed concrete bridges, Helder
S. et al " built revised Finite Element Models and set
up a long-term monitoring system, and discussed the dif-
ferences between the measurements and the results ob-
tained with the numerical model, namely the trends due
to shrinkage and creep and the variations due to the tem-
perature, but they didn’t do in-depth analysis of the long-
term monitoring data for bridge construction assessment.
How to build reasonable resistance prediction model
and load effect prediction model to predict reliability of
aging bridges, Liu Y. F. et al " adopted the Bayesian
dynamic models (BDMs) to predict the structural load
effects based on the monitored data, and calculated the
structural reliability indexes with First Order Second
Moment method (FOSM), however, the monitored load
effect data is little and the monitoring duration is in short
time, and so the predicted results could not be consistent
with the actual condition. How to use different methods
to obtain a fast and accurate evaluation result with the
SHM, Dong and Yuan ”? presented a multi-agent fusion
and coordination system to deal with the damage identi-
fication by the strain distribution and structure joint fail-
ure, however, the validation study of multi-agent system
should be considered in the future.

As can be seen from the above literature, the limita-
tions of current bridge management systems can be over-
come by using the reliability-based approach, but there is
still lack of long-term health monitoring data to validate
the above idea. In addition, there is little monitoring data
from SHMS for the assessment of bridge safety at the
time, and the bridge maintenance strategy by the use of
SHMS during construction or operation is mainly based
on expert experience and theoretical analysis. Therefore,
in this paper, combined with large amount of strain mon-
itoring data of a bridge SHMS, we presented a methodol-
ogy of calculating reliability, of which the main purpose
is to make the association between SHM technology and
bridge inspection, maintenance and management exercis-
es. This method is useful for bridge engineers to do bridge
maintenance. The background bridge will be used as a
case study for this work.

2. llustration of the Bridge SHMS and Initial
Data Processing

2.1 SHMS of the Background Bridge

The background bridge is located in Zhaoqing city of
The Pearl River Delta in Guangdong province. The su-
perstructure of the bridge main beam is a continuous box-
beam system with a total of eight main piers and 7 main
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spans. The first span is 145.4 m long and the sixth span
is 87 m long, and the 4 center spans are all 144 m long.
The cross section of box girder is a single-box and sin-
gle-chamber. The width of box girder top plate is 12.5 and
the width of the base plate is 6.8 m. The transverse slope
of the bridge deck is 2.0% and the longitudinal slope of
the bridge deck is 0.15%. The heights, thickness of base
plate and thickness of web plate vary from 8 m to 2.8 m
(change according to 1.6 order power parabola), 1 m to
0.32 m and 0.9 m to 0.45 m respectively in cross sections
from the supporting base to the mid-span. The main beam
is fully prestressed concrete structure with the arrange-
ment of vertical, horizontal and longitudinal prestress, and

the prestressing tendons are 150/15.24mm steel strand
(strength: R;’ =1860MPa), 20’12.7mm steel strand

(strength: R;’ =1395MPa) and high strength rebar respec-
tively.

The measuring points of the SHMS in girder locate
near piers, in mid-span and in 1/4 span. The section loca-
tions are illustrated in Figure 1. The embedded locations
of strain variety sensor (The sensor is shown in Figure
1) in each section are illustrated in Figure 3 with given
numbers. The manufacture of the sensors is CHANGSHA
KINGMACH HIGHTECHNICS CO., LTD . With the
given name of cross section and number, a sensor in the
SHMS can be located in the girder uniquely, such as a
sensor is named 3-4MID-1, which means it locates in the
top plate center of the mid-span cross-section between
pier 3# and pier 4#. The measuring time interval of each
sensor is 1 hour. The sampling parameters of JIMZX-215
type strain gauge are listed in Table 1. So far, monitoring
of the bridge is still continuing and data for the past few
years has been acquired.

Table 1. Sampling parameters of JMZX-215 type strain

gauge
Type Range  Sensitivity Length Remarks

Intelligent digital Strain gauge

vibrating strain ~ +1500ue lue 157 mm embedded in
gauge concrete

Figure 1. Gauge installed inside the bridge prestressed
concrete beam before casting
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3Glh-1

34MID-1 aZm1

032m[
e

6.8m
The cross section size at the mid-span
The cross section size at the supporting base

Figure 2. Cross section size and locations with sensors in
the bridge of SHMS

Sensors

Supporting
base

I

L/4 span .

Mid-span

Figure 3. Typical positions of the sensors with the half-
span bridge

2.2 Monitoring Data

At present, the bridge has been monitored for more
than 4 years. In the paper, the data from the sensors
named 3G1H-1, 3-4MID-1, 4Z9H-1 and 3-4MID-2 are
used as examples, of which the monitoring time range is
from March 2006 to April 2010. In fact, there are tens of
thousands of data collected from the health monitoring
system. The monitored data should be pre-processed first-
ly to delete some singular values which may be induced
by strong thunders and other unexpected factors. The
principle of deleting the singular values is: firstly, find out
the difference between the values of each sampling point
and its previous sampling point; then, if the value of the
difference is greater than 200 micro-strains (engineering
experience value P*), the signal value of this sampling
point is regarded as singular value and will be removed.
Figure 4 shows the outline of the original data after the
singular values are deleted. Some gaps appear in Figure
4, which signifies that some data are not collected due to
data acquisition system fault.
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Figure 4. The data profile of the sensor

Q
03/2006

2.3 Data Pre-treatment
2.3.1 The Step of Pre-treatment

Because the monitored strain data can’t be used for
reliability calculation directly, and they should be imple-
mented some processing for transforming into stress data,
and then used to calculate the reliability index. The data
processing method is as follows:

(1) Read the sensor initial setting value after the cast
concrete is solidified. As the sensors were embedded be-
fore the concrete casting, the concrete hydration heat will
produce initial strain in sensors. So, this value should be
subtracted from the monitored strain value, of which the
goal is to get setting values of the each sensor after the
concrete is solidified.

(2) Subtract the shrinkage and creep strain values from
the monitored strain value. As for those lacking of moni-
tored data, they can use the finite element technology and
build the finite element model of the bridge calibrated by
field measured data to get the shrinkage and creep values.
In this paper, we acquire the shrinkage and creep values
corresponding to each sensor position from the long-term
monitored strain data and then subtract this value from
the measured strain values. The shrinkage and creep strain
data extraction method is instructed in section 3.4 in de-
tail. Of course, the extracted shrinkage and creep values
are just approximate value.

(3) Subtract the thermal expansion strain value from the
monitored strain value. As for the variation of environmen-
tal temperature, the monitored strain data include thermal
strain. As we mentioned on the above paper, the sensor
adopted in this paper can simultaneously monitor tempera-
ture. So, we can easily remove the thermal strain from the
monitored strain, the elimination formula is as follows:
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g =~ (I -T))(F~F) (1

In the above formula: F=10ue/°C, which is the coef-
ficient of linear expansion of the sensor steel wire as for
concrete bridges; 7, is the initial temperature; F is the co-
efficient of linear expansion of structure; ¢ is the measured
strain; 7 is the measured temperature.

After processing, the stress data can be converted from
the processed strain data by the following formula:

o=E-¢ )

In the formula: E is the concrete elastic modulus, and
the value is: E =3.45x10°MPa (28 days of age). This
paper focuses on the performance of the bridge during
early service, and the time lasts not long. During this time
section, the change of modulus £ tends to be stable, and
so this paper neglect the effects caused by the concrete
elastic modulus E.

In case of a limited number of measurements of SHMS,
Bayesian methodology " can be used to update the struc-
tural resistance and load effects. Nevertheless, continuous
monitoring over a long-term period can increase the reli-
ability of the assessment and prediction of structural perfor-
mance. In general, the damage development speed of bridg-
es is very slow. Considering this reason and the data sample
size etc., this paper determines each statistical time section
of the monitoring data is 6 months, and so the data sample
size of each statistical time section will reach 4000, and are
enough for statistics. The derived load effects include the
influence of environmental temperature, the bridge beam
curve shape, the traffic loads (contain heavy loads) and re-
sistance changing with time during the bridge operation etc.
Due to many influence factors, the derived load effects are
very hard to relate to absolute stresses.

According to the climate characteristics of the bridge
which locates in Chinese Pearl River Delta area, then, the
time statistics section has two kinds: one is called summer
section, from May to October; another is called winter
section, from November to April of the next year. In this
paper, the statistical time starting point is 2006 May and
the end point is 2010 April, and each statistical time sec-
tion is named in a series A, B, C, D, E, F, G, H.

2.3.2 Extraction of creep and shrinkage deforma-
tions from the monitoring data

The shrinkage and creep data extraction method is to
extract data from the same time in a day during different
periods, and assumes that the temperature field is the same
at the moment, detailed steps are:

(1) Select the data monitored between the time 2:00 ~

24 Distributed under creative commons license 4.0

4:00, because the traffic flow is small at this time section
and the elastic strain caused by vehicle load can be ig-
nored.

(2) We assume that the temperature of the top and base
plate of the box girder cross section is the same at the se-
lected time section. Only in this way, the influence of the
non-uniform temperature stress along the bridge longitu-
dinal and vertical direction can be eliminated.

In addition, another data extraction principle is as
follows: firstly, give the time series (4.4, **%,) ; then,
due to the creep and shrinkage of concrete growth rate
gradually slows down, so, when determine the time se-
ries (4,%,,°+*%,) , we should make the time series firstly
dense and then sparse, and make the time interval increase
gradually. Give the first calculation age ¢, and the second
calculation age #,. The other time point can be calculated
in the following way "

L~ — 101/10 (3)

Based on the above means, we can get the shrinkage and
creep values corresponding to each sensor. Here, we show
the shape of the extracted shrinkage and creep values of
the sensors named 2G9h-1, 3Z%h-1and 3Z9h-2 in Figure
5. Then, based on the acquired shrinkage and creep values
and Interpolation method, we can get shrinkage and creep
values at any time. Figure 5 is just to illustrate the extracted
results of creep and shrinkage strain values. From Figure
5, we can see that the extracted shrinkage and creep values
change greatly and then become basically stable after a
year or so. So, we subtract lyear shrinkage and creep strain
values from the monitoring data, of which the main purpose
is to delete the effect of concrete shrinkage and creep. Of
course, these extracted values are just approximate values.
As for the sensor 2-3M ID-2 adopted in Section 4.1, the
concrete shrinkage and creep strain value about 1 year take

52.3 (H€), and we deduct this value from the monitoring
data of the sensor 2-3M ID-2.

0 :
Sensor ID:
= —=2g9h-1| |
50 —e— 3z9h-1
-a-379h-2] |
-1004 ~

N

-1504

Creep and shrinkage value ( pe)

-200
0 35 700 1050 1400
Age (day)
Figure 5. The measured trend of shrinkage and creep
strains
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3. Main Idea of Reliability Calculation Based
on Strain Monitoring Data

3.1 Calculation Procedure

According to the method adopted by Ko and Ni ** (Ko,
2005), the failure probability P, of the structural compo-
nents can be calculated by using the member resistance
R and the load effects S P However, the derived result
is accurate only if the random variables statistics are in-
dependent and obey the normal distribution, and then we
can only get approximate results. If the probability density
functions f(r) of the resistance R and the probability den-
sity functions f((S) of the load effects S both obey normal
distribution respectively, the calculation formula of the
reliability index S can be written as:

B=-0"(P)= (1~ )| (07 +05)" (4)

In the formula: @ is the inverse function of the stand-
ard normal distribution; u, and yug are the mean of the
resistance and load effects respectively; o, and oy are the
standard deviation of the resistance and load effects re-
spectively.

3.2 Structure Resistance Probability Density
Function

For prestressed concrete bridges, as the applied stress-
es and stress capacities both are dependent on concrete
material properties, and the correlation between the ap-
plied stresses and stress capacities is basically independ-
ent, so, the concrete strength probability distribution
function is taken as the probability density function of
the resistance R, which generally obeys Gaussian distri-
bution and can be obtained by in situ material tests. As
for the concrete tensile properties, An equation is applied
to describe the concrete tensile strength distribution
function:

(r-w)

e ™ (%)

1

V2ro,

In the above: f,(r) are the Gaussian distribution func-
tion of the tensile strength of concrete; x, is the mean of
the tensile strength of concrete; ¢, is the variance of the
tensile strength of concrete.

The concrete compressive strength distribution function
alsoobeys Gaussian distribution. The mean compressive
strength p. of concrete material is obtained by in situ test
in this article. With regard to the variance o,” of the com-
pressive strength of concrete, according to the highway
reinforced concrete and prestressed concrete design spec-

th(r):
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ification 7, the variation coefficient can take 6~0.11, and
then the variance o, of the concrete compression strength
used in the bridge can be obtained. In this paper, the initial
compressive strength mean and standard deviation of the
concrete used in the bridge can be acquired, seen in Table
2. Because of lacking concrete field test tensile strength
data, so, we estimate tensile strength parameters theoret-
ically. According to the specification ), the relationship
between the concrete mean axial tensile strength and the
mean standard cube compressive strength is:

p, =0.88x0.395.)7% ©)

Therefore, the concrete member axial tensile strength
; can be obtained by the above formula. Also, according
to the variation coefficient J, suggested in the specification
7 which can take the value 0.11, then, the variance ¢, of
the concrete axial tensile strength can be acquired. There-
fore, the concrete initial tensile strength mean and stan-
dard deviation used in the bridge can be derived, which is
shown in Table 2.

Table 2. The concrete compressive and tensile strength
mean and standard deviation values (28 days curing)

Standard deviation (units:

Parameters Mean (units: MPa) MPa)
compressive 55.12 6.063
tensile 3.2783 0.361

In fact, due to the durability and fatigue and other fac-
tors, concrete strength changes over time. As for bridge
structures, live load effects are also quite significant. In
addition to the factor of durability, the material fatigue
can also cause concrete strength decay, and its effect
should not be ignored in practical engineering. Zhang J.
L. et al ®¥ tested the concrete strength of more than 10
old bridges located in the Central South and the South
China regions by means of hammer, core samples drilled
and ultrasonic wave methods, and 703 useful data were
obtained, and suggested the time-varying model of con-
crete compressive strength for concrete bridges given

by:

Ko (;) = Mo '77(0 =ty _[1 .378@’0'01870“(”’1'7282)2] (7)
O () =04 (1) =0, °[0.03472+0.9772]

In the above: u,,, and o, are the concrete mean and
standard deviation of cube compressive strength respec-
tively (28 days curing); u.,(f) and o,,(¢) are the concrete
cubes mean and standard deviation functions of the com-
pressive strength respectively after t years service. The
symbols 7(f) and {(¢) are the mean and standard deviation
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variation functions of the concrete compressive strength
respectively. In fact, Equation (7) is revised by means of
the bridge structure in situ measured data, which is under
the dual roles of durability and fatigue and close to the
actual bridge structure conditions. As the bridge adopted
in this article lacks actual traffic statistical data and it
also located in South China’s Pearl River Delta region,
Equation (7) is so adopted here to deduce the changing
law of concrete tensile strength, combined with Equation
(6) and Equation (7), this paper suggests:
4, (t) =1, -77(t)0'55 _ luto[l.3786-0.0187(1n(z)-1.7282)1 ]0.55 .
o, (t)=0,-¢)" =0,[0.0347t+0.9772] ®)

In the above: u,, and o,y are the concrete cube mean and
standard deviation of tensile strength with 28 days curing
respectively; u(f) and o(f) are the time-varying equations
of the mean and standard deviation respectively after the
concrete cube services ¢ years.

3.3 Probability Density Function of Structural
Load Effects

Jo K. M. and Ni Y. Q. ® assumed that the probability
density function of load effects of the bridge members
also obey normal distribution. So, the load effects proba-
bility density function can be expressed as:

1 (=)’
f;(S) - \/EO'S eXp( 20_2 ) (9)

K

In the above: f,(s) is the Gaussian distribution function
of load effects of the bridge concrete members ; y; is the
component load effects mean; ¢, is the component load
effects variance.

As the resistance and load effects of the bridge com-
ponents are both obey normal distribution, therefore, the
reliability index can be calculated according to Equation
(4). Because the resistance R of the concrete has two prob-
ability density functions, therefore, according to Equation
(4), there are two reliability indexes responding to the
load effect probability density function f(s). In view of
this, the calculation methodology in this paper is: if there
is |4, =, [<l s, — 14|, we calculate the reliability index
S, by Equation (4), of which the meaning is that the load
stress distribution is gradually close to concrete compres-
sive with time; if not, we calculate the reliability index £,
of which the meaning is that the load stress distribution is
gradually close to tensile strength distribution with time.
The calculation diagram is shown below:
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Figure 6. The reliability index calculation diagram

4. Calculation of the Reliability Index
4.1 Resistance and Load Effects Distributions

We take the monitored data collected from the sensor
named 2-3MID-2 embedded in the mid-span section base
plate between the bridge 2# and 3# pier for example,
and we process the data according to the process method
suggested in Section 3.3. The transformed strain data are
presented in Figure 7.

0 T T T T .
-200- “ ~ "A
=) i A
224001
§ ‘ ' 2-3MID-2 1
%6001 ]
-800 v ; ; ;
0 8000 16000 24000 32000
T
' ) 379-1
Figure 7. The strain data transformed from the monitoring
data

We convert the above processed data into stress data
according to Equation (2), and then do statistical analysis of
the stress data, seen from Figure 7. We find that the stress
data are basically normally distributed, and so we deal with
the statistical data by Gaussian distribution fitting, seen in
Figure 8. A vertical line in some pictures in Figure 8 with
the value -3 MPa means that the stress distribution is close
to the concrete tensile strength distribution.
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Figure 8. Gaussian distribution fitting of the stress distri-
bution statistics

Through the above statistics analysis of the converted
data, the load effect mean and standard deviation of prob-
ability distribution can be obtained for each time section,
of which the standard deviation is shown in Table 3. We
can see that the results of statistics analysis in Table 3 are
variable, and the main reason may be that it is caused by
the climate change, data loss etc.
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Table 3. The load effect mean and standard deviation of
probability distribution of each time section (units: MPa)

Time series A B C D E F G H Mean
Mean |00 1503 -7.62 -7.44 737 -6.38 -5.52 -6.01
values

Standard o33 044 2403 224 197 127 0886 113 1447

deviation

As can be seen in Figure 7, the load effect distribution
f:(s) is gradually close to the tensile strength distribution
fz{r) and then basically keep stable. Therefore, this paper
only calculates S, of the position in the mid-span base
plate. Based on the methodology in the above, we can
calculate the punctiform time-dependent reliability index
around the sensor embedded position in the bottom plate
of the mid-span cross-section, which is illustrated in Fig-
ure 9, and it shows that the reliability index f, reduced
significantly after the bridge was in service about a year’s
time or so. Fortunately, it remains stable a year later. As
for this phenomenon, the main reason may be that the
concrete creep and shrinkage strain values change rapidly
in the first few years and lead to the mid-span sinking of
the concrete bridge, which can be reflected in section 3.3.2,
and the design of the bridge doesn’t consider this factor
precise enough.

32
N :
E} .
£ 16 \
2 .
% gy |
—

a b c d e f g h
Time series

Figure 9. The reliability f, change over time which is
calculated by f,(7)

As the reliability index calculated by the above pro-
posed methodology only reflects the state around the sen-
sors, so, we name it punctiform time-varying reliability.

4.2 Brief Introduction of “Three Sigma” Principle
and Maintenance Reliability Threshold

Since the last twentieth century, the human productivi-
ty continuously develops, and the product and quality are
continuously improved. In twenty-first century, the quality

28 Distributed under creative commons license 4.0

becomes the theme of the new century. There is firstly
“Three Sigma” principle in quality management in the
past, and now “Six Sigma principle” is suggested. At pres-
ent, the procedure guarantee capability and management
level of the majority enterprises (including construction
enterprises) in the world is in the range about “Three Sig-
ma” to “Four Sigma” ",

“Three Sigma” principle itself is generated from nor-
mal distribution of the statistics. The normal distribution
is determined by two important parameters: the mean and
standard deviation. In total quality management, there is:
P(u—-30<x<pu+30)=D0(3)-d(-3)=0.9973 (10)

The above formula shows that the probability of the
quality characteristic values falling without the confidence
interval (u-30, u-30)is only 0.27%.

4.3 Determination of Maintenance Reliability
Threshold

Bridge construction project is inherently a planned or
under construction building products, and obsess the same
quality connotation with other products, namely a set of
natural characteristics to meet the need, which includes:
safety, adaptability, reliability, economy and environmen-
tal suitability etc, of which the main influence factors are:
the human factors, technical factors, management factors,
environmental factors and social factors etc. Therefore,
the idea of total quality management can also be applied
on the bridge from design, construction, operation, to
maintenance.

Frangopol " put forward 5 kinds of bridge reliabili-
ty status, and assume that the bridge life can be seen as
a reliable state process from the intact state (£>9.0) to
the unacceptable state (f<4.6). However, Frangopol just
suggested the maintenance reliability threshold 4.6 (corre-
sponding to the failure probability le-6) of the steel-con-
crete composite bridge mainly according to theory and
experiences. Ko J. M. and Ni Y. Q. ¥ just suggested an
idea of calculating the bridge reliability based on the basis
reliability theory and the stress monitored data, and not
propose how to decide the maintenance reliability thresh-
old with the monitored data. As for this problem, com-
bined with the monitoring data, this paper puts forward a
method to determine the maintenance reliability threshold
of the prestressed concrete bridge during early operation
stage.

As can be seen in Figure 8, the stress state of the mid-
span base plate is gradually changed from compression
to tension, and then the pressure safety reserve becomes
small. Seen from Figure 8 (d) - (g), there is compressive

21]
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stress between 2 ~ 3 MPa of the unfavorable load state
which is unfavorable on the bridge, which means that the
pressure safety reserves is too low and is inconsistent to
the general engineering experience value requests that
the pressure safety reserve is at least 2 ~ 3 MPa under the
most unfavorable load conditions.

According to the above description, at present, the pro-
cedure guarantee ability and management level of most
enterprises in the world are about in the range from “Three
Sigma” to “Four Sigma”. Therefore, this paper adopts
“Three Sigma” standard management level to determine
the maintenance reliability threshold of the bridge. Ac-
cording to the request that the pressure safety reserve is at
least 2 ~ 3 MPa under the most unfavorable load condi-
tion, this paper takes the value -2 MPa. Then, the bridge
maintenance reliability threshold is calculated as follows:

Firstly, according to “Three Sigma” standard and the
minimum -2 MPa of pressure safety reserve requirement,
this article defines a critical load effects distribution func-
tion for calculating the maintenance reliability threshold,
and the calculation diagram is shown in Figure 10, in
which we only consider the probability of the abnormal
load effects fall in the right confidence interval [-2MPa,
+o0], and the reason is: taking into account the compres-
sive properties of the concrete, the probability of the
abnormal load effects not complying with the design re-
quirements of falling in the left confidence interval [+,
1-30] 1s too small and can be basically neglected. Among
them, the standard deviation o, of the defined critical load
distribution function is obtained by the monitoring data,
and this paper takes the mean ¢,=1.447 from Table 3 in
Section 4.1. So, based on Figure 10 and 0,=1.447, we can
get the mean value of the defined critical load effects dis-
tribution function, which is u,=-5.86MPa.

The critical load stress
distribution fuention

VIPa

Density value

Pty
Figure 10. Diagram of the determination of the critical

load effect distribution function

Secondly, based on the mean y,, and standard deviation
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o, of the defined critical load effects distribution function,
using the mean and the standard deviation of the tensile
strength shown in Table 2, combined with Equation (4),
we have calculated and found the corresponding criti-
cal reliability value f,=6.13, and this value is taken as
the maintenance reliability threshold of the background
bridge.

Actually, the maintenance reliability threshold is cal-
culated by the concrete tensile strength in the bridge early
operation. Therefore, the maintenance reliability threshold
suggested in this paper is mainly aimed at the regulation
of the early appeared unfavorable internal force state be-
cause of the early concrete shrinkage and creep, prestress
loss etc.

However, the critical reliability value $,,=6.13 should
be revised, of which the main reason is that the traffic
loads of each bridge is different and so leads to the cal-
culated values of the Equation (7) and Equation (8) not
precise enough.

5. Conclusions

As for the difficulties to make the bridge maintenance
strategy, based on the monitored data collected from the
SHMS of the background bridge, this paper put forward a
calculation methodology of punctiform time-varying re-
liability and maintenance reliability threshold of this type
bridge, and the main conclusions are as follows:

e A method is suggested for the strain monitoring data
processing of SHMS (elimination of creep, shrinkage and
thermal effects) to get stress data.

e The statistical analysis of the transformed stress data
shows that the load effects of concrete bridges basically
obey Gaussian distribution, and should be further proved
based on hypothesis tests in the next research work plan.

e Based on “Three Sigma” management principle and
the transformed stress data, the critical load effects dis-
tribution function of this kind bridge is suggested in this
manuscript. Then, we suggest that the maintenance relia-
bility threshold of the bridge should be valued 6.13, and
finally the combination of bridge maintenance manage-
ment and health monitoring system is realized.

e The next research project should focus on the bridge
maintenance reliability threshold study taking into account
the bridge material strength degradation.

e Some important parameter values should be revised
by field test data. The methodology suggested in this pa-
per can provide a reference for bridge engineers doing
rational bridge maintenance in bridge operation.
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1. Introduction

The term biophilia, highlighted by E.O. Wilson, is de-
fined as “innate tendency to focus on life and lifelike pro-

EEINNT3

cesses”, “innately emotional afﬁhatlon of human beings

to other living organisms” **

I a form of humans’ deep
intimacy with nature that originates from biological pro-
duction *”. Biophilia aims to create places saturated with
positivity, emotional experience, and life enjoyment .
Biophilia creates an escape from the concrete jungle and a
better balance between humans and nature. Modern urban
areas often isolate people from nature. The workplace has
become a virtual environment due to the significant global
shift in industrialisation and the economy "'. According to
Kellert, it is essential to understand the workplace envi-
ronment and the effect of nature on occupant productivity

18 Employees and employers should have crucial roles
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Many theories in sociology and psychology encourage people to maintain
and contact with nature. Biophilia, for instance, examines the connection
between humans and nature within the built environment. It is considered
one of the solutions to human isolation from nature, especially in the work-
place. This study examined the factors of employee's awareness and prefer-
ence that affect biophilia application at the workplace. This study's primary
data collection method is a survey questionnaire through which responses
from 167 employees at the International Islamic University Malaysia (IITUM)
were collected. The findings show that employee's awareness and prefer-
ence have a significant positive effect on the biophilia application. Further
research on this topic is necessary to understand other factors that may
affect human's connection with nature at the workplace.

in the comprehensive view of the work environment .
According to Nieuwenhuis and Haslam, workers who
work in a green workplace are happier and more satis-
fied than those who do not **. The Human Space Survey
revealed that almost 47% of workplaces worldwide lack
natural light, and 58% lack green spaces . Workers are
affected by the work environment the most because they
spend approximately 90% of their time indoors *”. As a
result, they are exposed to many detrimental effects of
the work environment, including mental health and oc-
cupational stress '*. Many workers also complain of job
depression and sick building syndrome in the workplace.
According to the AIA Malaysia Survey in 2018, 50.2%
of workers became stressed or depressed, and the number
of days off due to occupational sickness increased to 73.1
I Furthermore, 98% of Ma-
laysian workers are at risk of bed trauma and long-term
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mental health issues '"). Biophilic designs are known to
achieve “inner sustainability”, which seek to restore na-
ture's elements for humans to create a higher perception.

There is a widely-held belief that the triumph of sus-
tainable design is linked to conscious user behaviour
rather than the building's intelligent structures. Based on
the users' sense of confidence, approval, and happiness,
it is undoubtedly possible to grasp users' behaviour in the
desired direction. The biophilic tendency in architectural
engineering and the built environment draws attention
to space, which have recently been discussed in greater
depth """, Biophilic interventions should consider the so-
cial nature of people's behaviour, which is explored main-
ly by environmental psychology '*. Kellert and Calabrese
mention that some factors affect biophilia design in the
built environment, such as culture, project size, varying
economic, and logistical " In particular, this study focus-
es on the impact of awareness and preference of employ-
ees on the biophilia application.

2. Literature Review
Biophilia Application

Biophilia application is applying principles and pro-
cesses of biophilia to build environmental design. Cooper
and Browning argue that biophilic design can be organ-
ised into three categories: nature in the space, natural an-
alogues, and nature of the space . These categories can
facilitate the implementation of biophilic. Nature in the
space includes plant life, animals, water, sounds, scents,
and other natural elements into the built environment,
which means the direct physical, and ephemeral presence
of nature in space. Natural analogues are found in objects,
materials, colours, shapes, sequences, and patterns, focus-
ing on the organic, non-living, and indirect evocations of
nature. The nature of the space is the innate human desire
to see beyond immediate human surroundings and have
visual exit opportunities .

Biophilia Theory

Biophilia is against old tendencies such as isolation
from nature. In addition, biophilia theory believes that hu-
manity could not ignore the inborn tendencies to natural
ecosystems and should instead consider them *". Land-
scape architecture is one of biophilia's interest. It evalu-
ates natural and cultural resources that make biophilia part
of sustainability **). However, there are contradictions
between biophilia and sustainable architecture. Unlike
sustainable architecture, biophilia is interested in human
emotional and psychological well-being. In a sense, bi-
ophilia can be considered the missing piece in current

Distributed under creative commons license 4.0

sustainable design ™*'. Biophilia has a relationship with the

environmental psychology theory, such as restorative en-
vironment, prospect-refuge, etc.

Browning and Cooper outline three benefits of biophil-
ia at the workplace " 1) Well-being: reducing stress is
crucial in keeping positive well-being. Some countries, in-
cluding Canada, provide green space to increase the work-
er's well-being. Natural landscapes have a more positive
impact than urban landscapes. 2) Productivity: there is a
positive relationship between well-being and productivity.
A good mood equates to doing more. 3) Creativity: the
surrounding environment influences creativity. A working
environment with natural elements such as plants and day-
light would increase employees' creativity. Several studies
show that biophilia benefits employees in terms of mental

health and economics .

Factors Affect Biophilia Application

A healthy environment seeks to renew the resources
needed to maintain and promote health, well-being, and
biophilia by connecting humans with nature. Restorative
environment design requires a balance between culture,
history, preference, and awareness. Some theories study
preference and awareness and focus on human behaviour
toward nature. This study focuses on the employee' prefer-
ence and awareness of the biophilia application, as shown
in Table 1.

Table 1. Factors extracted from psychology and sociology
theories related to biophilia.

Theories Construct Factors
Pro-environment behaviour —Taking [tjhzeézzill?itiative Awareness
Environmental awareness Attitude
Nature awareness Perception [™*'*)
Biophilia
Attention restoration Attracted Preference
Directed attention theory Interest

[15,32]

Environment preference  Affective reaction

Biophilia

Employee's Awareness on Biophilia Application

The concept of biophilia explains the depth of the re-
lationship between human and nature. Wilson argues that
there is an innate tendency within the human being toward
nature ™. In agreement, nature awareness (NA) supports
an emotional attachment within the human to nature ">,
Furthermore, the theory of nature awareness suggests a
cognitive effect on people who live around nature "”.
On the other hand, people living in an urban area tend to
experience many environmental problems due to a lack

of nature. Environmental awareness theory encourages
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sustainability awareness through three variables, i.e., emo-
tional, attitude, and practice '*. Environmental awareness
leads humans to protect natural environments. Nature is
necessary for human emotional gratification as well as
improved knowledge and cognitive capacities. Kellert
suggests that a person’s aggressive behaviour against na-
ture may manifest as early as childhood ""*. The theory of
Pro-Environmental Behaviour (PEB) demonstrates that
the individual has a role in protecting nature and reducing
any harm that threatens it. There are five factors related to
PEB, i.e., conserving, avoiding harm, transforming, influ-

encing, and taking the initiative ****!),

Employees' Preference on Biophilia Application

Humans have different preferences towards nature. The
environmental preference theory explains that humans like
the attractiveness of nature and environmental aesthetic .
Humans prefer space that include natural elements such
as daylight and water ®”. The Prospect-Refuge Theory
further supports the idea of different preferences towards
nature. Some factors are affecting individual preferences,
including social, history, and culture. Nasar asserts that
successful design requires understanding the visual en-
vironment and the humans affected by it **. The human

sense can feel attracted or repulsed by aesthetic qualities
[1s]

3. Methodology

Data were collected from administrative employees at
the International Islamic University Malaysia (ITUM) us-
ing a survey questionnaire. The total number of employ-
ees working indoors was 339. After deducting the outliers
and missing data, the total number of respondents gath-
ered was 167. This sample size was adequate to address
the research objectives . The gender composition of the
sample was typical of the administrative employee pop-
ulation in ITUM Malaysia, with 71% being female. The
age bracket groups are as follows: 21-30 (29.3%), 31-40
(31.1%), 41-50 (23.4%), and 51-60 (13.8%). The majority
(61%) of the sample live in urban areas.

This study used a 13-item questionnaire that meas-
ures the awareness and preference of employees at the
workplace. The items were extracted from the attributes
of biophilia theories, shown in Table 1, and verified by
four experts in landscape architecture. The questionnaire
was divided into two sections. The first section was on
respondents' demographics information, and the second
section covered biophilia application. There are 22 items
divided into three parts, all of which uses a 5-point Likert
scale format (1 = strongly disagree to 5 = strongly agree).

The collected data were analysed using SPSS ver-
sion 25, in which descriptive statistics analysis was to
determine individual and group mean and percentage.

Table 2. Items measured

Code Items Mean SD Alpha
Awareness .878
AWQI Employers should take the initiative to provide plant at the workplace. 3.96 .806
AWQ2 Staff should take the initiative to provide plant at a workplace 3.89 79
AWQ3 Staft should take the initiative to provide water element at a workplace 3.76 .808
AWQ4 Plants inside the workplace can increase oxygen 4.26 .678
AWQS5 Plant at the workplace can reduce stress 4.15 758
AWQ6 Plant at the workplace can adjust your negative mood 3.98 795
AWQ7 Plant at the workplace can clean air 421 .657
Preference 872

PRQI1 I prefer having a green plant at my workplace. 4.00 736

PRQ2 I prefer having a flowering plant at my workplace 4.01 728

PRQ3 I prefer having an aquatic plant on my desk 3.59 .886

PRQ4 I prefer having a plant in a pot on my desk 3.74 .843

PRQS5 I prefer having a fountain at my workplace 3.51 917

PRQ6 I prefer having a fountain at my workplace 3.52 962

Biophilia application .895

BAQI The plants should be close to the window to have sunlight. 3.96 163
BAQ2 The plant should be on the table because it does not need high light. 3.49 .870
BAQ3 The plant should be hung on walls soptl};zz3 it does not take up space in the work- 341 989
BAQ4 The plant should be in any area of the office. It does not matter. 3.39 .884
BAQS5 The water elements should be a fountain. 3.49 904
BAQ6 The water elements should be an aquarium. 3.49 .863
BAQ7 The water elements should be a wall fountain so that it does not take up space. 3.38 .846
BAQ8 The water elements should be a table fountain so that it gives an aesthetic look. 3.50 .863
BAQY9 The water elements should be a giant aquarium in the reception hall. 3.29 912
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Individual items were combined to determine an overall
score for each dimension. During data analysis, sum-
mated scales were created to determine the relationship
between the variable. According to Sekaran, for the value
of Cronbach's alpha, > 0.70 is acceptable **'. The alpha of
the items was between .872 and .901. Hypothetically, the
independent variables, namely awareness and preference,
influence biophilia application as the dependent variable.
The regression analysis demonstrates how a change in in-
dependent variables is related to change independent var-
iables. In other words, it indicates employees' awareness
and preference for biophilia application.

4. Results

This section presents the results of the multiple regres-
sion that addresses the objective of the study. First, the
Pearson moment correlations were used to determine the
coefficient of relationship between the variables, followed
by the tested coefficients and hypotheses.

1) Adequacy of the measure of factors

Table 2 shows the descriptive statistics of the items.
The mean score of all items was above the hypothetical
mean of 3.0. The minimum value of the reliability index
was .87, and it satisfied the cut-score of .70 deemed criti-
cal for a reliable measure. Cronbach's alpha indicates that
the internal consistency index of the employees' responses
to the related items was reasonable.

2) Adequacy of the factors model.

Simultaneous multiple regression was conducted to in-
vestigate the best predictors from the variables to achieve
the biophilia application. The means, standard deviations,
and inter-correlations are shown in Table 3. The aver-
age mean of awareness was 31.90 (standard deviation=
31.90), and the standard deviation was 3.71for preference
(standard deviation =.766).

Table 3. Biophilia application and predictors variables

Variable M SD Application Awareness Preference
Applica- 35 4 6.60 1.000
tion
Awareness 31.90 5.18 .595 1.00
Preference 3.71 7661 .656 581 1.00

The beta coefficients are also presented in Table 4. The
combination of variables to predict the biophilia appli-
cation from awareness and preference was statistically
significant, F= 88.1, p<.001. The result suggests that
awareness and preference significantly predict the biophil-
ia application. The adjusted R? value is 49, indicating that
the model explains 49% of the variance in biophilia appli-
cation.

Distributed under creative commons license 4.0

Table 4. Simultaneous multiple regression analysis for
awareness and preference

Variable B SEB T P

Constant 6.922 2.260 3.663 .0003
Awareness 411 .683 322 4.92 .000
Preference  4.042 564 469 7.17 .000

R =.49 F=88.1 P<.001.

5. Discussion

This study examined the factors that affect biophilia
application at the workplace. Specifically, it tested the
influence of employee's awareness and preference on
workplace biophilia application. Fatoki asserts that en-
vironmental knowledge has no significant effect on the
employees' pro-environmental behaviour ). However,
the findings suggest that the first factor of employee's
awareness can affect biophilia elements (plants and wa-
ter) at their workplace. They appeared to know about the
initiative. The question “Staff should take the initiative to
provide plant or water at a workplace” emphasised the
importance of having plants or water elements at their
workplace. The findings indicate that there is a positive
effect of awareness on biophilia application. The findings
also show that the second factor, which is the employee's
preferences to have plant and water at their workplace,
also affect biophilia application. As revealed by the de-
scriptive statistics analysis, the respondents had different
choices when it came to plants, such as green and flower-
ing, or the water elements, such as fountain and aquarium.
Similarly, Wilke and Stavridou (2013) found that em-
ployees prefer waterscapes. There is a positive perception
among the respondents on the visual and auditory water-
scape that are laden with rich greenery and surrounded by
vast open water bodies.

6. Conclusions

Many theories focus on human behaviour to nature.
Biophilia is different from other theories because of its
focus on human emotion. This theory views that humans
have an innate emotional affiliation with nature. The con-
cept of biophilia also appears to have a positive effect in
the workplace. Biophilia at the workplace can be achieved
in various ways by using two main elements, i.e., water
and plants. This study focuses on the factors related to the
employee's behaviour toward nature and demonstrates the
connection between nature and nature protection. In this
regard, this study examined two factors that affect the ap-
plication of biophilia at the workplace, namely awareness
and preference. Further studies should be conducted to
identify other determinants of biophilia at the workplace.
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1. Introduction

Augmented Reality (AR) is a technology that allows
a composite visualization of the physical environment
superimposed with virtual elements . AR is a subdomain
of Mixed Reality, defined as the intermediate environment
between real and virtual worlds . It is an alternative
and complementary technology to traditional means
of accessing information since it facilitates the data
interpretation by overlapping virtual elements in the real
world, considering the time, place and the real context of
the design

AR can contribute to the Architecture, Engineering,
Construction and Operation (AECO) processes as it
can structure additional information that enables better
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Augmented Reality (AR) applications can be used to improve tasks and
mitigate errors during facilities operation and maintenance. This article
presents an AR system for facility management using a three-dimensional
(3D) object tracking method. Through spatial mapping, the object of
interest, a pipe trap underneath a sink, is tracked and mixed onto the
AR visualization. From that, the maintenance steps are transformed into
visible and animated instructions. Although some tracking issues related
to the component parts were observed, the designed AR application results
demonstrated the potential to improve facility management tasks.

understanding. The complex nature of AECO makes the
use of AR ideal on at least three leVCIS' visualization,
information retrieval and interaction . This complexity
is observed in the maintenance work of Mechanical,
Electrical and Plumbing (MEP) systems. The difficulties
that MEP operators face, range from the need for expertise
in the area for interpreting MEP technical drawings loaded
with symbology to the lack of updated information for as-
built maintenance ©.

Hence, AR can offer maintenance procedure
visualization in more natural and interactive way because
it can present, in real time, superimposed models and
information on the physical world. The maintenance of

plumbing systems supported by AR technology has great
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potential, because end users do not have the expertise
and easy access to the maintenance data of systems like
specialists. This study assumes that AR has the potential
for aiding the maintenance of plumbing systems, as it
presents a more intuitive and accessible communication
for the non-specialist user.

The issue that leads this research is whether and how
AR could be used as a tool to assist the maintenance
of plumbing systems. The proposal is to convert the
maintenance steps into visible and explicit visualization
through an AR experience. To contextualize the research
and allow the exploration, the maintenance process of
a pipe trap underneath a sink is used. Among the main
problems about this equipment are: odor entry into the
environment, clogging, preventing the flow of sanitary
sewage, and leakage, compromising the environment in
which it is installed .

2. Related Works

In the last five years, numerous studies have been
conducted on the use of AR to assist operation and
maintenance processes of pipe systems. AR has been
applied to, e.g., examine its relation to human spatial
cognitive abilities on assembly !"'; assist facility
management using the image-based indoor localization ™
improve work productivity through a piping management
system ”; locate virtual pipes behind a real wall with
“X-ray vision” to establish relationships between task
performance and spatial factors '”; develop a framework
to extract and visualize 3D models of structures connected
with pipes !""; understand spatial cognition on craft-
worker eye-gaze patterns in building a scale-model pipe
assembly "*; provide an application scenario for cooling
tower and pipe shutdown protocol '*'. These related cases
are summarized in Table 1.

Table 1. Related works

Description Reference
Framework develppment tg test AR impact [5.8.9,11]
for inspection or maintenance T
Objective  Compare user performance in assembling
or locating tubes with different information ~ [7,10,12]
formats
Quantitative and Statistical Analysis [7,10,12]
Evaluation The ap.pli(fation of E.TS cognitive tests [7,9,12]
Qualitative analy51§ - Performance (5.8.9.11]
evaluation
Tracking marker based [9]
markless based [5,7.,8]
HMD [8,12]
Display Tablet [7,9]
device Smartphones [5,11]
Notebook [10]
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These studies can be classified into two groups,
according to their macro-goals: (i) system development
for task optimization and (ii) human spatial cognition
during operation and maintenance tasks.

Within the first macro-proposal there were cases of
application development for the maintenance of leaks
in a university building in Korea " and in Taiwan /.
Some cases were applied to piping systems of the naval
industry for the control of tubes for shipbuilding © and
for the maintenance of offshore equipment """,

The cases that fall under the second macro-proposal
involve performance studies: in the assembly of tubes
aided by AR versus traditional paper based drawings
), for positioning tubes on the wall with the aid of AR
19 and in the assembly of tubes measured using eye-
tracking technology "*. In these cases, the assembling
activities, when assisted by AR, presented better
performance results - especially for people with little
experience in the area or low spatial cognition ability '*.

The technological solution adopted was approached in
different ways by the authors. In all cases the integration
of AR and Building Information Modeling (BIM) was
mentioned, except the case involving the application for
a ship factory "',

Overall, the studies discussed the disadvantages and
advantages of four types of AR displays: Head Mounted
Display (HMD), tablets, smartphones, and laptops.
The HMDs were seen by maintenance professionals as
impractical due to the size and inaccessible due to the
price, in addition to representing a risk to the operator's
safety ", while the notebook presented the setback of
being fixed, which was mentioned to be a disadvantage
for the notion of depth in the pipe assembly task !’
However, smartphones and tablets have the advantage
of being more portable and mobile, in addition, its built-
in flashlight can illuminate dark indoor or outdoor night
environments .

An essential part of AR application is the correct
connection between virtual information and the real
world . One way to connect this information is
using markers, recognized in real-time and used as a
reference object to precisely superimpose virtual 3D
content onto the camera's live view. Markers were
used in large quantities to identify tubes, and each tube
received a unique identifying sticker that allowed access
to information about the shipbuilding process . The
disadvantage of this technology is that there is a risk
that the marker will be damaged by bad weather and that
there is a need for prior installation.

Another way of connecting virtual data is through
Simultaneous Localization and Mapping (SLAM)
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technology. This technology was used with the HMD
Microsoft HoloLens ¥, and a smartphone ' and was
applied together with a structured light scanner and an
iPad "\ This markless technology advantage is that it
does not interfere with the environment aesthetics "',

Other similarities found in the related works involve
the forms of assessment used in the studies. Most
studies performed usability tests by inviting multiple
participants. The studies that rated their participants'
spatial cognitive abilities adopted ETS tests for 2D
and 3D image recognition. Four studies performed
a quantitative analysis of their results, statistically
analyzing explanatory variables about the performance
of the participants. While the other three cases applied
a qualitative analysis, interviewing participants about
feedback on the proposed solution.

3. Methodology

The proposed procedure, expressly addressed to the
pipe trap maintenance aided by AR, consists of four main
stages (i) establish the maintenance requirements; (ii)
model the components; (iii) develop the AR application;
(iv) evaluate the application performance.

3.1 Maintenance Requirements

The user experience level in relation to the piping
system maintenance domain can influence the sink trap
maintenance procedure. Therefore, users with little
experience may present some difficulties, such as (i)
recognition of the components, since each sink trap
model or brand has its particularities; (ii) small parts,
metal rings and sealing rubbers can easily get lost during
the procedure or be misplaced in the fittings; (iii) the
components assembly and reassembly requires a correct
order, otherwise there is a risk of deforming the parts or
leaking.

From a practical experimentation with the procedures
that users normally make for the installation and
maintenance of a cup-shaped trap, especially in the
clogging event, it was possible to establish the potential
contributions of the proposed system.

The procedure performed was (1) sink trap removal
and cleaning; (2 and 3) sealing the two threaded pipe
connections with PTFE tape; and (4) reassembling the
trap and checking for leaks, Figure 1.
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Figure 1. Sink trap maintenance process

Aiming to reduce the difficulties raised in the sink
trap installation and maintenance procedure, five main
requirements for applying the proposed AR application
were defined: (1) list the sink trap components; (2)
identify/recognize the main components; (3) warning
of rubber seal’s position; (4) order of components in the
assembly; (5) present the image of the complete sink trap
installed.

3.2 Components Modeling

Duratex, a Brazilian manufacturer, under the Deca e
Hydra brands, produces valves for discharging the water
systems of toilets, faucets for bathrooms and kitchens,
among other related products. The Deca brand makes
available on its website, a library of its products in
different file formats for AutoCAD (DWG), Revit (RFA)
and Sketchup (SKP). For this research, it is used for both
physical and digital models of the sink trap.

To add details to the digital model, the Revit family
RFA format file was used as the basis. The Revit software
was chosen because it is a popular BIM software in the
AECO industry. From the solid modeling tools, such
as extrusion and revolution, the necessary details were
added, such as the connection to the waste pipe, Figure 2.

Radius

i

- B

Figure 2. Sink trap modeling using Revit
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The sealing parts and the inspection cover were also
modeled using the combination of elementary solids, in
this case a cylinder and a torus and add different colors
and textures from images. The addition of fitting elements
and sink trap components was necessary to provide visual
information about all parts, allowing the development of
the maintenance steps.

3.3 Application Development

To develop an application with three-dimensional
(3D) object recognition, it was necessary to choose an
SDK. Several SDKs offer this possibility, as Vuforia '),
Wikitude ""* and VisionLib "*. From the VisionLib SDK
for Unity """, it is possible to create AR experiences for
platforms compatible with Windows Desktop, iOS and
Android, but the most interesting is the possibility of
creating web based experiences.

Unity is an ecosystem for developing applications,
games, or multi-platform 2D and 3D experiences. This
engine was also the most cited, three of the seven related
cases used this tool.

According to the VisionLib documentation, the
potential of this technology lies in the fact that it improves
computer vision through model-based tracking. The
advantage of this tracking over SLAM tracking, is the
greater accuracy for locating a point in the real world
and with a higher level of stability, as it is not affected by
changes in lighting or object movement.

It was decided to use VisionLib, because: (i) object-
based AR for the piping system maintenance was not yet
identified in related cases; (ii) versatility in the creation
of Unity's multi-platform interfaces and resources; (iii) it
was possible to obtain a valid academic license during the
development of this research.

Based on the requirements, an application was
developed considering a sink trap exploded view, 3D
object animation, and maintenance step visualization.
First, it was decided to show an exploded view of the
sink trap components, accompanied by an animation.
The animation shows the complete set to its exploded
view - aiding the visualization of each component in the
recommended position.

The instructions (according to the manufacturer) were
divided into four steps: (1) screwing the trap in the sink,
(2) measuring distance between the tail pipe and the wall,
(3) installing and (4) maintenance. In the application,
each step was accompanied by a small animation to better
illustrate the instruction.

The user interface was developed in Unity. It was
composed of a panel containing the sink trap handling
information and the tracked object visualization on the

Distributed under creative commons license 4.0

screen, accompanied by an animation. User interaction
with AR application can happen through buttons, or by
moving the camera at different angles or by clicking/
touching the screen - on the green cylindrical mesh
attached to the model, Figure 3.

|

AN AAAAAN
BmaAGHLG A

Figure 3. User interface development in Unity

The Unity left-side menu contains all the application
objects, including VL Tracking (VisionLib pre-configured
features), Canvas (panels containing the instructions
textual elements) and SceneContent (composed of the
scene objects). The right-side menu shows the selected
element properties. The bottom menu presents a library or
user objects that can be used in the application.

A C# script was used to customize user interactions
with objects in the scene. The Animator Controller was
applied to order the animation, Figure 4. Each gray box
represents an animation of the sink trap digital model.

Any State

Mew State

’f

Figure 4. Animator Controller: animation order

Each animation was recorded separately. In a timeline,
it was positioned frame by frame the objects on the scene,
Figure 5.
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Figure 5. Animation development in Unity

3.4 Evaluation

In this section, the performance of the developed
application is evaluated. The developed application tracks
the physical sink trap to overlay maintenance information
in AR', Figure 6.

Figure 6. AR application evaluation

The initial screen (A) presents the application general
information and its authorship. When pressing the start
button, it is possible to choose which camera connected to
the device will feed the AR.

Initially, the 3D model appears on the screen with a red
outline and the Model Tracking feature is activated. When
the geometry of the real sink trap is partially detected, the
digital model outline changes to yellow according to (B).
Then, when fully tracking the object, it changes its color
to green and the digital model is superimposed on the real
object. So, when approaching the camera or moving the real
object, the digital model also accompanies the sink trap.

Scene (C) shows a list of the components for
replacement and an animation of the exploded model in its

1 Video available at: https://youtu.be/APE490RgR2g
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three demountable parts (trap, tail pipe and waste pipe) and
other parts (sealing rubbers and inspection cover). When
the camera approaches the real sink trap, it is possible to
view in more detail the sealing rubbers evidenced by the
scene (C) with an exploded view, Figure 7.

exnires on 28.02.2021.

p*~~" 2@dac.unicamp.br
ade Estadual de Campinas

Reset (soft)

Componentes

Guarnicao de entrada 4148.664
Tubo de Entrada 300 mm 4204.155
Porca Unido 4040.184

Porca Uniao 4040.021

Canopla 4124.274

O'Ring 4160.021

SCJ Tampa 43212.134

SCJ Adaptador 4266.197
Guarnigao Entrada 4148.007
O'Ring 4160.301

O'Ring 4160.300

Tubo de Saida CR 4204.000

Figure 7. Exploded view superposing the real sink trap

The following four scenes (D, E, F, and G) describe
the maintenance instructions provided by the product
manufacturer, in summary, respectively: screw the tail
pipe into the sink's drain point, measure the distance from
the waste pipe to the wall (cut if necessary), connect the
trap, and open the inspection cover for maintenance. The
four scenes are accompanied by a short animation to
illustrate each of these steps. In all moments, the digital
model is superimposed on the real sink trap, and it is
possible to see the same scene from different angles and
distances. The application developed was published for
Android devices and Windows platform.

In order to demonstrate the result, the AR application
was tested with a washbasin faucet, in which the shape
vaguely resembles the sink trap, Figure 8. At first, the
developed application recognizes the faucet shape as part
of the sink trap, but as soon as the camera changes the
angle, it captures the edges incompatibilities between the
real object and the digital model’.

Figure 8. AR application: tracking test

2 Video available at: https://youtu.be/SVdOCtORVXA
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4. Discussion

The results obtained are discussed according to its
adherence to the initial proposals, and the difficulties and
limitations during development are also observed. Among
the five requirements, three were fully completed and the
others were partially met.

The first requirement (list the sink trap components)
has been fully completed. In addition to being possible
to list all the components, it was possible to bring extra
information for each part, such as its commercial name.

The second requirement (identify/recognize the
main components) has been partially completed. The
application could successfully recognize the assembled
model, relating the digital model to the real model when
in AR visualization. However, it was not possible to
recognize the three main parts (trap, tail pipe and waste
pipe) independently and simultaneously, which would
allow the user to detect the sink trap at different stages
of its maintenance. For this requirement to be fully
met, advanced multi-object tracking feature would be
needed and, with it, test whether it would be possible to
recognize four combinations: fully disassembled parts,
trap uncoupled from the tail and waste pipes, and fully
assembled.

The third requirement (warning of rubber seal’s
position) has also been partially completed. It was
possible to show the positioning of the three sealing
rubbers on the sink trap from the exploded view, Figure
5 (C). However, the application does not have a warning
system, specifying which rubber should be installed and
its position. Because of this, it is necessary to retrieve this
information from the previous scene.

The fourth requirement (order of components in the
assembly) has been fully completed. Scenes (D, E, and
F) present the three steps orderly for assembling the sink
trap, following the user guide provided by Deca.

The fifth requirement (present the image of the
complete sink trap installed) was also completed. So, it
was possible to visualize in AR the sink trap assembled
and completely disassembled, allowing visualization in
advance of the initial and final steps.

Finally, tracking limitations or difficulties are pointed.
The main limitation is due to the adaptable dimensions of
the cup-shaped trap, which varies depending on the height
and distance of the washbasin in each installation, Figure
9.

Distributed under creative commons license 4.0

¥ Reset (soft)
8 Reset (hard
B s (rar) |

PEISI DPEP|SIIA
fwedjun-IepdziLz

LZOT'Z0'RT uo 58|

a
0
n
®
3
=
5

Figure 9. Tracking system and a sink trap with different
distances

The second important limitation is the divergence
between the model (provided by Deca) and real objects.
Between the waste pipe connections to the trap there is an
angle, that is not shown the model. The angle between the
drainpipe and the trap is not adjustable and the real model
has a sloping inclination toward the flow (angle A), while
the digital model has a 90° connection (angle B), Figure
10.

Figure 10. Original model (left) and the real sink trap with
different angles (right)

This divergence between angles influenced the model's
detection performance by the AR application, which
required some attempts to recognize and position the
object correctly, but which did not compromise the final
tracking'.

5. Conclusions

In this article, we have presented the results of an AR
application developed to assist the maintenance of a cup-
shaped trap using 3D object recognition. The application
was developed based on a sink trap BIM model. A

1 Video available at: https://youtu.be/UxfyZOFcC3o0
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straightforward instruction for the maintenance of the sink
trap was provided with animations to lessen work burden
and increase efficiency. Although it has been observed that
improvements can be made, the application design and
results demonstrated the applicability of the system.

Several limitations raised in the literature were also
identified in this research: tracking problems (whether
by occlusion, dark and tight environments), difficulty
in accurately positioning digital models due to parallax
errors or due to cylindrical geometry, which is not well
defined in all axes (the same view is used for different
pipe positions).

Despite these limitations, this study pointed out the
feasibility of using AR to aid in the maintenance of piping
systems. Specifically, this paper’s primary contribution
is the investigation of the use of 3D object tracking to
support pipe trap maintenance. Other initiatives may
benefit from this study, as it contributes as a practical case
and exploratory research on how AR can be accessible
to non-specialists to facilitate maintenance, offering an
option for visual guidance for facility management tasks.

Future work should focus on WebXR development,
as it allows AR content to be accessed by devices such as
smartphones, without the need to install applications or
plugins. The main advantage of a web application is that it can
be run on any system, requiring only a browser to support it.
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1. Introduction

With the advancement of concrete technology, high-
strength concrete has been used in many concrete
structures across the globe. HSC offers higher strength
and durability as compared to Normal Strength Concrete
(NSC) "7l The major advantage of the addition of fibers
to concrete is to transform its brittle behavior into a
pseudo ductile material. Fibers in concrete cause gradual
failure by arresting micro-cracks presents in the concrete.

The fibers from waste materials may be used for the

*Corresponding Author:
Vikas Patel,

Apart from many advantages, High Strength Concrete (HSC) has
disadvantages in terms of brittleness and poor resistance to fire. Various
studies suggest that when polypropylene (PP) fibers are uniformly
distributed within concrete, they play an active role in improving spalling
resistance of concrete when exposed to elevated temperature while
having no adverse effect on its mechanical properties. Therefore, there is
a necessity to quantify the effect of the addition of polypropylene fibers
in terms of the fiber dosage, the strength of the concrete, and the residual
mechanical properties of fiber-reinforced concrete under exposure to high
temperature from fire.

The study was carried out on three water/cement (w/c) ratios (0.47, 0.36
& 0.20) using granite aggregate for determining short term mechanical
properties of Polypropylene fiber reinforced concrete in comparison to
control mix. The experimental program includes 100 x 200 mm & 150
x 300 mm cylinders with fiber volume of 0.5%, that were subjected to
temperatures exposures of 400 °C and 600 °C for durations of 1 hour. From
the results, it was observed that no significant enhancement in mechanical
properties such as modulus of elasticity, Poisson’s ratio, split tensile
strength, flexural strength, and compressive strength was observed at room
temperature and at elevated temperatures.

sustainable construction of structural units with cement
mortar composites, especially in developing countries.
Various studies on mechanical properties of concrete
incorporating different types of fibers like steel, carbon,
glass, and synthetic fibers have been done in the past to
understand the behavior of fiber-reinforced concrete.
Concrete with randomly distributed fibers is defined
as Fiber-reinforced concrete (FRC). Fibers dispersed and
distributed randomly during mixing results in improved
concrete properties in all directions. From the test results
of different types of fiber materials such as steel, carbon,
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glass, plastic, polypropylene, nylon, and cotton, American
Concrete Institute’s Committee 544 ™ classified FRC
into four different groups based on the fiber materials
namely steel fiber reinforced concrete (SFRC), glass fiber
reinforced concrete (GFRC), synthetic fiber reinforced
concrete (SNFRC), and natural fiber reinforced concrete
(NFRC). Synthetic fibers such as polyester, acrylic,
polyethylene, and polypropylene are further subdivided
based on the diameter size of fibers into micro-synthetic
fibers (for diameter less than 0.30 mm) and macro-
synthetic fibers (for diameter greater than 0.30 mm).

Apart from steel fibers, polypropylene fibers are widely
used in the market. However, the elastic and strength
properties of both fibers vary significantly. For the last
many years, steel fibers were generally used in concrete
roadwork and sprayed concrete applications. The coming
of polypropylene fibers has introduced the possibility of
having a high-performance and more sustainable product
for the improvement of concrete properties. Polypropylene
fibers have better durability as corrosion does not take
place in the case of plastic. As it weighs about one-fifth
of equivalent steel fiber, it increases the ease of handling.
Research on various aspects was done in the past to
understand the mechanical behavior of fiber-reinforced
concrete and continued till date to recognize the usage of
fibers in concrete, and the fibers themselves. ' Khajuria
and Balaguru carried out a study on polypropylene fiber
reinforced concrete and concluded that if more water is
added to improve the workability of FRC, a reduction
in compressive strength may occur. This reduction in
compressive strength should be attributed to additional
water or due to an increase in entrapped air and not to the
fiber addition in the matrix. Alhozaimy, A.M., carried
out experimental investigations on compressive, flexural,
and impact strength for different binder compositions
after adding low volume fractions of polypropylene fibers
in concrete. No significant effect on compressive (or)
flexural strength was observed upon the addition of fibers,
while flexural toughness and impact resistance values
were increased. Positive interactions between fibers and
pozzolans were also detected.

Ul Bentur et al concluded that the addition of
polypropylene fibers does not have a significant effect on
the direct tensile cracking strength. However, for volume
replacements in the range of 0.33-0.5%, the addition of
macro-synthetic polypropylene fibers resulted in 10-15%
increase in splitting tensile strength. Further, some studies
show that polypropylene fibers can improve the residual
compressive strength of concrete after fire exposure.
While the presence of different dosages of polypropylene
fibers has no significant improvement in residual

46 Distributed under creative commons license 4.0

compressive strength at 200 °C and 400 °C, but beyond
600 °C it considerably increases the residual compressive
strength of concrete. Moreover, some studies show that
compressive strength of the concrete with polypropylene
fibers when exposed to temperature up to 400 °C is higher
than the concrete without fibers *'”. Thus, past studies
show mixed results on the residual mechanical properties
of polypropylene FRC.

The mechanical properties of FRC get affected
when exposed to heat which can come from different
sources including fire exposure and continuous high
temperature on the exposed surface. Many Researchers
have observed explosive spalling which often results in
serious deterioration of the concrete. Continuous pressure
is a build-up due to the vaporization of evaporable water
which can cause serious damage or even spalling of the
concrete. This excessive pressure could be released by
the presence of voids in the concrete matrix. To reduce
the risk of deterioration and spalling, previous studies
suggest that the addition of fibers in concrete such as
polypropylene and steel can improve sufficient fire
protection. The main parameters that determine the effect
of polypropylene fibers are the initial moisture and the rate
of heating of the concrete. Therefore, it is very important
to quantify the effectiveness of these fibers in terms of the
fiber dosage, grade of concrete, and most importantly the
residual mechanical properties of FRC after exposure to
high temperature from fire.

In the present study, three water/cement (w/c) ratios
(0.47, 0.36 & 0.20) using granite aggregates were studied
for determining short-term mechanical properties of
Polypropylene fiber reinforced concrete in comparison
to the control mix. Further, the experimental program
includes concrete specimens with polypropylene fiber
volume of 0.5%, that were subjected to temperatures
exposures of 400 °C and 600 °C for durations of 1
hour. For uniform distribution of PP fibers, dry concrete
materials were mixed firstly, and then the fibers were
added to the dry mixture to avoid breaking of the fibers.
From each mixture, for compressive strength, modulus
of elasticity and poisons ratio at room temperature
concrete cylinder (150 mm dia. and 300 mm height)
specimens were cast and for split tensile strength test and
for compressive strength test each at the room, 400 °C,
600 °C and 800 °C temperatures concrete cylinders (100
mm dia. and 200 mm height) were cast. The study was
carried out on only one fiber dose which was selected
based on the optimum dosage from literature. Also, fibers
were added to the concrete mixture to avoid explosive
failure in the case of high-strength concrete under
elevated temperatures. Further, studies using different
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fiber doses can be carried out which may result in higher
residual mechanical properties after exposure to elevated
temperatures.

properties of the polypropylene fiber are given in Table 3.

Table 2. Properties of Aggregates

2. Concrete Ingredients Property m mmGramt:o — Fine Aggregate
Specific gravity 2.82 2.81 2.65
2.1 Materials Water absorption (%) 0.33 0.31 0.8
e Cementitious Material 20mm| 98 100 100
Ordinary Portland cement (OPC 53 Grade) with fly ash nll?n 2 69 100
and silica fume was used The 3 days, 07 days, and 28 days 4.75 0 ) 97
compressive strength of cement were 36.00 N/mm”, 45.50 Sieve mm
N/mm? and 57.50 N/mm? respectively. The physical and Cﬁr?;ll}; Séie ?n?: 0 0 86
chemical properties of cement, fly ash, and silica fume are Percentage 118
given in Table 1. Passing (%) mm 0 0 70
600 p 0 0 38
Table 1. Physical, Chemical and Strength Characteristics 300 p 0 0 12
of Cementitious Material 150 0 0 3
Pan 0 0
Characteristics | OPC Cement | Silica Fume | Fly Ash
Phys'calFiT;Z:éSS D 5 57950 50 Table 3. Properties of Polypropylene fiber
Specific gravity 3.15 2.25 2.28 Properties Value
Chemical Tests: Cut length (mm) 12
Loss of Ignition (LOI) (%) 1.52 1.16 0.5 Effective diameter (micron) 25-40
Silica (SiO,) (%) 20.41 95.02 61.25 Specific gravity 0.90-091
Tron Oxide (Fe,0;) (%) 3.86 0.80 5.9 Melting point (°C) 160-165
Aluminium Oxide (ALO,) 5.04 24.67 Elongation (%) 20-60
Calcium Oxide (CaO) (%) 60.92 2.06 Alkaline stability Very good
Magnesium Oxide (MgO) (%) | 4.77 0.66 Young’s modulus (MPa) >4000
Sulphate (SO,) (%) 1.88 0.28
Alkalics (%) | Na,O 0.58 0.73 0.07 2.2 Mix Design Details
K,0 0.63 2.96 1.41
Chloride (Cl) (%) 0.04 0.008 In this study, the three different mixes with w/c ratio
IR (%) 1.21 0.47, 0.36 & 0.2 using granite aggregate were studied

Aggregates

Natural river sand was used as fine aggregate
conforming to Zone II as per IS: 383. Crushed aggregate
was used as coarse aggregate with 20 mm maximum
nominal size. The physical properties of coarse and fine
aggregates are given in Table 2. The quality of both coarse
and fine aggregate was fair. The silt content by the wet
sieving method in fine aggregate was 0.70 percent.

o Water: Water conforming to the requirements of
construction water as per IS: 456-2000 was used.

o Admixture: For HSC with w/c ratio of 0.20 and
0.36 Polycarboxylic group based superplasticizer was
used while for NSC with w/c ratio of 0.47 Naphthalene
based superplasticizer was used. Superplasticizers were
complying with the requirements of IS: 9103-1999.

o Polypropylene fiber (PP): Polypropylene (PP) is
classified as a thermoplastic polymer that can be used for
a variety of applications that is produced by chain-growth
polymerization from monomer propylene. The physical

Distributed under creative commons license 4.0

for short-term mechanical properties of HSC. The
slump was kept in the range of 75-100 mm for the fresh
concrete. The optimum dosage of superplasticizer for
the desired workability was achieved by conducting
several trials based on the slump cone test. The mix
design details for concrete mixes are given in Table
4. Necessary adjustments were made in mixing water
for correction of aggregate water absorption. Pan
type of concrete mixer was used for the preparation
of the concrete mixes. The moulds were painted with
mineral oil and then casting was done in three different
layers with each layer compacted on a vibration table
to minimize air bubbles and voids. The specimens
were demoulded from the moulds after 24 hours.
The laboratory conditions were maintained at 27+2
°C and relative humidity 65% or more and thereafter
were cured in temperature-controlled curing tanks.
The specimens were tested in saturated surface dried
condition.
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Table 4. Concrete Mix Design Details for the study done

Total Cementitious Content [Cement C + ‘Water Content Admixture dosage % % Fine Aggregate Compressive Strength of
wie Flyash (FA) + Silica Fume (SF)] (Kg/mS) (Kg/ms) (by weight of Cement) (by weight) concrete (28-Days) (N/mm’)
0.47 362 (290+72+0) 170 1.00 35 45.72
0.36 417 (334+83+0) 150 0.45 39 68.57
0.20 750 (548+112+90) 150 1.75 35 97.76

2.3 Optimum Dosage of Polypropylene Fiber

Shihada "' examined the impact of polypropylene
fibers on the fire resistance of concrete with 0%, 0.5%,
and 1% of polypropylene by volume, by heating concrete
specimens at 200 °C, 400 °C, and 600 °C for the duration
up to 6 hours. It was concluded that the compressive
strength of concretes with polypropylene fibers were
higher than those without polypropylene fibers. Further,
it was concluded that for concrete mixes with 0.5%
polypropylene fibers, the residual compressive strength
during the heating was significantly improved. The loss in
compressive strength was about half when polypropylene
fibers were used as compared to the concrete without
fibers for a temperature exposure of 600°C for 6

2l et al used 6 mm

hours duration. Kamlesh S.Dalal !
polypropylene fibers and results show about a 4% increase
in compressive strength at 0.50% polypropylene fiber by
weight of cement.

Anthony Nkem Ede et al ¥ studied the effects of
micro synthetic polypropylene fiber on concrete with
the main focus on the determination of the optimum
dosage for improved compressive and flexural strengths
of concrete. For compressive strength both destructive
and non-destructive tests were carried out while for
flexural strength only destructive tests were carried out
on the concrete specimens with 0.25%, 0.5% 0.75%,
and 1% polypropylene fibers compared to control
samples and were tested at different ages of 7, 14, 21 28
days of curing.

The optimum dosage of polypropylene fiber that
improved compressive and flexural strengths were
found to be in the range of 0.25% and 0.5%. A slight
increase in compressive and flexural strength was
observed for 0.50% and then a continuous decrease
was observed when 0.75% and 1% polypropylene
fibers were added. Md Azree Othuman Mydin "¥ et
al and Roohollah Bagherzadeh """ et al studied the
behavior of lightweight foamed concrete exposed to
higher temperatures with PP fibers in the range of 0.1
to 0.5% by volume of concrete and found improvement
in mechanical properties. On the basis of the literature
survey, 0.5% PP fiber by volume was found to be the
optimum dosage of fiber content and the same dosage
was used for further study.
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3. Experimental Program

For the experimental study, the dosage of PP fibers used
was 0.5% of the volume of concrete based on the findings
from the literature. In this study, the mix was divided
into three concrete batches based on the w/c ratio as 0.2,
0.36, and 0.47. Each concrete batch was exposed to room
temperature (27 °C), 400 °C, and 600 °C for 60 minutes.
The total number of specimens for each concrete mix were
22 cylinders. 16 concrete cylinders (100 x 200 mm) where
8 cylinders of control mix and 8 of polypropylene mix
were cast. An additional 6 cylinders (150 x 300 mm) were
cast out of which 3 were of control mix while the other 3
were of polypropylene mix. The heating of the specimen
was done in an electrical furnace with a rate of heating as
5 °C/min till the desired temperature is achieved and then
exposure temperature was maintained for 1 hour. Cooling
to room temperature was carried out in a closed and
disconnected furnace (Figure 1).

i 2 P e J

Figure 1. Sample inside the furnace

3.1 Compression Test

The compressive strength test was carried out as per
the IS:516. The size of the cylindrical specimen was 100
x 200 mm and for each temperature exposure, 4 cylinders
were tested. The cylinders were water-cured at room
temperature and were taken out at the age of 28 days. The

weight of each specimen was recorded.

3.2 Splitting Tensile Test

A splitting tensile test was carried out as per 1S:5816-
1999. For each concrete mix at each exposure condition,
2 cylinders were tested with a specimen size of 100x200
mm.
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4. Effect of Polypropylene Fibers on Mechanical
Properties of Concrete

Various researchers have investigated the effect of the
addition of fibers on the mechanical properties of concrete
explaining it as having a high-performance and more cost-
effective concrete composite. This experimental program
was carried out to investigate the effect of the addition
of polypropylene fiber on the mechanical behavior
of concrete at the fiber dosage of 0.5% by volume of
concrete. Mechanical properties such as compressive
strength, Modulus of Elasticity (MOE), splitting tensile
strength, and Poisson’s ratio were studied at room
temperature with and without polypropylene fibers.

4.1 Compressive Strength

From the compressive test results, it could be clearly
found that PP fibers when used as a concrete additive
effects the concrete strength. There was a decrease
in the value of compression strength of fiber mix
when compared to the control mix. Reduction % of
compressive strength of fiber mix concrete with respect
to plain concrete at room temperature was 2.68% for
0.2 w/c ratio,17.45% for 0.36 w/c ratio and 25.79%
for 0.47 w/c ratio (Figure 2). For all w/c ratio value of
compressive strength of control mix (CM) was higher
than that of polypropylene mix (PP).

Khajuria and Balaguru ®' and Alhozaimy, A.M. ',
carried out a study on polypropylene fiber reinforced
concrete and concluded that no significant effect on
compressive (or) flexural strength was observed upon
addition of fibers, while flexural toughness and impact
resistance values were increased. Further, that if more
water is added to improve the workability of FRC,
a reduction in compressive strength may occur. This
reduction in compressive strength should be attributed
to additional water or due to an increase in entrapped
air and not to the fiber addition in the matrix.
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4.2 Modulus of Elasticity

The modulus of elasticity of a material is a measure
of its stiffness. MOE values for 0.36 w/c ratio for both
mix, CM and PP were very close and no significant
improvement was observed. For 0.2 w/c ratio % increase
in MOE was 7.4% and for 0.47 w/c ratio % reduction in
MOE was 8.3% (Figure 3). No notable improvement was
noticed for all w/c cement ratios.

50 45.29
42.16
28.13

40
30
’ I I
0
0.2 0.47

Figure 3. Variation in Modulus of Elasticity
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4.3 Poisson Ratio

The Poisson’s ratio for the composite is defined as
the ratio of transverse strain divided by the longitudinal
strain when stress is applied in the longitudinal
direction. As from the results obtained, the comparison
between the two Poisson’s ratios of polypropylene mix
and control mix shows that Poisson’s ratios are less
sensitive to fiber addition. In particular, the values of
0.2 w/c ratio and 0.47 w/c ratio of the control mix are
higher than Poisson’s ratio of polypropylene mix. On
the contrary, values of 0.36 w/c ratio of control mix are
marginally lower than that polypropylene mix. As seen
from the results in Figure 4, the incorporation of fiber
did not give any significant improvement in the values
of Poisson’s ratio.
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Figure 4. Variation in Poisson’s Ratio
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4.4 Split Tensile Strength

Due to the brittle nature of the concrete, it is very
weak in tension and hence is not expected to resist the
direct tension. Concrete develops micro and macro cracks
when the tensile stresses in concrete exceed its tensile
strength. Therefore, to determine the safe load beyond
which the concrete members may crack it becomes
necessary to determine the tensile strength of concrete.
The incorporation of PP fiber showed no significant effect
on split tensile strength. As seen in Figure 5 there is a very
marginal difference in values of split tensile strength for
polypropylene mix and control mix. Values of split tensile
were higher in the control mix than that of polypropylene
mix for 0.2 w/c ratio and for 0.36 w/c ratio. A study
done by Bentur et al " suggests that the addition of
polypropylene fibers does not have a significant effect on
the direct tensile cracking strength. However, for higher
volume replacements in the range of 0.33-0.5%, the
addition of macro-synthetic polypropylene fibers resulted
in 10-15% increase in splitting tensile strength. But this
increment may be the result of the intersample variation.
Therefore, it will be good to say that no significant
improvement is observed in mechanical properties upon
the addition of PP fibers.
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5. Mechanical Properties of Polypropylene
Fiber Reinforced Concrete Exposed to Elevated
Temperature

Synthetic fibers irrespective of their type, shape, and
length, are mostly used to increase the spalling resistance
of the concrete when exposed to elevated temperatures.
The presence of fibers in the concrete composite exposed
to elevated temperature affects its mechanical properties
due to the generation of voids as the melting point of
synthetic fibers is relatively low. In this study effect of PP
fiber on compressive strength and split tensile strength
when exposed to elevated temperature was explored.

Many studies in the past concluded that polypropylene
fibers have a negative effect on the residual mechanical
properties of polypropylene fiber reinforced concrete
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after exposure to higher temperature exposure as they
significantly decrease the residual compressive strength,
elastic modulus, and tensile strength "', While some
experimental studies show that polypropylene fibers can
improve the residual compressive strength of a concrete
composite after exposure to elevated temperatures .
Some even say that the presence of polypropylene fibers at
different dosages does not affect the residual compressive
strength at up to 400 °C, but significantly increases the
residual compressive strength of concretes after 600 °C .

5.1 Compressive Strength for 0.5% Fiber Mix

From the compressive test results, it could be clearly
found that PP fibers when used as a concrete additive
reduced the compressive strength. Value of % reduction
in compressive strength for both mixes at 400 °C &
600 °C did not have much difference (Figure 6 &
Figure 7). Hence, there was no significant impact of PP
fiber on normal and high-strength concrete at elevated
temperatures. This research suggests that the compressive
strength of concrete containing PP fibers (0.5%) has
no significant impact on plain concrete and no major
improvement in strength was observed in fiber reinforced
high strength concrete exposed to elevated temperatures.
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Figure 6. Compressive strength variation at different
temperature for different w/c ratio
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Figure 7. Reduction percentage in compressive strength
at different temperature for different w/c ratio

5.2 Split Tensile Strength for 0.5% Fiber Mix

Values of % reduction in split tensile strength at 600 °C
were marginally higher for the control mix than that of the
fiber mix. No significant improvement in values was noted
at 400 °C (Figure 8 & Figure 9). It can be concluded that
polypropylene fiber when exposed to 400 °C doesn’t have
any notable positive impact but at 600 °C very marginal
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enhancements in tensile properties could be seen.
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Figure 8. Variation in Split Tensile strength at different
temperature for different w/c ratio
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Figure 9. Reduction percentage in Split Tensile strength
at different temperature for different w/c ratio

5.3 Flexural Strength for 0.5% Fiber Mix

The ability of concrete to resist in flexure can be
defined as the flexural strength of the concrete and is
also known as the modulus of rupture. Flexure test was
done on 100*¥100*500 beams, 4 for each temperature.
As seen in Figure 12, flexure strength for the control mix
(CM) was higher than that of polypropylene mix (PP) for
all temperatures. Hence from the experimental study on
flexural strength, no improvement due to polypropylene
fiber was observed at elevated temperature for 0.20 w/c
ratio (Figure 10 & Figure 11).
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Figure 10. Variation in flexural strength at different
temperature for different w/c ratio
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Figure 11. Reduction percentage in flexural strength at
different temperature for different w/c ratio
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5.4 Spalling Resistance for 0.5% Fiber Mix

Spalling resistance of the concrete can be attributed
to the surface texture after exposure to the elevated
temperature as compared to the surface texture of the
concrete without exposure to fire. As the exposure
temperature is increased the spalling in the concrete
increases. The concrete samples without fibers when
exposed to elevated temperature, most of the cylinders
were blasted inside the furnace, or even if not blasted
the spalling in excess was observed on the surface. The
compressive strength so observed in the controlled sample
after exposure to elevated temperature was mainly due to
the intact core of the cylinder only i.e., the actual load-
bearing cross-sectional area was decreased which may be
the reason for the decrease in the compressive strength
of the concrete. However, the concrete samples with
polypropylene fibers did not blast or the spalling on the
surface was observed only in the form of the minor cracks
(Figure 12). But no major enhancement in the concrete

compressive strength was observed.
. ——
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(a) Cyhnder w1th cont.rol mix after blast in the furnace

(b) Cylinder with control mix with severe spalling
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S
(c) NSC Cylinder with PP fiber after exposure during
testing

e

(d) HSC Cylinder with PP fiber after exposure to elevated
temperature during testing
Figure 12. Cylinders after exposure to elevated
temperature and during testing

6. Results and Discussions

e [t is observed that the percentage reduction in
compressive strength was highest for polypropylene mix
at 600 °C. Values of percentage reduction in compressive
strength did not decrease with the incorporation of
polypropylene fiber, so it can be concluded that PP fiber
has no positive impact in improving the compressive
strength of concrete at both room and elevated
temperatures.

e Values of split tensile strength were not improved
significantly after the incorporation of PP fiber at room
temperature. Values of percentage reduction of split tensile
strength were similar in both mixes at 0.2 w/c ratio and
for 0.36 w/c ratio at 600 °C and for 0.47 w/c ratio values
of percentage reduction for control mix was marginally
higher than that of polypropylene mix, but no notable
improvements could be recorded.

e Similarly, other mechanical properties like MOE
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and poison’s ratio, no trend of positive impact could be
established. Values of MOE at the different water-cement
ratios for both control and fiber mix were found to be
similar. There was no impact of using polypropylene fiber.

e From the experimental investigation, it was observed
that when fibers are used in concrete it does not enhance
any mechanical properties of concrete at both room and
elevated temperatures. This trend was observed with a
fiber percentage of 0.5% by volume. Most of the earlier
researchers have claimed an increase in the range of 4 to
6 percent in mechanical properties including compressive
strength, splitting tensile strength, and flexural strength
upon addition of polypropylene fibers. However, this
increase may be due to the inter-sample variation of the
same concrete batch or due to the variation in the testing
of individual samples.

e The spalling resistance of the concrete at
elevated temperature was improved by the addition of
polypropylene fibers as the samples with fibers were not
broken after exposure to high temperatures.

7. Conclusions

In this current study, the impact of the addition of
polypropylene fibers on concrete fire resistance at elevated
temperatures was studied and no significant enhancement
in mechanical properties such as modulus of elasticity,
Poisson’s ratio, splitting tensile strength, flexural strength,
and compressive strength was observed upon addition of
polypropylene fibers for High Strength Concrete. Hence,
it is concluded that the addition of polypropylene is not
sustainable nor economical despite the various claims
in past regarding its positive impact on fire resistance of
normal strength concrete. However, the spalling resistance
of the concrete at elevated temperature was improved by
the addition of polypropylene fibers and the addition of an
optimum percentage of fiber will be beneficial in the high
strength concrete to avoid spalling. Based on the outcome
of the study, the recommendations have been given for
revision of Indian Standard IS:456-2000 for incorporating
polypropylene fibers mainly in high strength concrete to
avoid spalling during the event of a fire which can lead to
damage in cover concrete and thereby creating durability
related issues during the service life of the structure. Further
studies can be carried out using different fiber doses which
may result in higher residual mechanical properties after
exposure to elevated temperatures and can lead to an
effective and sustainable solution for fire damages.
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