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Investigation of Rheological and Physical Properties of
SBS and WCO Composite Modified Bitumen
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Aytug KUMANDAS?
Neslihan SAHAN?
Ersoy KABADAYI*
Seref ORUCS

ABSTRACT

Nowadays, the use of waste materials in various industries is becoming widespread in order
to promote waste recycling. Thus, scientists are researching the use of waste materials in
bitumen modification. In this study, it was aimed to investigate the effect of waste cooking
oil (WCO) on the physical and rheological properties of unaged Styrene-Butadiene-Styrene
modified bitumen (SBSMB) by adding WCO at different ratios (1, 3, 5, 7, and 9%) to SBS
modified bitumen. Accordingly, rotational viscosity (RV) tests and rheological tests with
dynamic shear rheometer (DSR) based on the determination of complex shear modulus (|G*))
and phase angle (8) were conducted along with the traditional bitumen tests. As a result of
the experimental study, it was observed that adding WCO increased the workability and
fatigue resistance of SBSMB, however, decreased its rutting resistance. Therefore, the
mixing and compaction temperatures of SBSMB can be decreased by adding low amounts
of WCO without excessive performance loss. Thus, during the construction of asphalt
pavements, environmental damage can be reduced by utilizing waste materials and reducing
CO, emissions.

Keywords: Styrene-butadiene-styrene, polymer modified bitumen, waste cooking oil,
workability, rheology.
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1. INTRODUCTION

Styrene-butadiene-styrene (SBS) additive is the most commonly used polymer type in
bitumen modification. When SBS is added to the base bitumen, the rutting, fatigue and
stripping resistance as well as the elasticity and viscosity of the bitumen increase [1-6].
However, due to the increase in viscosity, the mixing and compaction temperatures of
bitumen also increase [7]. Therefore, during application, energy consumption increases,
arising the additional costs to achieve the required workability, and the construction time is
extended.

Warm mix asphalt (WMA) technology is widely used to eliminate the negative effect of SBS
on the workability of bitumen. WMA additives can reduce the viscosity of styrene-butadiene-
styrene modified bitumen (SBSMB) and increase its workability [8, 9]. On the other hand,
waste oils have a similar effect on bitumen. Regarding sustainability and environmental
awareness, using waste oils as a bitumen modifier is more interesting than other additives.
Accordingly, when the studies in the literature in which waste oils are used as a bitumen
modifier were examined, it was seen that it is generally used as a rejuvenating or softening
material [10-22].

Studies using waste oil with SBS are also available in the literature. However, the main goal
in these studies was not to increase the workability of bitumen. Generally, waste oils were
used as rejuvenators [23-25] or compatibilizers [26] of SBSMB. In addition, there are studies
aiming to examine the effects of waste oils on fatigue life [27], aging resistance [28], and
chemical and rheological properties [29-32] of SBSMB. In these studies, it was observed that
some performance losses could be recovered by adding waste oils to aged bitumen. It was
stated that it would be suitable for use in recycled asphalt pavements (RAP) applications [25].
In addition, it has been noted that adding waste oil can increase aging and fatigue resistance
[27, 28, 33].

Waste oils are a broad concept and include various oil types such as bio-oil, waste engine oil,
waste vegetable oil, and waste soybean oil. In this study, the oil used was the waste cooking
oil (WCO) and it was subjected to filtration and dehydration processes. Besides, studies in
which SBS and WCO were used together were also examined in the literature and it was
observed that the number of studies was relatively low. In addition, in these studies, it was
determined that the rejuvenation feature of WCO was especially benefited from [25, 28]. In
other studies, involving SBS and WCO, other polymers were used in addition to SBS, and a
composite modification was investigated [34, 35]. Thus, to the best of authors’ knowledge,
there was no study to add WCO to increase the workability of an unaged SBSMB. Therefore,
this study is aimed to close the relevant gap in the literature.

In this study, it was aimed to examine the effect of WCO additive added to increase the
workability of SBSMB on physical and rheological properties. Accordingly, WCO was
added to 5% SBSMB at the ratios of 1%, 3%, 5%, 7% and 9%, in addition to the studies in
the literature, to comprehensively evaluate the effect of WCO on SBSMB on a wide scale.
Then, penetration, softening point, ductility, Nicholson stripping, rolling thin film oven
(RTFO), rotational viscosity (RV), and rheological tests were carried out. Thus, the
workability, high-temperature performance, adhesion capacity, and aging resistance of the
composite-modified bitumen were investigated.
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2 MATERIALS AND METHODS
2.1. Materials and Sample Preparation

SBSMB, which has high resistance to rutting, has become increasingly common in Tirkiye.
SBSMB, which was prepared by adding 5% SBS by weight to 50/70 penetration grade base
bitumen, was obtained from Isfalt Company. In addition, the company stated that the
performance grade of SBSMB is PG76-16. The physical properties of SBSMB and limit
values of these physical properties specified in the Highways Technical Specification [36]
for modified bitumens are given in Table 1. From this table, it can be seen that the physical
properties of SBSMB meet the specification limits.

Table I - Physical properties of the SBSMB.

Properties Value Specification limits Specification
Penetration @ 25°C, dmm 35 25-55 TS EN 1426 [37]
Softening point, °C 65.5 >60 TS EN 1427 [38]
Ductility @ 25°C, cm 100+ - TS EN 13589 [39]
Specific gravity @ 25°C, g/lem®  1.034 1.0-1.1 TS EN 15326 [40]
Flash point, °C 340 >220 TS EN ISO 2592 [41]
Mass loss, % 0.23 0.8 TS EN 12607-1 [42]
Increase in softening point, °C 0.5 <10 TS EN 1427 [38]
Retained penetration, % 91.4 >45 TS EN 1426 [37]
Viscosity @ 135°C, cP 1850 - ASTM D4402 [43]
Viscosity @ 165°C, cP 450 - ASTM D4402 [43]

WCO was used as variable additive of the composite modified bitumen. The WCO used was
obtained from Degam Company. This company collects WCOs from all over Tiirkiye and
purifies them from pollutants, oxidant products, and particles. WCO, which had undergone
these processes, was added to the SBSMB at different ratios (1%, 3%, 5%, 7%, and 9%) by
weight of the SBSMB.

Table 2 - Physical properties of the aggregates.

Properties Value Specification

Volume specific gravity, g/cm? 2.580 TS EN 1097-6 [44]
Apparent specific gravity, g/cm? 2.645 TS EN 1097-6 [44]
Absorption, % 1.41 TS EN 1097-6 [44]
Polishing value 61.7 TS EN 1097-8 [45]
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To prepare the composite modified bitumen samples, WCO was added to SBSMB samples
at 150°C, as it is a material that can easily mix with bitumen, by using a mechanical stirrer at
arotation speed of 1000 rpm for 30 minutes. In addition, since it was predicted that composite
modified bitumens may age due to the effect of temperature during the preparation process,
the same mixing procedure was applied to the control sample (SBSMB). Then, the
preparation of composite modified bitumens and control sample for testing was completed.

Basalt aggregates with dimensions between 4.75-9.50 mm were used to evaluate the adhesion
between composite modified bitumen and aggregate. The physical properties of the
aggregates are given in Table 2.

2.2. Methods Used to Evaluate Binder Performance

The penetration test is carried out to determine the hardness of bitumen samples at 25°C
following the ASTM D5 [46] standard. An increase in the penetration value of a bitumen
sample is an indication of its softening. Similarly, the softening point test can be used to
determine the consistency of bitumen. In this test, ring and ball test apparatus conforming to
ASTM D36-14 [47] standard is used. Bitumen sample is placed in the test apparatus and
heated in a water bath at a heating rate of 5°C/min. The temperature value when the bitumen-
coated ball touches the bottom plate is recorded as the softening point.

Since bitumen is a thermoplastic material, it softens with an increase in temperature and
hardens with a decrease in temperature. This behavior is called temperature sensitivity. The
penetration index (PI) of a bitumen sample gives an idea of the temperature sensitivity of that
sample. High PI values indicate that bitumen has low-temperature sensitivity. The PI value
is calculated with the help of Equation (1):

Pl = 1952-500xlog(Pen25)—20+SP
~ s0xlog(Pen25)—SP—120

(M

where SP is the softening point temperature, and Pen25 is the penetration of the bitumen
sample at 25°C.

Ductility test carried out following the ASTM D113 [48] standard. In this test, a tensile force
at a speed of 5 cm/min at 25°C is applied to the bitumen samples placed in certain molds,
and the distance the samples can extend without breaking is measured. This distance is
recorded in cm as ductility value.

RTFO test performed following the ASTM D2872 [49] standard. With this test, short-term
aging of the bitumen is simulated. The mass loss is determined with the help of Equation (2).
It occurs due to the loss of volatile substances in the bitumen samples due to high
temperatures. It is thought that the higher this value, the more the bitumen will be affected
by the short-term aging.

Unaged Mass—Aged Mass

Mass Loss, % = X 100 2)

Unaged Mass

PAYV test was performed according to ASTM D6521 [50] to simulate the long-term aging
that bitumen is exposed to due to climate and oxidation effects during its service life. For this
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test, 50+0.5 g of bitumen was taken from RTFO-aged samples and placed in test vessels.
Then, the samples were aged for 20 h at 100C under a pressure of 2.10 MPa.

The Nicholson stripping test is used to determine the resistance of bitumen against stripping.
100+0.5 g of crushed aggregate between 9.5-6.3 mm diameter is kept at 140-150°C for 1
hour. Then, approximately 5.0+0.1 g of bitumen is added to the aggregates and mixed until
all aggregates are covered with bitumen. The prepared aggregate and bitumen mixture is
transferred to petri dishes, and at least 3 cm height water is added and kept in an oven at 60°C
for 24 hours. As a result, the separation of bitumen from the aggregate surface is determined
visually in percent with the help of a light source.

RV test is carried out following the ASTM D4402 [43] standard. With this test, information
about the workability of bitumen can be obtained. According to the Superpave specification,
the viscosity value of the bitumen sample obtained from the RV test should not exceed 3000
cP. Itis also possible to determine the mixing and compaction temperatures at which bitumen
will be used with the RV test. Accordingly, the viscosities of the samples were measured in
the Brookfield DV2T rotational viscometer using spindle #29 at 135°C, 165°C, and 180°C
temperatures. Then, the results were marked on a graph and combined with a trend line. On
this line, the temperatures corresponding to the viscosity values of 170+20 cP and 280+30
represent the mixing and compaction temperatures of the bitumen sample, respectively [51].

It is possible to examine the rheological properties of bitumen with various tests carried out
using dynamic shear rheometer (DSR). Tests based on determining the complex shear
modulus (|G*|) and phase angle (8) of bitumen, carried out according to ASTM D7175, are
one of these tests. Thanks to this test, information can be obtained about the resistance against
rutting at high temperatures and fatigue cracking after repeated loading at intermediate
temperatures of the asphalt pavement, which tested bitumen will be used. Unaged, RTFO or
PAV aged bitumen samples are placed between two parallel plates of the DSR device that a
controlled-strain testing mode was used and exposed to oscillating motion with a frequency
of 1.59 Hz by the top plate. The diameter of the plates are 25 mm for unaged and RTFO-aged
samples and 8 mm for PAV-aged samples. In addition, the gap between the plates is 1 mm
for unaged and RTFO-aged samples, while this value is 2 mm for PAV-aged samples. After
tests carried out with DSR, which are carried out under the specified conditions, the complex
shear modulus (|G*|) and phase angle (5) of the bitumen are determined. Its viscous and
elastic behavior is characterized. |G*| is the indicator of the total resistance of the bitumen to
deformation, while & is defined as the phase difference between stress and strain. The
|G*|/sind value obtained using the |G*| and & values are the rutting resistance parameter of
the bitumen. This value should be at least 1.00 kPa for unaged bitumen and at least 2.20 kPa
for RTFOT aged bitumen. In addition, the |G*|-sind value is the fatigue resistance parameter
of bitumen, and this value should not be more than 5000 kPa for PAV aged samples.

3. RESULTS AND DISCUSSION
3.1. Physical Properties of Modified Bitumen

The results obtained from the penetration and softening point tests are given in Figure 1. As
seen in Figure 1(a), when WCO was added to SBSMB at the rates of 1%, 3%, 5%, 7%, and
9%, an increase of 48.5%, 125.7%, 240%, 322.9%, and 414.3% was observed in the
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penetration value, respectively. Additionally, it is seen that when 1%, 3%, 5%, 7%, and 9%
WCO is added to SBSMB, the softening point value decreases by 5.11%, 6.71%, 10.76%,
14.19%, and 17.25%, respectively. In parallel, the results of the two tests indicate that when
WCO is added to SBSMB, a softening occurs with an increasing WCO ratio; in other words,
the consistency of SBSMB decreases. In addition, it was stated in similar studies in the
literature [24, 26, 28] that oils or waste oils increase the penetration value of SBSMB while
decreasing the softening point.
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Figure 1 - Physical test results of the bitumen samples: (a) penetration and (b) penetration
index (PI).

PI values were calculated with the help of Equation (1), and the results are given in Figure
1(b). When 1%, 3%, 5%, 7%, and 9% WCO was added to SBSMB, an increase of 29.2%,
111.7%, 184.2%, 216.7%, and 252.5% was observed in the PI value, respectively. These
results show that the addition of WCO to SBSMB reduces the thermal sensitivity of SBSMB.

As a result of the ductility tests, no breaking was observed in any of the samples within a
distance of 100 cm, which is the maximum tensile length of the test device. In other words,
this shows that the ductility does not change or is not adversely affected by the addition of
WCO to the SBSMB within the measurement limits of the test device. Cong et al. [28]
reported that the ductility value increased with the addition of corn oil based WCO to base
or SBSMB, and the ductility of bitumen containing WCO was greater than 100 cm. In another
study, it was stated that the ductility of bitumen containing waste bio-oil and SBS was higher
than that of SBS modified bitumen [26].

3.2. Short Term Aging

Mass losses of the samples were determined after RTFO tests carried out to examine the level
of exposure of bitumen samples to short-term aging after mixing and compaction processes
in asphalt pavement construction. The percent mass losses obtained are shown in Figure 2.
When Figure 2 is examined, it is seen that all modified bitumen samples exhibit a mass loss
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of less than 1%, which is the upper limit of the ASTM D6373 [53] standard. This indicates
that all samples can perform in the pavement after short-term aging without critical
disadvantage. In addition, with the addition of 1%, 3%, 5%, 7%, and 9% WCO to SBSMB,
the mass loss values decreased by 26.08%, 39.13%, 39.13%, 43.47%, and 52.17%,
respectively. These results show that the addition of WCO to SBSMB can increase the
resistance of SBSMB to short-term aging. Similar to these results, in a previous study by
Kumandas et al. [54], it was determined that the aging resistance of modified bitumen
increased with WCO addition.
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Figure 2 - Mass losses after RTFO test.

The results obtained by applying penetration and softening point tests to short-term aged
bitumen samples are shown in Figure 3(a). When this figure was examined, it was observed
that the obtained values increased for softening point values and decreased for penetration
values after short-term aging compared to unaged bitumen samples. In order to obtain more
detailed information about this hardening phenomenon caused by aging, the softening point
differences (AS) and retained penetration percentages are determined and given in Figure
3(b). Although an increase in aging resistance was observed with the increasing amount of
WCO according to the mass loss percentages, a similar relationship could not be observed
for softening point difference values and penetration decrease percentages. Especially, in
terms of penetration decrease percentages, SBSMB was least affected by hardening in the
RTFOT effect, with 8% penetration decrease. On the other hand, it was determined that there
was a decrease in the penetration values of bitumens containing WCO, varying between
24.4% and 38.7%. It is thought that this result cannot be attributed to bitumens containing
WCO being more affected by aging compared to SBSMB. Regardless of the additive, a softer
bitumen can be expected to harden more after aging than a bitumen with less penetration. In
other words, SBSMB has already largely completed its hardening by modifying the base
bitumen with SBS. Since SBSMBs containing WCO are much softer compared to SBSMB,
they were more affected by the decrease in penetration after RTFOT. However, it can be said
that this is due to the softness of the bitumen rather than the effect of WCO on aging. For this
reason, it is thought that the percentage of penetration decrease in SBSMBs with and without
WCO may not be a suitable indicator for resistance to aging.
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Figure 3 - Test results after RTFO: (a) penetration and softening point, and (b) decrease of
penetration and difference in softening point.

3.3. Interaction Between Bitumen and Aggregate

The results from the Nicholson stripping tests are given in Figure 4 and Figure 5. When 1%,
3%, 5%, 7%, and 9% WCO was added to SBSMB, the Nicholson stripping ratios were
87.5%, 90%, 90%, 92%, and 94%, respectively. As can be understood from these results, the

@ Ll ) ©

Figure 4 - Images of the samples after the Nicholson stripping test: (a) SBS, (b) SBS+1W,
(c) SBS+3W, (d) SBS+5W, (e) SBS+7W, and (f) SBS+IW
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Figure 5 - Nicholson stripping test results.

adhesion of SBSMB with aggregate increased with the increasing amount of WCO. SBSMB
already has high cohesion and interacts strongly with the aggregate. On the other hand, the
addition of WCO softens the SBSMB, helping it to spread more easily on the aggregate
surface. Thus, WCO enables the adhesion-enhancing effect of SBS to show in a larger surface
area of the aggregate.

3.4. Impact of the WCO on the Workability of SBSMB

The results of RV tests conducted at 135°C are shown in Figure 6(a). When Figure 6(a) is
examined, it is seen that all samples have a viscosity lower than the upper limit of the
specification [53]. According to these results, it is predicted that all samples will not pose a
problem in terms of mixability and compactibility.
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Figure 6 - Results of RV tests: (a) comparison with the specification limit at 135°C, and (b)
viscosity values at different temperatures between 90 °C and 180 °C.
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To better understand the viscosity-temperature behavior of the samples, the results of the RV
tests carried out in a wide temperature range (90°C, 105°C, 135°C, 165°C, and 180°C) are
shown in Figure 6(b). As shown in this graph drawn on the logarithmic axis, SBSMB has the
highest viscosity values, and SBS+9W has the lowest viscosity values at all temperatures.
Similar to these results, Sun et al. [30] added WCO based bio-oil to SBS modified bitumen
in their study and stated that the viscosity of SBS modified bitumen decreased in parallel
with increasing bio-oil addition. In another study by Cong et al. [28], it was emphasized that
the viscosity of the control asphalt gradually decreased with increasing WCO based bio-oil
addition. In addition to the findings in the literature, it was determined in this study that the
addition of WCO increased the workability of unaged-SBSMB.

The percentage changes in the viscosities of the samples were determined according to the
results of the RV tests and shown in Figure 7. Especially when looking at the data in the
temperature range of 135-165°C on this figure, it is seen that the percentage change in the
viscosity of SBSMB is higher than the other samples. This result indicates that in parallel
with the PI results, SBSMB is more affected by the heat change than the other samples, and
this effect rate decreases with increasing WCO addition. In other words, SBSMB has the
highest thermal sensitivity, and SBS+9W has the lowest thermal sensitivity among the tested
samples.
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Figure 7 - Percentage change of viscosities.

In addition to the tests carried out on the viscosities of the samples, the results from the RV
tests at 135°C, 165°C, and 180°C were placed on a logarithmic axis and combined with a
trend line (Figure 8(a)). This trend line was used to determine mixing and compaction
temperatures of the samples and the results are shown in Figure 8(b). In this figure, the
average of the temperatures corresponding to 170420 cP is given as the main mixing
temperature. Similarly, the average of temperatures corresponding to 280+30 cP is stated as
the mean compaction temperature. Additionally, the lower and upper limits of mixing and
compaction temperatures are shown on the graph with error bars. When Figure 8(b) is
examined, it is understood that the mean mixing and compaction temperatures of SBSMB
are approximately 186 and 177.8°C, respectively. Although this result is generally
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encountered in polymer-modified bitumen, it can create an economic disadvantage by
increasing the energy consumed during construction and increase the damage to the
environment by increasing carbon emissions. When WCO is added to SBSMB, it is seen that
there is a significant decrease in mixing and compaction temperatures. Especially in the
WCO+9W sample, the mixing and compaction temperatures decreased to 162.6°C and
149.4°C, respectively. This result indicates that the addition of WCO can both provide
significant savings in terms of energy consumption and play a critical role in reducing the
amount of carbon released to the environment.
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Figure 8 - Determination of mixing and compaction temperatures. (a) limit temperature
intervals, and (b) mean mixing and compaction temperatures.

3.5. Rheological Behavior of SBS+WCO Modified Bitumen

|G*| and 6 parameters obtained from tests conducted with DSR are shown in Figure 9(a) and
Figure 9(b), respectively. As seen in Figure 9(a), there was a decrease in |G*| values with
both increasing temperature and increasing WCO ratio. While the decrease occurring with
the increase in temperature is due to the nature of the bitumen itself, the decrease occurring
with the increasing additive ratio is an indicator of the softening effect of WCO. Additionally,
when Figure 9(b) is examined, it is seen that the phase angles also decrease with WCO
addition. However, there is no clear trend between the increase in the WCO ratio and the
decrease in phase angle; the highest decrease occurred at 7% WCO and the lowest decrease
occurred at 3% WCO. Therefore, it was not possible to make a definitive judgment regarding
the effect of WCO addition on the elasticity of SBSMB based on phase angle values. |G*|/sind
rutting parameters of all samples are given in Figure 10(a). Similar to |G*| values, the increase
in temperature and WCO ratio decreases |G*|/sind values of the samples. It has been shown
in many studies that waste oils adversely affect the rutting resistance of bitumen [17, 26, 30,
31, 35]. Similar results with the literature are obtained in this study. On the other hand, all
samples at 64°C, all samples except SBS+9W at 70°C, and all other samples except SBS+7W
and SBS+9W samples at 76°C met the 1.0 kPa rutting resistance specification limit value.
Additionally, continuous grades (CGs) of all samples are given in Figure 10(b). CGs of all
samples, determined by finding the temperature at which they meet the specification value.
As seen in Figure 10(b), increasing the WCO ratio caused a decrease in the CG values of
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SBSMB. These results show that the addition of WCO causes a decrease in the rutting
performance of SBSMB. For this reason, rutting performance should be considered as critical
parameter when selecting the WCO ratio to be added to SBSMB. If WCO is to be added to
SBSMB on roads with high density or heavy traffic, it would be appropriate to choose low
ratios such as 3% and 5% to avoid loss of performance.
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Figure 9 - Unaged samples: (a) |G*| values, and (b) phase angles.
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Figure 10 - Unaged samples: (a) Rutting performance, and (b) continuous grades.

The |G*| and 6 values of the RTFO-aged samples are shown in Figure 11(a) and Figure 11(b).
It is seen that |G*| values decrease with increasing temperature and additive ratio, similar to
the results obtained from unaged samples. On the other hand, when Figure 11(b) is examined,
it can be said that increasing temperature increases the phase angle values. This is an expected
result due to the nature of bitumen. However, it was not possible to talk about a clear trend
regarding the effect of WCO addition on the phase angle.
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Figure 11 - RTFOT aged samples: (a) |G*| values, and (b) phase angles.

ASTM D6373 [53] standard recommends using RTFO-aged samples to evaluate rutting
performance. |G*|/sind and CG values of the RTFO-aged samples are given in Figure 12(a)
and Figure 12(b), respectively. When Figure 12(a) is examined, it is seen that the
specification limit of 2.2 kPa is met by SBS, SBS+1W, SBS+3W, and SBS+5W samples at
64°C, SBS, SBS+1W SBS+3W samples at 70°C and only SBS samples at 76°C. On the other
hand, when Figure 12(b) is examined, it is observed that there is a decrease in CG values
with the addition of WCO, similar to the unaged samples. However, the results obtained from
RTFO-aged samples are lower temperatures compared to the results obtained from unaged
samples. This shows that RTFO-aged samples reached the specification limit earlier.
Therefore, if WCO is to be added to SBSMB in the application, RTFO values of RTFO-aged
samples must be considered.
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Figure 12 - RTFOT aged samples: (a) Rutting performance, and (b) continuous grades.
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|G*|-sind parameters of the PAV-aged samples at intermediate temperatures are given in
Figure 13. As can be seen from the Figure 13, samples did not exceed the specification limit
of 5000 kPa at all temperatures. It is seen that the |G*|-sind value decreases with the increase
in the amount of WCO added. These results indicates that WCO increases the fatigue
resistance of SBSMB. This positive effect of WCO on fatigue resistance is consistent with
the results of previous studies. In a study by Mollamohammadi and Hesami [25], it was
determined that composite WCO consisting of soybean, rapeseed, palm, and sunflower oils
significantly improved fatigue performance. In addition to the findings in the literature, in
this study, it was found that the addition of WCO increased the fatigue resistance of unaged-
SBSMB.
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Figure 13 - Fatigue parameter values of PAV-aged samples.

As mentioned above, the findings obtained from the tests carried out with DSR show that
WCO increases the fatigue resistance of SBSMB while reducing the rutting resistance.
Examining the effect of WCO on rutting and fatigue resistance of SBSMB with MSCR and
LAS tests, respectively, may provide more reliable results. However, since this study mainly
focuses on examining the workability of SBSMB, further studies may contribute to the
literature by comprehensively examining the effect of WCO on the rutting and fatigue
resistance of SBSMB with MSCR and LAS tests, respectively.

4. CONCLUSIONS

In this study, unlike the existing studies in the literature involving SBS and WCO, WCO was
used as flow improver in unaged SBSMB. In other words, this study was carried out to
increase the workability of unaged-SBSMB with the addition of WCO rather than the use of
WCO as a rejuvenator or a fatigue resistance enhancer in SBSMB. In this context, 1%, 3%,
5%, 7%, and 9% WCO was added to 5% SBS modified bitumen (SBSMB) and the physical
and rheological properties of the obtained composite modified bitumen were investigated by
experimental methods. The results obtained from the tests carried out in this direction are
summarized below:
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When the physical properties of composite modified bitumen are examined, it can be
said that the consistency and thermal sensitivity of SBSMB decrease with the addition
of WCO.

When the stripping resistance of the composite modified bitumen and aggregate
mixture was examined, the stripping resistance of SBSMB improved with the addition
of WCO.

The results from the RV tests showed that the workability of SBSMB was
significantly improved with the addition of WCO. With the addition of 9% WCO, the
mixing and compaction temperatures of SBSMB decreased by 13% and 16%,
respectively.

When the rheological behavior of composite modified bitumen was examined, it was
observed that while the rutting resistance of SBSMB decreased with the addition of
WCO, the fatigue resistance increased. In addition to these results, the resistance of
SBSMB to short-term aging improved with the addition of WCO.

Adding WCO to unaged-SBSMB can contribute to environmental health by increasing
workability, reducing carbon emissions during asphalt pavement construction, and promoting
waste materials in different areas. In addition, it can also be economically beneficial by
lowering energy consumption during construction. Finally, WCO can soften the SBSMB and
enable the bitumen to better envelop the aggregate. Thus, the increase in adhesion between
the bitumen-aggregate can positively affect the stripping resistance of the pavement. In future
studies, it is thought that it will be helpful to determine the performance of SBS+WCO
composite modified bitumen at low temperatures and the properties of asphalt mixture
samples to be prepared with this bitumen.
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ABSTRACT

To mitigate debris flow disasters, most of the previous research has focused, mostly through
experimental methods, on placing different rigid barriers as structural prevention against
debris flow to dissipate its energy. However, there has been less research on simulating the
debris flow resistance on the tree trunk patches. In the present work, analytical and numerical
simulation of the peak impact pressure of debris flow on a vertical rigid wall has been
analysed under the protection of a patch of tree trunks. Along the debris flow path, tree trunks
with identical diameters have been arranged in linear and rectilinear configurations. The
mathematical analysis employs the Reynolds Transport Theorem, while the numerical
simulations use the Reynolds-Averaged-Navier-Stokes equations. The numerical simulation
results have depicted that the rectilinear configuration of tree trunks in each spot area is more
effective than other configurations and increasing density of tree trunks within a given spot
area is 50% more protective than the increasing the number of rows of the tree trunks.
Additionally, this study estimates a new dynamic coefficient (o) as a function of the Froude
number and devises a new expression for the drag force coefficient for different tree trunk
configurations.

Keywords: Debris flow, rigid barriers, tree trunks, Reynolds transport theorem, Reynolds-
averaged-Navier-Stokes.

1. INTRODUCTION

Based on the National Research Council (NRC) (Areas (1982)), the mud floods, mudflows,
and debris flows have been classified as hyper-concentrated sediment flows. Based on the
dominant shear stress from these three components, Julien and Leon (2000) offered a
classification of hyper-concentrated sediment flows in debris flow in which dispersive stress

Note:
- This paper was received on July 11, 2023 and accepted for publication by the Editorial Board on June
11, 2024.
- Discussions on this paper will be accepted by January 31, 2025.

o https://doi.org/10.18400/tjce.1325755

1 Eastern Mediterranean University, Department of Civil Engineering, Famagusta, Turkish Republic of
Northern Cyprus / pakhshan.ahmadian@cc.emu.edu.tr - https://orcid.org/0000-0002-3428-035X

2 Eastern Mediterranean University, Department of Civil Engineering, Famagusta, Turkish Republic of
Northern Cyprus / umut.turker@emu.edu.tr - https://orcid.org/0000-0002-31647419

* Corresponding author



Debris Flow Impact on Rigid Walls: Protection by Tree Trunks

is dominant. Debris flow is the solid-liquid two-phase flow that consists of slurry or water
containing silt, clay and sand (Thouret et al. (2020)). Since the kinetic energy of debris flow
is very high, its interaction with engineering structures along their paths can be devastating
(Armanini (1997)). Extreme impact force causes serious damage that can even end in societal
disasters. Therefore, the determination of the debris flow impact force on any obstacle along
their path should be taken as a priority (Yazid et al. (2017) and Mahnamfar et al. (2020)).
There are several ways to carry out and calculate the debris flow impact forces. These can be
categorized as analytic formulas, experimental studies at fields or flumes, or numerical
analyses based on previous studies. Previously, several studies of debris flow impact forces
have been conducted based on field measurements (e.g., Leonardi and Pirulli (2020) and Yan
et al. (2023)) and scaled experiments (e.g., Scheidl et al. (2012); Cui et al. (2015); Armanini
et al. (2019) and Song et al. (2021)). Debris flow impact forces have been defined as the
combination of slurry and grain impact loading (Lei et al. (2018)). Moreover, slurry impact
pressure studies can be classified into two groups: hydrostatic models and hydrodynamic
models (Lichtenhahn (1973); Zanchetta et al. (2004)).

To mitigate the disasters, most of the previous researchers have focused on placing different
dams as rigid barriers which were taken as structural prevention against debris flow disasters
to trap the soiled materials. Also, the construction of a concrete baffle array is an alternative
way to minimize the destructive effect of debris flow. In this kind of structure, the height,
type and distance between each baffle play an essential role in mitigation purposes. In
general, scientists prefer to perform numerical simulation or fieldwork to determine the
performance of baffle structures (Ng et al. (2015); Bi et al. (2018); Wang et al. (2020); Yang
et al. (2021); Deng et al. (2022); Kim and Yune (2022) and Kim et al. (2023)). Numerous
studies have studied baffles constructed at slopes where granular flows were accelerated
(Choi et al. (2015)) and at deposition zone where granular flows were decelerated (Wang et
al. (2020)).

Like baffle array structure, a patch of trees can also contribute to reduce debris flow mobility
and reducing the triggering capacity of the debris flow. The presence of the tree trunks
increases the debris flow resistance, prevents debris flow from moving, supports the
deposition of debris, and most importantly, reduces the maximum impact forces on structures
(Fidej et al. (2015) and Bettella et al. (2018)). In addition, interest has recently been
increasing in the study of tree trunks or vegetation in debris flow disasters to dissipate debris
flow energy on their paths. The effect of trees on debris-flow deposits has been studied
extensively in the past few years. Researchers have been studying how tree trunks (in cases
of rigid vegetation) affect the flow patterns in rivers, streams, coastal dunes and floodplains
(Mashud et al. (2011); Vargas-Luna et al. (2015); Tiirker et al. (2019) and Kumar et al.
(2021)), but few studies investigated the effect of a patch of trees as a preventive
measurement against debris flow disaster. The rigid vegetation or tree trunks exert drag forces
against debris flow that can greatly reduce debris flow velocities near the bed (Liu et al.
(2021)) and also can reduce suspended sediment transport and sediment erosion (Vargas-
Luna et al. (2015) and Kang et al. (2022)). The majority of experimental and theoretical
studies of cylinder arrays (representing vegetation canopies or tree trunk solid fraction) have
been addressed for water flow. These research have consistently shown the effect of canopy
density on the drag coefficient and water flow velocity (Tanino et al. (2008); Etminan et al.
(2017); D’Ippolito et al. (2019); Chang et al. (2020); Manchefio et al. (2021) and Sohrabi et
al. (2023)). Tree trunks increase flow resistance by exerting drag forces, as a result, the mean
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debris flow velocity and bed shear stress were reduced so that the water levels become high.
Additionally, the tree trunk forces the flow to move around, which changes the flow field
around tree trunks (Nepf (2012) and Liu et al. (2016)). There is still an incomplete
understanding of the morphologies of debris flow behavior, and fewer studies have addressed
patches of tree structures and their interactions within debris flow material along with their
travel distances.

The experimental analyses by considering the assumptions about the material concentration,
particle size distribution and rheological parameters alone can be inaccurate in measuring the
impact force of debris flows. A variety of factors might cause inaccuracies, including
environmental conditions, human error during experiments, variations in the frequency of
debris flows, and discrepancies in devices and testing methods. Therefore, making accurate
numerical analysis and employing an analytic method can be effective ways to obtain
accurate debris flow impact force. In the present work, an analytical investigation and a
numerical evaluation were conducted to compare the behaviour of debris flow, its impact
force and distribution when it encounters a rigid wall by comparing results from several
previous large-scale and small-scale laboratory experiments. the amount of conservation of
mass, momentum and energy that passes through the selected control volume was evaluated
by the Reynolds Transport Theorem (RTT). The simulation results were analysed by FLOW-
3D, a three-dimensional finite element model, that provides valuable insight into several
physical flow processes. The Renormalized Group (RNG) based on k-epsilon model was
used as a turbulence model. This model is the most precise, highly suitable and robust model
for accurately simulating mass flow dynamics. To offer better coverage, it expands the
capabilities of the standard k-epsilon model. Basically, the Navier-Stokes equations which
describe the motion of fluids in three-dimensional space were solved and this gives the ability
to measure the peak impact pressures on the rigid wall. The aim of this study is to determine
the maximum impact pressure of debris flow over a rigid vertical wall, right after passing
through different configurations of patches of tree trunks. For the development of effective
measures, two different configurations were simulated. In one of the simulations the number
of rows of tree trunks increased towards upstream, whereas, in the second configuration, the
density of tree trunks increased within a predefined area.

2. METHODOLOGY

Debris flow is a function of Froude number (Fr), which is the ratio between the inertial and
gravitational forces and was given as follows:

2 2

Inertial force

2 — — pu —
Fr - g HcosB - pgH cosB " Gravitational force (1)
where u is debris flow velocity (m/s), g is the gravitational acceleration (m/s?), H (h=H cos0
as depicted in Fig. 1) is the vertical flow depth (m), 0 is the flume bed inclination.

Depending on the Fr the magnitude and the behaviour of debris flow changes. In this
research, the numerical analysis is based on the experimental study performed by Cui et al.
(2015) where the debris flow was examined under supercritical flow conditions; the Fr is
always greater than 1.
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The debris flow generally generates high kinetic energy named as the hydrodynamic impact
force. This was initially studied by Hungr et al. (1984) and later by Armanini (1997), showing
that the hydrodynamic impact force is proportional to both debris flow velocity and debris
flow density, p. Hence the debris flow maximum impact pressure (Pamax) €quation was given
as follows:

Pamax = ap u? 2)

In which p is (kg/m3), and a is the empirical proportionality coefficient for hydrodynamic
models that can be experimentally identified according to the type of debris flow. For
instance, o =2.0 was suggested by Watanabe (1981) for laminar and fine aggregate debris
flows, whereas values between 2.0 and 4.0 were measured by Egli (2005) for debris flows
which mainly involve coarse aggregate. Values between 3 and 5 were reported after 70 field
investigations of debris flow tests in China (Zhang (1993)).

Hiibl et al. (2009) used dimensional analysis and proposed a method for estimating debris
flow Pamax against protecting structure expressed as:

l:’dmax _ b
puz aFy 3)

Where the parameters of (a) and (b) are empirical factors and their values are between 4.9 to
5.62 and -1.66 to -1.29, respectively (Hiibl et al. (2009)).

2.1. Momentum Conservation Law
2.1.1. Reynolds Transport Theorem

Based on the definitions given by Takahashi (1979); Chu et al. (1995) and Mangeney et al.
(2010), a change in the momentum of the debris flow originates the impact impulse pressure
on a rigid wall. The total forces per unit width that act on the control volume on the sloping
bed in the x direction is:

L+Lx d(h)

Fry = — pg htan go]dx @)

[pghsm@ kpg h—=
Where ¢ represents the friction angle of the material, p represents depth-averaged debris
flow density , h represents the average depth along the x-direction that is h = Ztop — Zbed »
L represents the control volume length and Ly is the length of the flume upstream of the
control volume. The angle of inclination of the bed slope was represented by 6. The first term
is gravitational force which represents body force due to gravity that acts on the control
volume, the second and third terms represent external force components, normal and
tangential on the control volume (Fig. 1).

Solving Reynolds Transport Theorem to obtain the momentum flux model that is appropriate
to define incoming momentum flux which flushes to downslope one obtains:
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— _ T . _ i, d(h) — T _
pufn hin + pghL sin® —kpghL=—— pghLtang = pudy hour (5)

where pu?, hip, (M), and pu2,; Roye, (Mow) are debris incoming and outgoing momentum
flux per unit width, respectively, h;, = H;,,c050, hyy = Hyyec0s6, pghL sin8 is the
gravitational force (Fgy) component per unit width, kpg hL % is the longitudinal pressure

force (F,) per unit width due to longitudinal variations in depth h, and pg h Ltan ¢ is the
basal friction force (Fps) per unit width as illustrated in Fig. 1.

Fig 1 - Sketch of the flume geometry and the total forces that act on the control volume
attributed to the tree trunk patches arrangement at an inclined bed with the angle of ().

3. MODEL PROGRESS
3.1. Drag Force

Nowadays, referring to the more specific reference of the field of rigid vegetation, rigid tree
trunks have often been demonstrated by circular cylinders made of various materials either
in experimental or simulation models. Due to the influence of the tree trunks against debris
flow, the drag forces were exerted and can be expressed as Y., F;, where N is the number
of the tree trunks per unit plan area.

Formally, the depth integration of drag force for a single vertical cylinder with diameter d,
from zp,q t0 Z¢op can be expressed as follows:

ztop 1

Fp = fzbedECD pu?d cos 6 dz (6)

In which Cp is the drag coefficient and d being the tree trunk diameter.
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By inserting Eq.6 into Eq.5, the momentum conservation equation applied along flow
direction given in Fig.1 can be rewritten as:

d)
dx

— _ _ 1 - =
puZhim + pghLsing® —kpg hLE2 — jghLtan® ~3NC phu? = puguehour (7)

3.2. Tree Trunk Patches Methods

Several studies have been conducted on the interaction between flow and rigid vegetation in
the past (e.g., Liu et al. (2016) and D’Ippolito et al. (2021)), but a few studies have been done
on the effect of drag exerted from various vegetation densities on debris flow (e.g., Liu et al.
(2021)). Here, the tree trunk simulation analyses are based on two different scenarios. In one
of the simulations, the density of tree trunks (L) increased within a predefined area (Fig. 2),
and in the second configuration, the vegetated length parameters (@) (the number of rows of
tree trunks) increased towards upstream (Fig. 3).

A geometric similarity ratio value of 1:50 was used for the tree trunk diameter in the
simulation. The cylinder with a 1 cm diameter and 14 cm in length was used in the simulated
flow (Cost (1979)). Tree trunk density without canopy was presented by gradually increasing
the number of individual rigid tree trunk elements in the measuring plane area, in two
different linear and rectilinear arrays (A1, A2, A3, A4, AS and A6), Fig. 2. In this group
model two significant parameters, A and solid volume fraction (y), have been examined.
Referring to emergent rigid vegetation for cylindrical elements with a constant diameter (d)
of past experimental studies (Valyrakis et al. (2021); Wilson et al. (2003) and Nepf (1999)),
and based on the frontal area of the individual rigid elements per unit volume, the A can be
defined as the ratio of the projected rigid tree trunks plan area to the total volume:

d
A=gi=g ®)

where s; represents the distance between adjacent individual tree trunk elements. The  is the
ratio of the areal coverage of the tree trunk elements to the portion of measuring area covered
by tree trunk elements previously defined by Tiirker et al. (2006), and expressed as:

md?
b= 40X AZ ©)
where AX is the horizontal distance, AZ is the vertical distance in measuring the plane area
and N is the number of tree trunks in the area of concern. Two scenarios were proposed for
determining the Pamax applied by debris flow on vertical walls. The first scenario covers six
different configurations in which linear and rectilinear patches of tree trunks were examined.
The tree trunk densities and s ranging from A = 1.3 m™!, for the linear arrangement model
Al, to A =44.4 m™', and for the rectilinear arrangement defined as configuration A6, (Table

1).
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Table 1 - Plan view of cylinder tree trunks arrangement in simulation model

Model group A
Horizontal Vertical Tree trunk Solid Tree
Tree trunk distance on distance on distance volume trunk
arrangement measuring measuring Si fraction density
plane AX (cm) plane AZ (cm) (cm) W) % A (m™)
Al Linear 10 8 10 1 1.3
A2 Rectilinear 10 8 6 1.96 2.8
A3 Linear 10 8 5 3.9 4
A4 Rectilinear 10 8 3 7.8 11.1
A5 Linear 10 8 2.5 15.7 16
A6 Rectilinear 10 8 1.5 31.4 44 .4
Model group B
Tree tmnks Tree tmnks Tree Number Vegetated
spacing spacing trunks
. . of rows length
perpendicular parallel diameter arameter
to debris flow to debris flow p
direction direction N 0
AX (cm) AZ (cm) d (cm) T
B1 Linear 4 5 1 1 0.04
B2 Linear 4 5 1 3 0.12
B3 Linear 4 5 1 5 0.2
B4 Linear 4 5 1 8 0.31
B5 Linear 4 5 1 12 0.47
B6 Linear 4 5 1 17 0.67

The second scenario has been examined with six different configurations in which the
number of rows used for the tree trunks increased towards the upstream side of the flume.
The first configuration is run with one row of tree trunks (B1) and then the number of rows
increased to 3, 5, 8, 12 and 17 in the following configurations (Fig. 3.); spacing between each
tree trunk was adjusted to AX =4 cm in the orthogonal direction to the flume direction and

AZ =5 cm along the flume directions.

The dimensionless @ (Tiirker et al. (2019)) was obtained by the ratio of the volume of a single
vegetation element in a unit area to the total volume of the unit area. The dimensionless @
varied between 0.04 and 0.67 as shown in Table 1. The @, based on its definition, was

calculated as given in Eq 10.

T
0 =N, 2" _ g 1
=N, = Ny
Ax Az h 4 Ax Az

(10)

Where N; is the row number of tree trunks and h represents the height of the tree trunk.

25



Debris Flow Impact on Rigid Walls: Protection by Tree Trunks

Downstream
side rigid wall

0.12m

Downstream
side rigid wall

0.12m

Downstream
side rigid wall

012m

Downstream
side rigid wall

0.12m

Downstream
side rigid wall

0.12m

Downstream
side rigid wall

0.12m

003 m

010m
010m
010m
010m

0.05m 005m 0015m

o £ E S f0000 5;‘5’6 0.0
2 £ 2 o ;g 0000 |[¢ = gogogogo e
2 o oz = o 0co0o00O0 |z 05969690 |2
- o 00000 = 059090900 |°

o o o oooo 0“0 0 o

0.10m
Upstream Upstream Upstream Upstream Upstream Upstream
side A1 side A2 side A3 side A4 side AS side A6

Fig 2 - The top view of the six different linear and rectilinear patches of tree trunk
arrangements for model group A (A1, A2, A3, A4, A5 and A6).
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Fig 3 - The top view of the six different linear patches of tree trunk arrangements for model
group B (B1, B2, B3, B4, B5 and B6).

4. MODEL SETUPS

The simulation results were performed by FLOW-3D, a three-dimensional finite element
model. Continuity and momentum equations together with the finite volume method were
used to solve the RANS equations.
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4.1. Particle Size Distribution

According to data extracted from Cui et al. (2015), the materials that were used as input data
for the model contained 2.9% clay, 5.1% silt, 37% sand, and 55% gravel. The p is 2074
(kg/m*) with a water concentration of 0.35 and a total volumetric concentration of 0.63.
Consequently, the volumetric concentrations for clay, silt, sand, and gravel are 39.1 (kg/m?),
68.7 (kg/m?), 498.8 (kg/m?), and 741.4 (kg/m?), respectively. The cumulative percent passing
of grain size, represented in Fig. 4, was employed as input data for defining debris flow
particle size. As shown in the graph, the maximum particle size is 20 mm. To achieve the
same material contents of the different grain size diameters that align with experimental data,
four different gravel contents of 6%, 5%, 29%, and 15%, with diameters of 16 mm, 12 mm,
8 mm, and 3 mm were applied in the model respectively. Additionally, four different sand
contents of 11%, 9%, 14%, and 3%, with diameters of 1.75 mm, 0.9 mm, 0.375 mm, and
0.11 mm were assigned respectively. Furthermore, for the silt and clay contents, percentages
of 5.1% and 2.9% with diameters of 0.04 mm and 0.002 mm were respectively applied in the
model.

Cumulative percent passing (%)

10 e

e

0.001 0.01 0.1 1 10
Grain size (mm)

Fig 4 - Debris flow cumulative grain size distribution.

4.2. The Geometry and Boundary Condition of Numerical Analysis

In analysing debris flow impact force, crucial factors were selected with reference to previous
studies. The simulated flume is 300 cm long and 20 cm wide with an inclination angle of 15°
which was shown in Fig. 5. The 3 cm thick wall was placed at the end of the flume. The
height of the wall is 25 cm, and its width is 12 cm. The debris material was flushed down by
a gate with a 20x20 c¢m? area, placed at 50 cm from the top of the flume as a flow inlet. To
measure the debris flow impact pressure, 18 measurement points (historical probes) were
applied and positioned on the wall at different vertical heights: 1.5 cm, 4.5 cm, 7.5 cm, 10.5
cm, 13.5 cm, and 16.5 cm from the bottom of the rigid wall.

A wall boundary type was assigned t0 Xmin, Ymin, Ymax and Zmin since there is no outflow in
that region. On the other hand, outlet flow was applied at Xax, and a symmetry boundary
type was assigned at Zmax as illustrated in Fig. 5.
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Fig 5 - Debris flow simulation model Geometry with various boundary condition types and
18 measurement points (historical probes) on the rigid wall.

As part of setting up the model, all material contents were applied in the fluid initialization,
and material diameters were specified in the physics of the model as the sediments scour
window. In the mass momentum source window, the debris flow geometry and properties
were performed, including details such as the shape (a square with dimensions of 20 x 20
cm?), flow direction (oriented along the z-axis), and rotation (a 180-degree rotation in the y-
direction). This configuration is depicted in Fig. 5, which represents the flow geometry at the
inlet flow. To achieve the same debris flow discharge as the experimental results, the flow
rate was programmed as 0.11 (m%/s) between the time (0 - 2), 0.05 (m?/s) between the time
(2 -2.5), 0.01 (m?/s) between the time (2.5 — 3.1), 0.005 (m?/s) between the time (3.1 — 4),
0.001 (m%/s) between the time (4 - 5), 0.0001 (m?/s) between the time (5 - 8) and zero for
time 8 (sec). The debris flow characteristics and input data used in the simulation model are
listed in Table 2.

The cartesian meshes were generated using the nested multi-block grid mesh in FLOW-3D
to minimise the model memory usage and runtime. Several meshes were tested in the
simulation model to ensure that the numerical solution remains consistent and does not
significantly change with different grid settings. Due to dealing with elements of different
sizes, both uniform and non-uniform Cartesian mesh sizes were defined in the geometry. A
uniform Cartesian mesh cell size of 0.005 m was used as finite meshes for the entire area. To
improve mesh size precision for the tree trunk area and rigid wall, two different non-uniform
block meshes were employed as illustrated in the Fig. 6.

In block (a), the cell counts 100 and 200 were applied in both y and z directions for all group
models A and B, respectively. However, due to different configurations in the x direction for
group models A and B, the cell counts of 200 were allocated to the B6 model, the longest
tree truck rows, in the x direction which indicated the average mesh sizes of 0.002 m. To
provide uniform precision for all group models A and B, a ratio of 308 cell counts per meter
was applied. Furthermore, in block (b), cell counts of 100 were assigned in the X, y, and z
directions for all group models. The total number of real cells for all mesh blocks is
11474000. To increase the usefullness of results in FLOW-3D, the size ratio between the

28



Pakhshan AHMADIAN, Umut TURKER

adjacent cells should be close to unity as much as possible and must not exceed 1.25.
Moreover, aspect ratios of the cells should also approximate unity as much as possible, and
not exceed 3.0 because cell aspect ratios exceeding 3.0 can cause pressure iteration problems.
Furthermore, all degrees of freedom for cells at all the sides (x, y and z) and bottom were
fixed as shown as mesh planes in Fig. 6.

Mesh block (a) Mesh block (b) Mesh block (a) Mesh block (b)

Fig 6 - Computational mesh grid in the control volume of the simulated model with two
different adding mesh block (a) and (b): section a) 3D view, section b) side view and
section c) top view.

Table 2 - Debris flow simulation input variable

Parameters Value
Specific gravity (Gs) 2.65
Flume inclination angle (degrees) 15
Average grain diameter dso (m) 0.0027
Dynamic Viscosity (Pa s) 0.096
Yield stress (Pa) 30.32
Fluid viscosity (kg/m/s) 0.001
Debris flow fluid density (kg/m?) 2074
Friction angle (degrees) 32
Water concentration 0.35
Sediment volume concentration 0.63
Total debris flow volume (m%) 0.23

5. VALIDATION OF THE TOTAL IMPACT FORCES

The debris flow simulation analysis validation conducted with and without sediment particle
(clean water) distribution using the experimental results of Cui et al. (2015). Based on their
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experiment, the length of the flume is 300 cm, the width is 20 cm, and the inclination angle
is 15°. Five impact measurement points (historical probes) S1 to S5 were located at the end
of the flume. These points were placed on the wall at 1.5 cm, 4.5 cm, 7.5 cm, 10.5 cm, and
13.5 cm vertical depths from the bottom of the wall. In their experiments, the flow impact
pressure processes can be considered into three stages. First, there is a strong impact at the
head of the debris flow, followed by a steady impact along the body, and finally, there is a
sliding flow at the tail. Due to the lower impact pressure in the debris flow tail, only the initial
two steps were considered by them as the impact pressures. Consequently, the impact
pressure measured at 10.5 cm and 13.5 cm heights were excluded from their calculations.
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Fig 7 - Impact pressure determination for different measurement points (1.5 cm, 4.5 cm,
and 7.5 cm above the flume bed) that placed at different height, (a) clean water, (b) debris
flow and validation of experimental data based on simulation analysis for (c¢) Clean water

and (d) Debris flow.

Based on the simulation and experimental results, both clean water and debris flow impact
pressures do not reach point S5 in terms of height. The velocity of the clean water is estimated
at 4.9 m/s, Fr is 5.2 and the Pymax is 12.6 kPa (Fig. 7-a). Using the input parameters provided
in Table 2 for water with sediment particles, the respected values were u of 4.1 m/s, Fr of
3.8, and Pamax of 32.9 kPa (Fig.7-b). The impact pressure process at the first measurement
point S1 was sustained for about 6 seconds and other points was sustained for 3-4 seconds.
Fig. 7-c and -d show the comparison between experimental data and simulation results in
three different measurement point heights; 1.5 cm, 4.5 cm, and 7.5 cm from the flume bed.
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In clean water, the percentage error of the simulated analyses is less than 2% for the first and
second heights, and below 5% for the third height compared to the experimental results.
Similarly, in the debris flow the percentage error of the simulated analyses at each height is
less than 2% of experimental results. As a result, the MSE is 0.09 for clean water and 0.13
for debris flow. Therefore, the findings are in good agreement with the experimental
observations.

The analytical results obtained from Eq.4 were validated by using experimental data from
Cui et al. (2015). In their experiment, they conducted a total of 27 tests, with a range of Fr
variation between 2.5 and 5.9. Subsequently, these results were compared with 155 tests of
previous data with Fr between 0.5 and 10.8 by Hiibl and Holzinger (2003); Tiberghien et al.
(2007) and Scheidl et al. (2012) and field experiment analyses by Costa (1984) and Zhang
and Yuan (1985). In this study, subcritical flow data (Fr<l) have not been included in
comparison. The result of the regression hydrodynamic model derived by Cui et al. (2015)
was expressed in Eq.11 and was given in Fig. 8:

Pamax =53 FT'_l'S (11)

pu?

The impact pressure analysis data from Cui et al. (2015) were inserted into Eq. 4 and the
results were plotted on the power line with a regression error square (R?) of 0.95 to show that
the results matched with the previous studies. Based on these ranges the dimensionless
empirical coefficient, a is analytically calculated to be in the range of 0.4 and 1.86.

6

e Analytical results

N

—e—The fitting curve based on the Eq.11

(3] [99) e

Empirical coefficients (o)

—

o 1 2 3 4 5 6 7 8 9 10 11
Froud number (Fr)

Fig 8 - Relationship between empirical coefficients and the Fr based on Analytical and
experimental results
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5.1. Impact Pressure Simulation

Twelve model tests were performed with different tree trunk arrays in both linear and
rectilinear directions. All forces per unit meter were measured with specified density, tree
trunk diameters, and distances. The results are shown in Table 3. The momentum flux leaving
the control volume of the vegetated area generates pressure on the vertical wall. Eighteen
measuring points (S1 to S18) have been used to assess impact pressure on the wall. Each
point was arranged to have a 3 cm vertical and 4 ¢cm horizontal distance from each other.
Variation of impact pressures at S1, S2, S3, S4, S15 and S16, that were placed at different
depths for both A4 and B5 models, as a function of time are depicted in Fig. 9 and Fig. 10. It
can be noted that, with the increase of tree trunks against the debris flow path, the duration
of the rigid wall impact pressure also increases. For instance, approximately 9 to 10 seconds
were estimated to be sustained for A4 and 8 to 9 seconds for BS as indicated in Fig. 9 and
10. The arrival time of peak impact pressures based on the effect of tree trunks was shown in
Table 3, where peak impact pressure arrival times were changed from 0.76 to 1.2 seconds for
group model A and from 0.76 to 0.9 seconds for group model B.

Table 3 - Numerical results for both group models A and B.

Group models A

Solid Peak Depth ~ Velocity  Froude Min Fp Fy Fp Fos Mou
volume Impact Hout u (m/s) number (KN/m) (kN/m) (kN/m) kN/m) (kN/m) (kN/m)
fraction arriving (cm)

W) % Time
(sec)

1 0.76 14 4.6 3.93 47.8 2.2 0.60  0.62 1.45 44.1
1.96 0.8 16.5 3.9 3.06 47.8 20.8 7.10 0.74 1.71 31.6
3.9 0.8 15.2 4.2 3.48 47.8 8.7 0.68 0.70 1.64 37.4
7.8 1 18.9 34 2.49 47.8 29.1 8.15 0.84 1.97 24
15.7 1 17.2 3.7 2.87 47.8 23.6 7.41 0.77 1.79 29
314 1.2 254 2.5 1.61 47.8 415 1090 1.13 2.63 13.4

Group models B

Vegetated Peak Depth  Velocity  Froude Min Fp Fe Fp Fos Mout
length Impact Hout u (m/s) number  (kN/m) (kN/m)  (kKN/m)  kN/m) (kN/m) (kN/m)
parameter,  Arriving (cm)
Time
(sec)
0.04 0.76 14.7 4.4 3.6 47.8 6.5 0.70 0.73 1.69 39.6
0.12 0.8 15.2 4.2 3.5 47.8 8.7 0.68 0.70 1.64 37.4
0.2 0.9 16.1 4.0 3.2 47.8 12.9 0.72 0.75 1.74 33.1
0.31 0.9 17 3.8 29 47.8 16.2 0.76 0.79 1.84 29.7
0.47 0.9 17.1 3.8 2.9 47.8 16.4 0.77 0.79 1.85 29.5
0.67 0.9 17.1 3.8 2.9 47.8 16.4 0.77 0.79 1.85 29.5
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Fig 9 - Debris flow impact Pressures at measurement points (S1, S2, S3, 84, S15 and S16)
were placed at different depths for model A4.
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Fig 10 - Debris flow impact Pressures at measurement points (S1, S2, S3, 84, S15 and S16)
were placed at different depths for model BS.
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Fig. 11 and 12 show the front view impact pressure distribution along the rigid wall models
A and B. It can be seen that for group model A (linear and rectilinear), Py ., Was
concentrated between 4.5 to 10.5 cm above the floor. As  increased, independent of linear
or rectilinear configurations of tree trunks, the effect of impact pressure decreased. When the
maximum impact pressures at Al are compared with the max impact pressures at A6, a
reduction of 67.3%, 69.5% and, 70% in maximum pressures were observed at S4, S3, and
S2, respectively. Another important observation is the increase in the depth of flow in parallel
to the increase in 5. Due to the velocity retarding effect (drag force effect) of the tree trunks,
there is a reduction in u from 4.6 to 2.5 (m/sec) in the flow direction. Based on the principles
of continuity, a decrease in velocity increases the flow area, which in turn increases the depth
of the debris flow; depth increased from 14 cm to 25 cm. Consequently, the reduction in the
velocity did not change the regime of the flow and the supercritical flow properties dominate
the flow. However, as is seen in Fig. 11, a considerable increase in maximum impact
pressures at the top of the wall was observed due to the rise in the debris flow depth. The
retarding effect of tree trunks on the occurrence time of peak impact pressures was given in
Fig. 11 indicates a 58% shift in the occurrence time of peak impact pressures.

Pressure (Pa)

3.0e+004
2.5e+004
2.0e+004
1.5¢+004

Time = 0.76 (sec) Time= 0.8 (sec) Time= 0.8 (sec) Time = 1 (sec) Time = 1 (sec) Time=1.2(sec)  45¢+004
1.0e+004
5.0e+003

. . =
A3 A4 A6 0.0¢+000

3.5¢+004
Linear Rectilinear Linear Rectilinear Linear Rectilinear

Fig 11 - The pressure distributions in the 18 measurement points on the rigid wall for
group models A with various 1. (1.3, 2.8, 4, 11.1, 16 and 44.4, m™) and (1, 1.96, 3.9, 7.8,
15.7 and 31.4, %).
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Fig 12 - The Pressure distributions in the 18 measurement points on the rigid wall for
group models B with various @, (0.04, 0.12, 0.2, 0.31, 0.47 and 0.67).
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The simulation for model B configurations clearly depicted the effect of drag on the debris
flow. The in-line ordered trunks providing an easy path for debris flow to reach the wall
caused maximum impact pressures. On the other hand, as the @ increased, the pressure
dropped in the projection of tree trunks. Simulated peak pressures on the wall were 39 kPa
in model B1 and 29 kPa in model B6. Approximately, a 34% reduction in peak impact
pressure is not as good as the results achieved in Model A simulations. A significant reduction
in debris flow velocity is not observed as in the case of model A simulations. As the @
increases from 0.04 to 0.67, a slight decrease, from 4.4 m/s to 3.8 m/s, in u was observed.
Meanwhile, the flow depth increased from 15 cm to 17 cm. Consequently, the necessary time
required to observe the occurrence of peak impact pressures on the wall did not vary much
(Fig. 12).

5.2. Normalized Drag Coefficient

There are several studies that define the drag force and coefficient based on various
assumptions. Some of them ignore the dominant effect of the Reynolds number (e.g. Riazi
and Tirker (2019)) while some assume that the drag force is linearly changing with flow
velocity (e.g. Tirker and Valyrakis (2021)). Implementing the drag force concept on linearly
and randomly distributed trees based on using a quadratic drag law it was concluded that the
variation in drag force increases as the A increases. For the analyses of Cp along an individual
tree trunk, the drag force equation (Eq. 5) can be given as:

2Fp
pu2dH

(12)

D=

in which H is debris flow depth. Based on the data given in (Table 3), under the assumption
that debris flow velocity, debris flow density and tree trunk area are constant at the entrance
of control volume, the magnitude of Cp will vary as the tree trunk yr and @ change. Therefore,
the Cp increases as the number of tree trunks increases. In other words, Cp in a normalized
form should take into consideration the amount of tree trunks. Hence, based on this
observation, for the assessment of the normalized drag coefficient (Cpn) associated with the
debris flow resistance due to rigid tree trunks the following expression was proposed:

Cpy =Cp X7 (13)

where 7) is the mean value of the correlation drag coefficient for each different A.

There are several different methods to define the tree trunk Cp for the group tree trunk model
in which Cp is not the same as a single tree trunk and has typically been modified to increase
with A (Nepf (1999); Tanino and Nepf (2008); Kothyari et al. (2009); Stoesser et al. (2009)).

The drag force was equally distributed within the control volume among the different tree
trunks to examine drag coefficients.

The graph in Fig. 13 shows the variation of Cpy with various row numbers, Nr. The values
of n and Cpx for the six different group model B are in the range of about 1.0-2.5 and 0.2-
1.2 (Table 4). The graph exhibits that Cpy increases with an increase in row numbers and
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eventually assumes a maximum value. This could be due to the possibility that the debris
flow became fully developed after a certain length of vegetation array.

The nonlinear regression equation describing the change in Cpx with respect to the number
of rows was given in Eq. 14 with a mean square error (MSE) of 0.03 and the standard error
of the regression (S) of 0.18. Equation 14 was derived to describe the Cpn valid for the
simulation performed in this study.

Cpy = 1.2 — 1.44 exp(—0.24N,.) (14)

Table 4 - Results of Cp, n and Cpywith different 1 number of rows

Co n Con

W) % Group model A
1 0.07 1.0 0.1
1.96 0.62 9.4 5.9
3.9 0.44 6.6 2.9
7.8 0.87 13.2 11.5
15.7 0.71 10.7 7.6
31.4 ‘1.24 18.8 233

Nr Group model B
1 0.20 1.00 0.2
3 0.26 1.32 0.3
5 0.39 1.96 0.8
8 0.49 2.46 1.2
12 0.49 2.49 1.2
17 0.49 2.49 1.2

The values of n for linear group model A are in the range of about 1 to 10.7 and for rectilinear
group model A are in the range of 9.4 to 18.8 (Table 4). The graph in Fig. 14 shows the
variation of Cpn with various v for linear and rectilinear tree trunk models. The Cpy increases
with increasing the number of tree trunks within a predefined area in both linear and
rectilinear models. As illustrated in Fig. 14, the increase in rectilinear models is more
pronounced compared to the linear model.
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14 - Variation of Cpy with various y for group model A (Linear and Rectilinear).

To assess the influence of tree trunks on Cpn more completely, the normalized regression
equation was defined as a function of the Fr and y for group model A and N; for group model
B as follows:

Con = 39.69 — 0.331n(1001)*0°2 —30.38 In(Fr)*s5 (15)
Con = 7.45 — 0.12 In(N,)*72 —5.63 In(Fr)° (16)

These equations imply that drag coefficients have a weak dependence on tree trunks s
fractions and row numbers as compared Fr. The agreement between the the proposed
equations and estimated Cpx values is satisfactory as shown in Fig. 15.

Several factors affect the hydrodynamic empirical coefficient; the characteristics of a basin,
the features and properties of debris flows, and intensity of rainfall. Previously obtained
debris flow experimental results show that the hydrodynamic empirical coefficient can be
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estimated within the range of (2.8-4.4) (Lichtenhahn (1973)), (2.5-7.5) (Scotton and
Deganutti (1997)) and (0.45-2.2), (Armanini (1997)).
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Fig 15 - Comparison between the Cpy and the estimated Cpy based on the results which
obtained from Eq. 15 and Eq. 16 for both group models A and B.
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Fig 16 - Relationship between the Fr and dynamic empirical coefficient (o)

The magnitude of hydrodynamic empirical coefficient, o, has been assessed experimentally
by using a flume to evaluate the impact force of debris flow as explained above. Fig. 16
depicts the variation of the dynamic empirical coefficient, a, as a function of Fr. In the present
work, the presence of tree trunks increases the resistance forces, and the empirical coefficient
was estimated to be in the range of (0.28-0.92) for the range of Fr varying between 1.6 and
3.9. Referring to Eq. 3, by having a new finding of Pamax, the following hydrodynamic model
with mean square error (MSE) 0.0004 and the standard error of the regression (S) 0.006 were
introduced as:

a = 0.15F133 (17)
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6. DISCUSSION

Based on the analytical and numerical calculations, the ratio between pressure forces and
inertia forces which is the dynamic empirical coefficient, a, has been modified for the cases
where the protection of patch of tree trunks was present (Eq. 17). In this study, the values of
a and b were determined as 0.15 and 1.33, respectively. As a result, the relationship between
Fr and dynamic empirical coefficient follows a power law. However, under normal
conditions (without any mitigation techniques) which have been studied previously, the value
of a ranges from 4.9 to 5.62 and the value of b ranges from -1.66 to -1.29, indicating that the
Fr and a are inversely proportional (Hiibl et al. (2009) and Cui et al. (2015)).

This result reveals the effect of the patch of tree trunks on reducing the magnitude of inertia
forces. Such reduction reduces the Fr, therefore, to reduce a, since inertia force pu? is
decreasing, Pymax should also be decreased. This can only be satisfied if the constant b is
positive, 1.33. This result suggests that in the case of protective mitigation, the magnitude of
b should be positive.

Implementation of the baffle array is a similar artificial technique to mitigate debris flow
disasters. Studies conducted by Bi et al. (2018), Wang et al. (2020) and Yang et al. (2021)
demonstrated that the baffle row numbers, column spacing, and row spacing all have
significant influences on the baffle energy dissipation. According to their results, increasing
the number of baffle rows and spacing increases baffles energy dissipation capacity which
indicates the reduction in the debris flow velocity. Also, Ng et al. (2015) investigated the
effects of baffle spacing and row numbers and their experimental results depicted reduced u
by increasing the number of rows of baffles. By increasing from one row to three rows, u was
reduced by 57 %. In this study, a reduction in the debris flow velocity is also observed.
However, the reduction is not as high as in baffle cases but is up to 47% in the A type models
and 21% for the B type models. Such a result indicates that natural mitigation methods might
not be as successful as artificial ones but still can reduce risks generated by debris flow. In
addition, Zhang et al. (2021) worked out the effect of baffle arrays at the acceleration stage
of the granular flow and according to their results, u was reduced by 78.82%.

Many studies have recently investigated the Cp exerted by cylindrical arrays in the case of
water flow. These findings examined flow patterns similar to the results investigated for
debris flow in this study. Studies conducted by Tanino et al. (2008); Etminan et al. (2017);
Chang et al. (2020); Manchefio et al. (2021) and Sohrabi et al. (2023) showed that by
increasing y, the Cp increases and consequently the drag force increases. Also, D’Ippolito et
al. (2019) investigated that by increasing A, Cp increases by 50 %. Since the debris flow
density is higher than the water flow, the results of this study indicated the Cp increases by
90% and 59% in both grope models A and B, respectively.

At the same time, some studies were made to examine the variation of exerted drag force
with the effect of blockage and sheltering (Li and Shen (1973); Schoneboom et al. (2011);
Etminan et al. (2017) and Liu et al. (2020)). From the perspective of the blockage and
sheltering effect, the finding of this study have also been validated by those results. Etminan
etal. (2017) and Liu et al. (2020) found that the blockage effect with high vegetation densities
had a greater impact on reducing Cp than sheltering effects in rectilinear configurations.
However, in the linear configuration with the constant blockage ratio, the sheltering effect
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showed more strength, which was evidenced by parallel findings regarding the blockage and
sheltering effects observed in this study.

In this study, the rectilinear configuration of tree trunks in each spot area was more effective
than other configurations. When the maximum impact pressures at A1 were compared with
the maximum impact pressures at A6, a reduction of 67.3%, 69.5% and, 70% in maximum
pressures were observed at S4, S3, and S2, respectively and a 34 % reduction in peak impact
pressure for model B.

For group model A (linear and rectilinear), the Pamax concentration appears in a different
region of the wall. The variation of impact pressure concentration is similar to the damaged
regions of the wall. There is a relatively high impact pressure region over the wall from S1
to S4 in Al (linear model). Increasing the tree trunk arrangements from A2 to A6 gradually
reduces the effect of Pamax and expands its effect to a large area, therefore, the damaged
regions were altered.

Future research should focus on studying the debris flow velocity field, with a particular
concentration on the debris flow surfaces and developing methods to determine the velocity
field around patches of tree trunks.

7. CONCLUSION

The study focused on the effect of debris flow peak impact pressure on a vertical wall which
has been analysed under the protection of a patch of tree trunks. Both numerical simulation
and the analytical model have been applied and validated.

Based on research findings, the following conclusions were drawn:

1. The numerical simulation results depicted that increasing A within a given spot area
is 50% more protective than the increase in the number of rows of tree trunks.

2. Anincrease in A is also effective in retarding the occurrence period of the peak flows
in model A around 58%. For model B, since only the number of rows is increased, it
has changed by 18.4% up to the B3 model (five tree trunk rows); its increase has not
affected on occurrence period of the peak for the other models at all. Thus, based on
the results of the eight, twelve and seventeen rows of tree trunks investigation, the
design basis for the five rows of tree trunks was suggested for model B.

3. The Pgmax is concentrated between 4.5 and 10.5 cm above the floor.

4. Based on the analytical calculations the Cp has been developed as a function of Fr
and the new dynamic empirical coefficient o has been modified based on the
analytical results.

5. The Cp was defined as a function of @ and . Accordingly, the presence of patches
of tree trunks plays a significant role in reducing debris flow impact pressure and
thus minimizing the hazard risks. It is clear that accurate numerical analysis and
analytic methods can be effective in obtaining accurate debris flow impact force
simulations. This study can be improved and developed by using different sediment
and water concentrations to test the Pamax on the walls. In addition, this study can be
improved by using an experimental system, such as the physical model of the
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prototype, and converting the findings to values likely to be encountered in nature in
future studies.
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ABSTRACT

Geopolymer binders have been highlighted due to their low carbon emission during
production and processing. While metakaolin and F-type fly ash are commonly used as raw
materials for aluminosilicate-based geopolymers, the long heat-curing requirements for
hardening and strength development still pose challenges. This paper investigates the
possible use of a hybrid microwave curing technique to design a set-on-demand approach to
reduce the duration of heat curing in metakaolin-based geopolymer. The experimental design
was established for samples with three different molar ratios (MR; 1.3,1.5, and 1.7)
containing metakaolin, fly ash, and silica fume. Samples were subjected to 3 different curing
regimes: oven curing, microwave (MW) curing, and hybrid curing (a combination of
optimized microwave and oven curing). The performance evaluation was based on
compressive strength, dimensional stability, and alkali leaching (efflorescence).
Implementing only MW curing resulted in a significant decrease in compressive strength
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Optimization of Hybrid Microwave Curing Approach Based On the Performance of ...

compared to their counterpart oven-cured samples. The reduction of compressive strength
was more pronounced at lower molar ratios. The design of a hybrid curing approach where a
portion of oven curing was replaced by MW resulted in a higher strength development than
those only cured with MW. Similarly, the efficiency of hybrid curing was more pronounced
in samples having MR of 1.5 and 1.7. Using MW curing in the geopolymer binders did not
affect the alkali leaching; however, it increased the material’s drying shrinkage. Results
showed that replacing a portion of oven curing with microwave curing in a hybrid approach
can increase the operation speed and the hardening rate without significantly decreasing
compressive strength.

Keywords: Geopolymer, metakaolin, microwave curing, strength, shrinkage.

1. INTRODUCTION

Geopolymers are aluminosilicate-based sustainable building materials with a low carbon
footprint during production and processing [ 1-3]. Some additional advantages of geopolymer
binders over Ordinary Portland Cement (OPC) are higher compressive strengths, superior
resistance to chemical attacks, freeze-thaw resistance, and higher temperature resistance [4—
6]. Such properties have also led to geopolymers being considered as possible matrices for
special applications such as hazardous/nuclear waste stabilization and solidification.

The raw materials for geopolymer binders can be provided entirely from aluminosilicate-rich
by-products or naturally-resourced materials, such as calcined clays, with limited further
processing [7-10]. Since the geopolymer composition generally involves by-product
materials and natural resources, their production is efficient in raw material and energy
consumption compared to OPC binders [2,11]. While geopolymer binders provide significant
advantages in terms of sustainability, the cost of alkali activators such as sodium hydroxide
(NaOH) and sodium silicate (Na,Si0O,) limit their use to smaller volume operations [7].

It is known that a properly designed mix of high calcium-contained, alkali-activated binders
can harden at room temperature, which makes them usable in the field. However, low-
calcium geopolymer binders require additional time or heat, creating a disadvantage for in-
situ applications. Without an external energy source such as heat, the polymerization reaction
in low-calcium, i.e., metakaolin-based geopolymer, will be prolonged [12,13]. In general,
heat and curing can be obtained in conventional ovens. Herein, the thermal energy is
transferred from the surface to the core section of the material through convection,
conduction, and heat radiation due to the different thermal gradients occurring in the material.

Despite certain advantages, the practical applications of geopolymers have been limited by
the long maintenance time and slow strength development. Technologies that enable rapid
strength development are of great interest in geopolymers. Recently, microwave curing
(MW) was found to be an alternative heat curing method to improve the polymerization
reaction rate [12,14-17]. In MW applications, microwaves can penetrate the matrix to
generate heat throughout the volume of the material [14,18-20]. Microwave energy is
delivered directly to the material through molecular interaction with the electromagnetic
field. The electromagnetic energy is then converted to thermal energy. The curing process in
a traditional oven causes water to evaporate from the surface of the treated materials quickly.
Hence, uniform heating is difficult to achieve due to the high thermal gradient, resulting in
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significant energy loss through heat conduction and convection in the heated materials [21].
MW provides an essential advantage in reducing the duration of heat curing, and it may even
eliminate the need for heat curing if the binder system contains sufficient calcium oxide.

On the contrary, microwave heating induces the rise of temperature due to the absorption of
heat by polar molecules to create position-independent localized heating spots, which is
favorable for the formation of uniform volumetric heating. Besides, MW provides superior
benefits to traditional heating, such as shortening the reaction time, improving reaction
kinetics, lowering heat, enabling uniform heating, and higher energy efficiency [21-23].
While the material must be kept around 60 to 100 °C for an extended curing period in
conventional oven curing, MW can provide a rapid temperature increase within seconds.
However, improper microwave irradiation can cause surface cracking in geopolymers,
reducing structural strength. Therefore, it is critical to understand the principles of microwave
heating in developing geopolymer strength and how the process affects the key properties of
geopolymers [24].

While MW can be applied to geopolymer ceramics, the application of such a method to
building materials is still challenging because of the dimensions of the elements produced.
Previously, Somaratna et al. [19] investigated the influence of MW on NaOH-activated, fly-
ash-based mortars. It was found that MW applied for 120 min resulted in compressive
strength comparable to those samples cured at 75 °C for 48 h. It was found that the
compressive strength of the mortar samples was directly related to the total microwave
energy absorbed during the first MW application when free water was present in the system
[19]. However, applying MW for 120 min is still challenging for building materials. This
study was followed using MW again for fly-ash-based geopolymers activated by NaSiO»
and NaOH [12]. The study evaluated using MW and oven curing (OC) at higher temperatures
in less than 60 minutes. The microwave-cured samples showed relatively higher compressive
strength than those kept in the oven for 120 min [12]. The promising applicability of MW led
the researchers to implement this technique in novel applications such as 3D printing. MW
also effectively improved the buildability of slag-based alkali-activated material in 3D
printing applications [25].

The MW method was validated in literature as an alternative curing method for alkali-
activated material, mostly having slag as a primary precursor. This study investigated the
effects of MW on strength and dimensional stability in metakaolin-based geopolymers. In
addition, it was aimed at optimizing the duration of curing, enabling ease of application. The
outcomes of this study can be applied to advance new processes, such as the 3D printing of
geopolymers. The main goal of this study was to implement MW technology in metakaolin-
based geopolymer mortars to reduce the duration of heat curing for geo-polymerization. The
feasibility of MW was assessed in terms of compressive strength, dimensional stability, and
alkali leaching. The significance of this research can be listed as (1) proposing a novel
approach to trigger rapid hardening in metakaolin-based geopolymer with a short-term MW
(less than 45 min); (2) establishing an optimized curing procedure; (3) reducing the total
energy input in developing geopolymers and (4) investigating the effects of MW on alkali
leaching and free shrinkage of the geopolymer binders.
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2. MATERIALS AND EXPERIMENTAL METHODS
2.1. Materials

The primary raw materials used for the experiment were commercial metakaolin, silica fume,
and F-type fly ash. Metakaolin was purchased from Kaolin Industrial Minerals Inc. Trade,
Istanbul, Turkey. The fly ash was obtained from Cates Electric (Zonguldak, Turkey), and the
commercial silica fume was purchased from Dost Kimya Inc. Trade, Istanbul, Turkey. Table
1 lists the chemical compositions of the raw materials used in the mixes. The data for
metakaolin and fly ash was obtained by quantitative X-ray diffraction (XRD) analysis
conducted with a BRUKER D8 Advance X-ray diffractometer (Karlsruhe, Germany). The
XRD analysis of the minerals was conducted at angles from 10 to 90° 26 at a step size of
0.02° in 26.

Table 1 - Composition of metakaolin, Type F fly ash, and silica fume

Weight %
Element
Metakaolin Fly Ash Silica Fume
SiO, 56.1 55.8 98.1 (Amorph)
ALO; 40.2 26.0 -
Fe,O3 0.8 6.44 -
CaO 0.2 1.68 -
MgO 0.2 2.33 -
SO3 - 0.18 -
Na,O - 1.87 -
K20 0.5 3.86 -
Na Eq. 0.24 4.41 -
Free CaO N/S 0.08 -
LOI 1.5 2.61 1.81

The manufacturer provided the chemical composition of silica fume. The average particle
sizes of the raw materials were determined by a Mastersizer 2000 particle size analyzer with
a Hydro MU 2000 (Malvern, Worcestershire, United Kingdom) wet dispersion unit. Figure
1 summarizes the particle size distributions for metakaolin and fly ash. The average particle
size of silica fume was less than 25 um. Amongst all materials used, silica fume had the
smallest particle size, whereas metakaolin and fly ash had relatively similar gradation curves.

The alkaline activating solution was formulated using a commercially available sodium
silicate solution composed of 26.5 wt% SiO,, 10.6 wt% Na,O, and 62.9 wt% H,0 having a
molar ratio (MR, nSiO»/nNa;O) of 2.6. The sodium silicate solution was then mixed with 8
M sodium hydroxide (NaOH) solution to obtain the desired molar ratios (MR) of the
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activating solution. Table 2 summarizes the relative proportions of the mixed ingredients. At
last, mortar samples were prepared using standard sand according to the norm EN 196-1.
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Figure 1 - Particle size distribution of Metakaolin and Fly Ash

Table 2 - Material proportions of blended geopolymers. FA: Fly Ash; MK: Metakaolin; SF:
Silica Fume; MR: Molar Ratio; sol/b: Solution to binder ratio; w/b: Water to binder ratio

Binder (g) Activating Solution (mL) . .
Sample Name FA MK SF NaOH (8M) N2,Si0; MR sol/b w/b | SiO,/AlL,0; SiO,/Na,0
MK_5_1.3 180 390 30 105 255 1.3 0.62 0.4 3.31 7.01
MK_10_1.3 180 360 60 105 255 1.3 0.62 0.4 3.62 7.21
MK_15_1.3 180 330 90 105 255 1.3 0.62 0.4 3.98 7.42
MK_5_1.5 180 390 30 92 280 1.5 0.62 0.4 3.36 7.18
MK_10_1.5 180 360 60 92 280 1.5 0.62 0.4 3.68 7.39
MK_15_1.5 180 330 90 92 280 1.5 0.62 0.4 4.04 7.60
MK_5_1.7 180 390 30 70 300 1.7 0.62 0.4 3.40 7.69
MK_10_1.7 180 360 60 70 300 1.7 0.62 0.4 372 7.91
MK_15 1.7 180 330 90 70 300 1.7 0.62 0.4 4.09 8.13

2.2. Sample Preparation and Methodology

Nine mix compositions containing metakaolin, fly ash, and silica fume were prepared within
the scope of this study. The weight % of the fly ash was kept at 30 wt% of the total binder
content. A portion of the metakaolin in the binder was replaced by silica fume (5,10, and 15
wt. %). The formulated mixtures were designed to initiate hardening by providing the
required heat of curing due to their low calcium oxide (CaO) contents (< 5% by weight)
[26,27]. The activator solution to binder ratio (sol/b), including the water content in the
activating solution, was kept at 0.60 = 0.02, and the water to binder ratio (w/b) was held at
0.40. Mortar samples were prepared according to ASTM C305-14 [28]. Since the designed
material system was aimed at 3D printing applications, the binder-to-sand ratio was kept at
1:1.5 [29].
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The samples were cast in 40 x 40 x 160 mm molds. For all samples, three different curing
regimes were applied: The duration and power of the microwave were determined by
preliminary evaluations of its effects on hardening and workability. The microwave curing
power and time were selected considering their impact on the geopolymers. Samples were
kept in a humid environment under ambient conditions (70% RH at 23 °C).

2.3. Mechanical Performance Tests

The mechanical performance of the geopolymer mortars was determined by compressive
strength tests. The mechanical performance was measured 3, 7, and 28 days after casting.
The compressive strength was measured according to standard EN 196-1 [30]. The
performance tests were done on triplicate samples.

2.4. Drying Shrinkage in Geopolymer Mortars

The dimensional stability and resistance against drying shrinkage in geopolymer mortars
were assessed according to the ASTM C596-18 standard [31]. Geopolymer samples were
castin 50 x 50 x 285 mm molds. Six samples were cast from each mix. A set of samples were
directly put in the oven for curing. Another set was subjected to hybrid curing. The samples
were kept in a humid environment for three days after heat curing, as stated in section 2.2.
After three days, the samples were removed from the curing chamber and submerged in the
lime water for 24 hours, as stated in the standard. Then, the samples were removed from lime
water, and the length and weight measurements were taken as t=0 [31]. The samples were
kept in a 50% RH environment at 23 °C for 16 weeks. Periodic length measurements were
taken at the 4", 7 11, 18" 25" days, and 8" and 16" weeks. Each measurement was taken
from triplicates of samples.

2.5. Alkali Leaching in Geopolymer Mortars

The occurrence of alkali leaching (i.e., efflorescence) in geopolymer mortar was determined
by 40x40x 160 mm samples. A set of samples were directly put in an oven for curing. Another
group was subjected to hybrid curing. The samples were kept in a humid environment for 28
days after heat curing. Then, the samples were placed in distilled water and kept in an open-
air atmosphere at ambient conditions (60 £ 5 % RH at 23 °C) until the water evaporated
completely. The initial evaluation was done by visual inspection. Once all the water was
evaporated, the leached product produced on the top and bottom surfaces of the samples was
scratched, and the material was collected from the sample. The weight of the total leached
material was recorded for each sample. A qualitative XRD X-ray diffraction (XRD) analysis
was done for the leached products with a BRUKER D8 Advance X-ray Diffractometer
(Karlsruhe, Germany). The samples were placed and compacted into a sample holder, and
analysis was conducted at angles from 10 to 90° 20 at a step size of 0.02° 26.
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3. RESULTS AND DISCUSSION
3.1. Compressive Strength

The initial evaluation of MW curing was done regarding compressive strength tests. Figure
2 compares the compressive strength of metakaolin-based geopolymers at different MRs and
cured under various conditions. The MR and degree of heat input highly influenced the
compressive strength of the metakaolin-based geopolymer systems.
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Figure 2 - Compressive strength of geopolymer mortars (a) MR: 1.3* (b) MR:1.5 (c)
MR:1.7. OC: Oven Curing; MW: Microwave Curing; HC: Hybrid Curing. *The samples
were not hardened with only microwave curing

While MR is an important factor in compressive strength, the highest strength values were
recorded with oven curing regardless of all MR ratios; this indicates that both MR and curing
methodology are decisive factors. Even with oven curing, increasing silica fume dosage was
more pronounced at 28 days and decreased the compressive strength at 3 and 7 days. This
can be attributed to the pozzolanic nature of silica fume [32]. In addition, achieving a strength
increase at 28 days in the MK 15 sample (15% silica fume) required an MR of 1.5 or higher.
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This shows that the system should have higher moles of Na,O to form N-A-S-H in a silica-
rich environment.

Only MW curing reduced the compressive strength compared to the oven-cured counterpart
samples. Theoretically, MW curing at 800W for 3 minutes should trigger a faster
geopolymerization process by increasing the reaction rate [15, 25]. The samples with an MR
of 1.5 and 1.7 were hardened after microwave application. This indicated that microwave
curing was adequate for accelerating the strength gain of metakaolin-based geopolymer.
However, this accelerating effect did not directly lead to increased 3-day compressive
strength. Another important point is that MW curing was insufficient to develop strength in
the MR 1.3 MW series. The sample with an MR of 1.3 was hardened but did not exhibit any
strength. The compressive strength in MR 1.3 MW samples was recorded as “0”. This
might be due to the extended duration of high-energy microwave heating that can trigger
evaporation in pore water, leading to a lower water content before the geopolymerization
reaction. This effect results in a denser microstructure and an increasing rate of the hardening
process without increasing the strength. A further evaluation must be done to understand the
influence of microwave curing on the chemical composition of the geopolymer and establish
a methodology to reduce the water loss in the samples.

Further optimization was done by establishing a combined hybrid curing (HC) approach.
Herein, the samples were subjected to MW curing for 90 seconds and then kept at 60°C for
30 minutes. This method partially restored the decrease in compressive strength due to only
MW curing, particularly for an MR of 1.5. However, HC samples' compressive strength was
still lower than their oven-cured counterparts, particularly for samples cured at 3 and 7 days.
At 28 days, the decrease in compressive strength for HC compared to OC was 15% for MR
1.5, regardless of the percentage of silica fume replaced. This might have shown that the
rapid heat application increased the hardening rate, but the total heat energy applied might
not have been sufficient to trigger rapid geoopolymerization. Yet, based on the results
obtained, it is concluded that the effective performance features are silica fume replacement,
MR, and compressive strength. The silica fume replacement should be kept at 5% if we use
an MR of 1.3, whereas increasing the silica fume dosage resulted in higher strength
development in oven-cured samples. This trend was different when MW or HC was applied
to the material; in this case, increasing MR and silica fume dosage decreased compressive
strength. Therefore, further evaluation was done to correlate the curing regime, Si0,/Al,Os,
and SiO»/Na,O ratios on compressive strength

To correlate the chemical composition to the mechanical properties, further evaluation was
done by assessing the influence of SiO,/Al,Os and SiO,/Na,O ratios on compressive
strength. Figure 3 summarizes the effect of SiO,/AlLO; and SiO»/Na;O ratios on the
compressive strength of geopolymer mortar cured at different temperatures. It was found that
there was a direct relationship between the Si0»/Na,O ratio and the early age (3 and 7 days)
compressive strength of the mortar. Both 3 and 7-day compressive strength of mortar
decreased with increasing SiO,/NayO ratio. The reduction in strength could be attributed to
the excess silica content that could interfere with the geopolymerization process.

Even though the evaluations indicated that the decrease in compressive strength was more
pronounced depending on the SiO,/Na,O ratio rather than the SiO,/Al,O; ratio, a high
Si0,/Al,0s ratio might also adversely affect compressive strength. Wan et al. [33] evaluated
the impact of extended SiO,/Al;O; concentrations on the mechanical properties of
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metakaolin-based geopolymers. The results concluded that the optimum SiO,/Al,Oj3 ratio
should be held at 2, and increasing the SiO,/Al,Os ratio to 3 would significantly decrease the
compressive strength. Higher concentrations of Si** and Al could immediately form a gel
around the metakaolin particles and prevent their subsequent destruction [34]. This study
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held the SiO,/Al,O3 ratio between 3 and 4. Therefore, it was not possible to observe a
significant change in the properties due to an increase in SiO,/Al,Os ratio. However, a lower
Si0,/Al,O3 ratio might have led to different outcomes regarding the absolute compressive
strength and the effectiveness of the microwave application.

3.2. Dimensional Stability and Drying Shrinkage

Like the OPC binders, geopolymer systems also have a low tensile strength that can result in
cracking due to excessive tensile stress developed due to early-age plastic shrinkage strains.
Some geopolymer binders may have a higher drying shrinkage than OPC binders since the
water does not form the aluminosilicate gel [35]. Higher drying shrinkage means a higher
risk of cracking, leading to serviceability or durability problems. Although metakaolin-based
geopolymers exhibit superior resistance to thermal shrinkage at temperatures above 700°C
compared to OPC binders, they might be susceptible to severe shrinkage cracking at ambient
temperatures [36].
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Figure 4 summarizes the percent length changes in metakaolin-based geopolymer mortars
cured in OC and HC. Based on the results, increasing the MR resulted in a higher degree of
length change. In addition, the heat-cured samples (OC) showed relatively smaller length
changes than their microwave-cured counterpart samples (HC). Previous studies indicated
that the drying shrinkage of fly ash-based geopolymer concrete mixes cured under ambient
conditions could be significantly higher than in OPC-based binders within the range of 1500
pcontrast. The drying shrinkage of heat-cured specimens was recorded in the range of 100
uscript epsilon [37,38]. Volumetric changes in metakaolin-based geopolymers were
attributed to drying shrinkage rather than autogenous shrinkage [39]. Like the samples cured
under ambient conditions, HC might result in a lower degree of geopolymerization, leaving
the mortar mixed with a higher water content even after hardening. The remaining water
content may result in a higher degree of evaporation and increase the drying of the material
in a hardened state.

3.3. Alkali Leaching

Another performance parameter investigated in this study was alkali leaching (a.k.a
efflorescence) in metakaolin-based geopolymers. While alkali leaching in OPC binders
occurs with the reaction of soluble Ca* and CO, to form carbonate deposits, geopolymer
binders could be much more complicated due to their relatively higher soluble alkali
concentrations than OPC [9]. Therefore, alkali leaching could be a more severe issue in
geopolymer binders. The known parameters affecting the extent of efflorescence in
geopolymer binders can be listed as the reactivity of raw materials, type of alkali, and reaction
conditions [40,41]. The alkali leaching in distilled water for the designed metakaolin
geopolymers was quantitively assessed by calculating the total weight of collected leached
precipitates. Table 3 summarizes the total amount of leached precipitates collected from
mortar beams. The results showed that the amount of leaching was directly related to the MR
of the alkali-activating solution. Increasing the silica fume content from 5 to 10% decreased
the total amount of leached precipitates.

Table 3 - Total alkali leaching content in geopolymer mortars (kg) MK: Metakaolin, OC:
Oven Curing; HC: Hybrid Curing

Sample Name Oven Curing Hybrid Curing
MK 5 1.3 2.55+0.21 539+£0.18
MK 10 1.3 1.47£0.19 1.13+£0.25
MK 15 1.3 1.39+0.21 2.29+£0.21
MK 5 1.5 3.86 £0.28 3.82£0.87
MK 10 1.5 1.76 £0.17 1.66+£0.16
MK 15 1.5 1.57+0.14 2.66 £ 0.08
MK 5 1.7 8.21£0.41 10.38 £0.19
MK 10 1.7 5.08 £0.59 6.70 £0.03
MK 15 1.5 11.78 £0.40 6.54 +£0.22
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In geopolymer binders such as those having metakaolin or fly ash as a precursor, the molar
ratio Si0O»/Al,Os3 is an essential indicator of the reactivity in the binder and microstructural
features of the gel formed. Figure 5 presents the relationship between the SiO,/Na,O and
Si0,/Al,O3 ratios on the total alkali leaching. Our results showed that increasing the
Si0,/Na,O ratio increased leaching. However, the relationship between alkali leaching and
Si0,/Al,03 was more complex since there was no consistent trend between the total alkali
leaching and SiO,/Al,O; ratio. A previous study found that the systems with a lower
Si0»/Al,O3 ratio, in other words, higher concentrations of Al,O3, will promote a higher
degree of dissolution, which might decrease the ion binding capacity of the gel and lead to a
higher degree of leaching [42, 43]. Our results indicated that the influence of the SiO»/Al,03
ratio was more pronounced in samples having a higher MR (i.e., MR=1.7). This effect on
leaching can be correlated with the amount of drying shrinkage in samples. The samples with
a higher alkali leaching also demonstrated a higher degree of plastic shrinkage. The loss of
reaction phases in the material resulted in a change in volumetric dimension.

0 Oven Curing < Hybrid Curing
©OOven Curing < Hybrid Curing
14 14
12 (e} 12 o
5,1 o 5
20T 210 <
T 2
g g
'g 8 O S 8 @]
s T
3 AR 3 o o
5§ 61 o £ 61
E r o 8 £ < 9
41 (9 4 { o
r le) 6% o 3 le) o<
2t 2 I
3 @ O E 8@ 00O
o+ i i ! o L | | | ; ;
6.5 7.0 75 8,0 85 3,0 3.2 34 36 38 4,0 4.2
Si0,/Na,0 SI0,/A,O,
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in the mix (a) SiO»/Na,O and (b) SiO-/Al,0;3

Another critical factor affecting alkali leaching could be the temperature applied during the
curing process. It was found that microwave curing did not significantly affect the total
amount of leaching. In geopolymer binders, heat curing promotes the reaction and dissolution
of oxides in the precursor, resulting in a faster geo-polymerization reaction [44]. Kani et al.
[45] observed that alkali leaching could be reduced when the curing temperature was
increased above 65°C. Heat curing can increase the gel formed with a higher density and a
higher amount of captured Na'.

Finally, an evaluation was done to characterize the chemical composition of the leached
precipitate, and Figure 6 presents the XRD diffractograms for geopolymer binders. The
leached precipitate was mainly a mix of sodium carbonate (Na;CO3) and quartz (SiO,), which
shows that the leaching was due to effloresce. This indicates that the main binding phase Na-
A-S-H in the geopolymer is converted to carbonate Na,CO; through carbonation. Thus, the
dimensional change observed in Section 3.2 can also be related to carbonation-induced and
plastic shrinkage. This may also cause a decrease in compressive strength since the main
binder phase is carbonated and tends to leach from the sample.

58



Y.A.ATALAY, T.AYDIN, Z.BASARAN BUNDUR, P.MOKHTARI, M.A.GULGUN, Z.LAFHAJ

A _J,AJ‘;_N\MM.,_

C
S .
SRR 3 . D T _ mksrzoc)
Q
| N WY w17
£
=
S M ws 15,00
Z
5
ER Q
. MK_5 15 HC

_A—»‘v—z\—}‘ﬁ\mwwu—’w‘(&?&

MK_5 13 HC

10 20 30 40 50
2-Theta

60

70 80

C
c g ff ¢

MK 1.17.0C

MK_10_1.7 HC
q
&
ES e A Mo MK_10.15 OC
£ e 103500
5
Z |
- MK_10_1.5 HC
MM MK_10_1.3 OC
A A }MM MK 10.1.3 HC
10 20 30 40 50 60 70 80
2-Theta
fe ¢ .
e oo eMbe ool
A A A MK_15 1.7 HC
q
M waus
g
5
2 |
E MK_15 1.5 HC
d Mo MK_15.1.3.0C
P » JM . MK_15.1.3 HC
10 20 30 40 50 60 70 80

2-Theta

Figure 6 - X-ray diffractograms from leached contents obtained from geopolymer

containing 5% silica fume by weight of cement (a) 5% silica fume replacement (b) 10%

silica fume replacement (c) 15% silica fume replacement MK : metakaolin; OC: oven
curing; HC: hybrid curing. C: sodium carbonate (PDF:70-8045): Q: quartz

(PDF 82-0512).

59



Optimization of Hybrid Microwave Curing Approach Based On the Performance of ...

4. CONCLUSION

This study aimed to develop a microwave curing technique to design a set-on-demand
approach to improve the hardening rate in metakaolin-based geopolymer in a shorter time
frame. The outcomes of the experimental evaluations indicated that only microwave curing
reduced the compressive strength of metakaolin-based geopolymers. The curing scheme has
been optimized to adapt heat and microwave curing to a hybrid system. Throughout the
literature, the MW curing approach was only proposed for slag-based geopolymers, which
can already react at room temperature. Herein, the challenge is to adapt this technology to
low calcium oxide binders where heat curing is required. Hybrid curing (HC) resulted in a
75% decrease in curing time in metakaolin-based geopolymers. Even though this decrease
seems insignificant in lab-scale cast specimens, HC will provide an important advantage in
special applications such as 3D printing or precast elements.

e Only MW curing resulted in a significant decrease in compressive strength
compared to the counterpart oven-cured samples. The reduction of compressive
strength was more pronounced at lower molar ratios (MR: 1.3). This was attributed
to the sudden evaporation of the water phase, limiting the further geo-
polymerization reaction.

e  The design of a hybrid curing approach where a portion of oven curing was replaced
by MW resulted in a higher strength development than those only cured with MW.
Similarly, the efficiency of hybrid curing was more pronounced in samples having
MR of 1.5 and 1.7. The 28-day compressive strength of hybrid cured geopolymer
mortars was 90% and 75% of the oven-cured counterpart samples for MRs 1.5 and
1.7, respectively.

e  The results indicated a direct relationship between the SiO»/Na>O ratio and the
early-age compressive strength of geopolymer mortar. The strength reduction was
attributed to excess silica content that can interfere with geopolymerization.

e Implementing the hybrid curing approach increased the drying shrinkage of the
geopolymer mortar, but it did not affect the alkali leaching in the material. The
increased drying shrinkage was attributed to water loss because of the applied rapid
microwave energy.

o The alkali leaching was found to be directly affected by the molar ratio of the
alkaline solution, increasing the molar ratio and Si02/A1203 ratio, thereby reducing
the system's ion binding capacity.

e This optimization of hybrid curing decreased the duration of the required heat
treatment of the mortar, leading to an advantage in special field applications such as
3D printing.
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1. INTRODUCTION

The size of the global construction industry is expected to achieve $14 trillion by 2025.
However, compared to other industries, the construction industry, in which the labor
productivity growth is less than 1%, is the only industry that cannot improve its productivity
over the past 50 years [54]. One of the underlying reasons why labor productivity suffers is
the shortage of qualified workers and experienced managers in that field. These human
resources-related issues also trigger quality issues in the construction industry [70]. Besides
these, the loss of company intellectual capital depending on the aging population is one
critical problem threatening the construction industry [11]. Moreover, the construction
industry is currently facing a loss of experienced labor due to Covid-19, as in all industries.
After the Covid-19 pandemic, some employees and employers either decide to shift their
career paths to new jobs or make retirement decisions [11]. Therefore, companies are forced
to bring multi-generations (Baby boomers, Generation X, Y, and Z) together to achieve their
organizational targets [42] and to create a favorable environment to enable knowledge
transfer to each other over the years for ensuring the continuity of the company. However,
having employees from multi-generations with different working styles necessitates human
resource management carefully. For example, Generation X is senior representatives of
companies or employers. They are more autonomous, skeptical, and self-directed and require
a balanced work-life. From these generations, Generation Y wants to get more responsibility
at work and to know more details about their work, whereas Gen Z is more demanding and
harder to manage because of the lifelong learning expectation from their endeavors and desire
to improve their skills [9].

There are a significant number of models that represent a spectrum of employee motivation
and corresponding management styles, such as “Theory of Needs”, “Intrinsic versus Extrinsic
Motivation” and “Theory X, Theory Y, and Theory Z” [55]. According to the “Theory X,
Theory Y, and Theory Z” model, members of Generation X lack ambition and goals to work
for income, while members of Generation Y are intrinsically motivated and have leadership
qualities. Gen-Z members, on the other hand, are driven by self-realization, values, and
welfare [55]. As understood from these theories, managers must change their structure
developing style regarding the relationship between internal employees and the management
into a more individual or generation-focused manner.

Currently, Gen-Z members are working together with other generations and will form the
future construction industry for ongoing 50 years. Additionally, in some sources, changes in
the construction industry labor market are attributed to changes in the demographics of the
construction industry [70] that arise from generational differences. Therefore, managers
should raise their awareness of Gen-Z employees to develop effective management styles
and sustain harmonization among multi-generations in the workplace [56]. Accurate
management styles or strategies can turn working with Gen-Z into an opportunity while
mismanaging or being insensitive can jeopardize project success. Therefore, it is inevitable
to develop a managerial method for this generation rather than an order to be established by
trial and error. Within this context, [42] stated that if employers respond to the needs of
employees from different generations, they can benefit from their increased productivity. [15]
stated that devising new strategies according to the needs of Gen-Z is crucial to accommodate
Gen-Z in the workplace since their expectations, values, and anticipations are different. From
the perspective of human resources practices, this generational transformation needs to be
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managed for overcoming both the bleak picture of employment practices and the poor image
related to workforce relations [68]. According to the authors, every generation has its values,
and understanding these values is crucial to conceive the employment relationship [24].
Therefore, human resource managers and project managers should concentrate on
generational differences [67], [68].

The literature review showed that there is one study investigating the effect of Gen-Z on the
construction industry. In this study, [11] it is aimed to develop strategies to integrate Gen-Z
into the construction industry only with a literature review. Based on this background, this
study aims to identify the characteristics of Gen-Z and understand the impact of Gen-Z on
project success by using the Structural Equation Modeling (SEM) method. In this study, two
hypotheses given below will be mainly investigated:

1. There is a direct relationship between Gen-Z characteristics and project success.

2. There is a direct relationship between the innovational impact of Gen-Z and project
success.

The results of this study will be a crucial gain for the construction industry to accurately
analyze the characteristics of Gen-Z. With the developing technologies and changes in labor
sources, the efficient and productive work of different generations has become a matter of
curiosity for companies. Thus, the results obtained from this study would pioneer the
development of new methods and increase employee satisfaction and project success.

2. LITERATURE REVIEW ON PREVIOUS GEN-Z STUDIES

In the literature, various studies were performed to describe the attitudes and behaviors of
Gen-Z in the workplace. However, their attitudes, values, and behaviors remain a mystery,
especially in the construction industry. In line, research on the impact of Gen-Z is limited,
especially in the context of the construction industry. Table 1 summarizes hitherto studies on
Gen-Z in terms of their research topics and findings.

Table 1 - The literature review about Gen-Z.

Research topics Findings References

Positive, problem solver, innovator, out-of-
the-box thinker, negative if the
accommodation period is less than one year,
assimilative for organizational values,
ability to reach new markets, engaging
automation design for work, and fast
learner, self-confident, creative, career-
focused, result-oriented and precision, better
at IT knowledge, have powerful technical
and language skills compared to other
generations

Main characteristics of
Gen-Z

[9], [56],
[41]
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Workplace attitudes of
Gen-Z

Expectations related to the workplace can be
different within Gen-Z individuals. In line,
the authors emphasized that there is a
diversity of Gen-Z’s workplace motivations
in the same generation cohort.

(91, [37]

Gen-Z is attracted via flexible work
practices, reward and recognition,
compensation and benefits, feedback-
seeking behavior, and volunteering work.

(2], [32]

Gen-Z is more open to sharing their personal
information with others. Moreover, they
prefer to take advice from their friends,
family members, or peers rather than
superiors.

[36]

Work environment, compensation, and
work-related issues are the most important
aspects of a job search situation.

Motivators/Expectations of
Gen-Z in the Workplace

Gen-Z seeks financial stability and extrinsic
regulation material. Furthermore, they are
more committed employees, and their
intrinsic motivation is higher than other
generations.

[42]

Gen-Z seeks transparency, self-reliance,
flexibility, personal freedom,
acknowledgment, respect for thoughts and
ideas, development opportunities, building
several parallel careers, flexible schedules,
feedback, and maintaining a personal life.

[13]

Finding the dream job, entrepreneurial
initiative, creativity, innovation,
opportunities to expand skills, career-
minded, and taking delight.

[41]

Communication habits
among Gen-Z members

Gen-Z creates its own documents/databases,
uses the web for research, and uses e-
mail/IM/text as the main communication
method.

[13], [31]

Relationship between
project management
competencies and Gen-Z

Gen-Z traits are more related to project
management with soft skills.

[41]

Relationship between
organizational belonging
and Gen-Z

The feeling of belonging to an organization
is a mediation factor between a self-directed,
boundaryless attitude and the Gen-Z
turnover intention.
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The literature review shows that numerous studies have dealt either with the main
characteristics of the Gen-Z or the workplace attitudes of Gen-Z to make suggestions about
managerial actions to attract, motivate and retain the Gen-Z. Since the main characteristics
of Gen-Z and their workplace attitudes have been well discussed in the literature, there is a
lack of rigorous literature to determine the project success impact of Gen-Z and its
investigation specific to the construction industry.

3. IDENTIFICATION OF FACTORS AFFECTING PROJECT SUCCESS IMPACT
OF GEN-Z

This study aims to identify the characteristics of Gen-Z and to understand the project success
impact of Gen-Z using the Structural Equation Modelling (SEM) method. Therefore,
indicators related to the characteristics of Gen-Z and project success were examined.
Depending on the literature review, a questionnaire was created to implement the SEM
method. In this section, factor structures and their variables were introduced. Table 2
demonstrates the model consisting of 6 factors, namely the Innovation Input Factor,
Psychological Factor, Working Area Behavioural Factor, Communication Factor, Gen-Z
Characteristics Factor, and Project Success Factor. These factors consist of a total of 23
different variables determined from the literature, which affect the interoperability of Gen-Z
and other generations and determine the character of Gen-Z.

Table 2 - Definition of factors and variables.

Factors Variables Definitions References
WRK1- A positive attitude toward new
Positive ideas
approach to
new ideas
Working Area WRK2- Knowing their predispositions
Behavioral Knowing what | and limits [61], [21]
Factor (WRK) they are good Ready for the challenges and
at testing themselves
WRK3- Observed with a tendency of
Realistic Gen-Z’s addiction to social
approach media
CMNI1-Ability | Shaped by watching the contents
to express of the peers on the internet
themself
Communication | CMN2-Setting | Focusing on freedom and [39], [7], [22],
Factor (CMN) | an equal style | equality during communication [59]
in the
communication
method
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CMN3- Tendency to the dialogue due to
Dialogue libertarian and equal views of
rather than Gen-Z
discussion
PSC1-Social Parents of Gen-Z are more
effects of protective and achievement-
growing up in | oriented.
a protective
family
PSC2- The rates of anxiety and
Psychological | depression requiring
support psychological support are higher
Psychological among Gen-Z. [59], [56],
Factor (PSC) PSC3-Support | Gen-Z members need [2]1,[49]
about psychological assistance to
awareness of discover their limits in the
the limits business environment.
PSC4-Reliance Gep-Z members are the most
on research active users of the 1qtemet. They
take note of the studies and
rather than .
umors proven facts rather than tacit
knowledge.
The members of Gen-Z regard
GENZI1-Initial | success as making a difference.
role Also, they perceive themselves as
initiator.
GENZ2- Qen-Z has a positive aprzroach to
Ability to listening to other people’s
. . thoughts. Therefore, they are
internalize .
client requests open to the ideas and requests of
Gen-Z clients. [41], [42],
g:;frcggﬁczs) GENZ3-Do it The members of Gen-Z are Efﬂ’ E]Z],
yourself ambitious and individualist. ’
generation
GENZA4- The leadership abilities of the
Leadership members of Gen-Z were found
abilities higher than neutral points.
GENZS5- Gen-Z has better IT knowledge
Technology than other generations.
sophistication
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INV1- The members of Gen-Z demand
Freedom in more flexibility in their working
working methods to support their desire
method for work.

INV2-Original

The members of Gen-Z are out-
of-the-box thinkers against other

thinking ability generations.

Innovation Input INV3- They have more tendency to use [9], [5], [56],
Factor (INV) Knowledee web resources to invent or [131, [1], [21],
& discover something.

INV4- Investment is one of the most
Investment important triggering factors for
innovations.

INVS- Constant feedback requirement is
Consultanc one of the attributes of Gen-Z. It
y is also crucial for innovations.
PSS1-Decrease Shortening the project length in
in proiect the construction industry is one
dufa tiJo N of the most decisive indicators of
project success.
Cost management of construction
E projects is essential in
}Lssrzo']z :tczzzie determining the income-expense [26], [5],
Project Success pro] balance of the project from a [50], [51]
Factor (PSS) holistic perspective. [71, [35],
Sectors continue their existence | [16]

PSS3-Increase
in client
satisfaction

by making, developing, and
facilitating what people want.
Nowadays, with the increasing
level of modernity, consumer
expectations are dynamically
changing.

4. RESEARCH METHODOLOGY

This study aims to identify the characteristics of Gen-Z and to understand the project success
impact of Gen-Z using the Structural Equation Modelling (SEM) method. The SEM method
is frequently used to investigate the relationships between dependent and independent
variables. This method is defined as a combination of exploratory factor analysis,
confirmatory factor analysis, and path analysis, as it includes observed and latent variables
at the same time [66]. While confirmatory factor analysis tests whether the created models
are validated on the data set, Path analysis is the analysis of many simultaneous regression
equations among observed variables [20]. In other words, SEM shows direct or indirect
relationships between latent variables. SEM method can be used to estimate the error
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variance, to consider unobservable variables or phenomena, to present a holistic model, to
test the model holistically, to perform operations on data sets that are not normally distributed
and with missing data, and to allow simultaneous testing of the connection between
dependent and independent variables [3]. Therefore, this study employed the SEM method
to discover relationships between the characteristics of Gen-Z and project success.

4.1. Data Collection

A data set of the study was collected from 144 construction workers born between 1994-2010
(members of Gen-Z) by conducting face-to-face surveys. Participants were from different
disciplines such as field engineers, architects, technical office engineers, and contract
engineers. The relevant sample set was found to be sufficient to perform SEM analysis
(sample set > 5 observations*23 variables = 115) [69]. The survey study consists of two
separate parts. General information about the participants was collected in the first part of the
questionnaire. In the second part, participants were asked to evaluate model indicators using
a 1-5 Likert scale (1 represents I disagree, 5 represents I strongly agree).

4.2. Data Analysis

As stated above, the SEM analysis consists of a normality test, exploratory factor analysis,
confirmatory factor analysis, and path analysis (structural analysis). In this study, IBM SPSS
Statistics V21 and IBM SPSS AMOS V21 programs were used to perform statistical and
SEM analyses.

4.2.1. Normality Test and Exploratory Factor Analysis

Before starting the analysis, the normality distribution test of the data sets was performed. It
is stated in the literature that the Barlet test, Skewness and Kurtosis value, and one of the
Liliegor tests can be used to test the normality distribution since the model goodness-of-fit
indices will not give good results and the analysis results will be affected by this distribution
if the data is not normally distributed. Within the scope of the study, Skewness and Kurtosis
tests were used. This value is expected to be between -1.5 and +1.5 [63]. The Skewness and
Kurtosis values of all variables considered within the scope of the study are within the value
range specified in the literature [17].

If the researcher does not know the exact relationship between the observed and the
unobservable variable and does not take factor groups from the literature, the researcher
needs to perform exploratory factor analysis [65]. The survey questions used to create the
variables under the factor groups in the study were determined as a result of the literature
review. However, since the variables in question were not completely included in the study
and the accuracy of the factor structures was not tested, exploratory factor analysis was
performed, and the data analysis was started [62]. Thanks to factor analysis, the variables that
are thought to be related can be grouped under a smaller number of unobservable variables.

Kaiser-Mayer-Olkin (KMO) measurement of sampling adequacy value and Bartlett's test of
sphericity were checked to measure the correlations between the variables and the suitability
of the factor analysis in exploratory factor analysis, respectively. The KMO value should be
between 0 and 1. The closer the KMO value is to 1, the more suitable the sample is for factor
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analysis. A KMO value of 0.8 and above is excellent, while a value below 0.5 is unacceptable
[62]. In this context, the result of the KMO test was found to be 0.773. The Bartlett test, on
the other hand, decides whether the correlation between the variables is sufficient. As a result
of the Bartlett test, the significance value (p value) is expected to be below 0.05. In this
context, the p value was found to be 0.00. This result proved that there is a relationship
between the variables and the underlying structure [27].

Revealing the anti-image correlation matrix specific to the data set is one of the essential
criteria for factor analysis. While performing the factor analysis, rotation was performed to
show in which factor clusters the variables were collected more intensively. In this context,
the varimax option was chosen because it was thought that there was a relationship between
the factor structures [25].

Another crucial criterion for factor analysis is that the explained variance value should exceed
50% of the total variance. In this context, as a result of the exploratory factor analysis, it was
determined that the relevant factor group explained 65,975% of the total variance, and it was
found to be greater than 50%. Factor loadings above 0.2 are acceptable for modeling [14].
This limit is provided in the model [27].

Cronbach’s Alpha values were checked to measure the reliability of the factor groups that
emerged as a result of the exploratory factor analysis. In this context, this value is expected
to be at least 0.7 [66]. However [40] stated that Cronbach’s Alpha value can be acceptable if
it is between 0,5 and 0,7. The findings showed that the results are admissible. Table 3
demonstrates a summary of the analysis results.

Table 3 - The exploratory factor analysis results

Factor Cronbach
Factor Groups Code Variable Definitions Alpha
load
Value
Working Area WRK1 Positive approach to new ideas 0,835
Behavioral WRK2 Knowing what they are good at 0,825 0,808
Factor (WRK) WRK3 | Realistic Approach 0,761
CMNI1 Ability to express themselves 0,803
Communication Setting an equal style in
Factor (CMN) CMN2 communication method 0.887 0.894
CMN3 Dialogue rather than discussion 0,887
PSC1 Social ;ffects Qf growing up in a 0.828
protective family
. PSC2 Psychological support 0,870
Psychological 0.738
Factor (PSC) PSC3 Support about awareness of the 0,660 >
limits
PSC4 Reliance on research rather than 0,593
rumors
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GENZ1 Initial role 0,699
Ability to internalize client
Generation Z GENZ2 request 0,446
Ch teristi
Fajt?rc (Z;ESI\IICZS) GENZ3 | “Do it yourself” generation 0,730 0.830
GENZ4 | Leadership Abilities 0,744
GENZS5 | Technology sophistication 0,830
INV1 Freedom in working method 0,649
Innovation INV2 Original thinking ability 0,697
Input Factor INV3 Knowledge 0,749 0,783
(INV) INV4 Investment 0,729
INV5 Consultancy 0,748
PSS1 Decrease in Project duration 0,850
Project Success . .
Factor (PSS) PSS2 Decrease in Project cost 0,800 0,797
PSS3 Increase in client’s satisfaction 0,830

According to Table 3, all factor groups’ Cronbach’s Alpha Values are over 0.7, meaning that
they are all acceptable values.

4.2.2. Confirmatory Factor Analysis

Confirmatory factor analysis can also be named as the measurement model in literature [62].
Confirmatory factor analysis helps to reveal the relationship between the factor structures
that are revealed as a result of exploratory factor analysis and to confirm the resulting
structures. Within the scope of confirmatory factor analysis, the AMOS package program
was used. Therefore, the errors that occur in the model should be revealed with standardized
residuals, modification indices, and conformity tests. If the analysis results provide the
conditions, a structural model is used to create the path model, and the structural analysis is
performed [8].

“Covariance correction” and “regression correction” indices are items of modification
indices [8]. In this context, both covariance correction indices and regression correction
indices were checked. In the analysis performed under the covariance correction indices, the
highest covariance values (9,504) were found among the error terms of GENZ2 and GENZ4.
As aresult of the regression analysis, the highest regression was found between GENZ2 and
PSC3 variables (9,547). If the Chi-square test value is higher than 2 or 3, these values are
used to improve the model by making corrections on the relevant variables [33], [30]. In this
context, the result of the confirmatory factor analysis showed that the Chi-square test value
is 1.288. Therefore, there is no need for correction on the model.

The fitness indices were examined to test the accuracy of the factor structures. There is no
consensus in the literature for selecting certain fitness indices and using them as a
confirmatory factor or structural model analysis evaluation criteria. In this context, in this
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study, the Chi-square, the goodness-of-fit statistic, the goodness-of-fit index (GFI), the
comparative fit index (CFI), and the root mean square of approximation (RMSEA) indices
were used.

Chi-square the goodness-of-fit statistic is calculated by dividing the Chi-square value by the
degree of freedom. The goodness-of-fit index that was described by Joreskog and Sérbom in
1984 is another index to measure model fit. The formula for GF1 is given in Eq. 1. According
to the notation of the formula, X" represents the estimated covariance matrice matrix for
observed variables from the restricted model, S represents the covariance matrice from the
unrestricted model, and tr( ) represents the sum of diagonal elements [48].

tr(f'ls—l)z

GFI =1 — — 5
tr(£-1s)

(M

The CFI is used to measure relative improvement from the baseline model to the postulated
model (Eq. 2). In Eq. 2, while Fk represents the postulate model, FO represents the baseline
model [61].

CFI=1-%& )

k
Fo
The RMSEA helps to measure discrepancy per degree of freedom. The equation of RMSEA

is given in Eq. 3. In Eq. 3, Fi represents the discrepancy between the population covariance
matrix and the implied covariance matrix, dfi denotes the degree of freedom [61].

— |Fr
RMSEA = /d - 3)

In this context, Table 4 demonstrates the results obtained from the AMOS software. The
analysis results showed that all indices are within limits.

Table 4 - Control of conformity index results of confirmatory factor analysis.

Compa.tibility Literature Results Reference
Indices
x2/df <3 <3 [26]
GFI 0=no fit; 1=perfect fit | O=no fit; 1= perfect fit [61]
CFI 0=no fit ; 1= perfect fit 0=no fit ; 1= perfect fit [61]
RMSEA <0,1 <0,1 [34]

Additionally, the construct reliability of the latent variables was measured via Construct
Reliability (CR) analysis. This analysis helps to evaluate the inner quality of the model. The
values of CR need to be higher than 0,7. The analysis results are shown in Table 5.
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Table 5 - The composite reliability values (CR).

Working . .
s . Generation Z . Project
Area Communication | Psychological . . Innovation
. Characteristics Success
Behavioral Factor Factor Factor
Factor Factor
Factor
0,815 0,897 0,773 0,811 0,786 0,802

4.2.3. Path Analysis (Structural Model Analysis)

When the factor loadings and the goodness fit indices for the model were not improved with
the change in the model through literature studies, and factor loadings and the goodness fit
indices were within acceptable limits, the structural model analysis ended [45], [28]. More
technically, in structural analysis, the quantification of the explained and unexplained
variance between latent variables is performed [29]. The structural model emerges by
combining one or more linear regression equations. The analysis results of coefficients are
called the path for co-efficiency [8].

SEM analysis is used in the literature to analyse latent variables which cannot be measured
directly. In this context, the relationship between the latent variables “Innovation Factors”,
“Psychological Factor”, “Working Area Behavioral Factors”, “Communication Factors”,
“Gen-Z Characteristic Factors”, and “Project Success Factors” was analysed with IBM
AMOS V21. As aresult of the analysis, the fitness indices of the model remained within the
allowed ranges (Table 6).

Table 6 - Control of conformity index results of structural model analysis.

Comp a.tibility Literature Results Reference
Indices
CMIN/df <3 1,267 [61]
GFI 0=no fit; 1= perfect fit 0,857 [61]
CF1 0= no fit ; 1= perfect fit 0,951 [61]
RMSEA <0,1 0,043 [34]

As a result of the structural analysis, the significance levels of the path coefficients were also
tested with the t-test. All p-values below 0.05 were significant [8].

Before the SEM analysis, the model was used to analyse the relationship between factor
groups and to measure the factor loads. After the SEM analyses, the model shows the factors
and variables to measure the impact of Gen-Z Characteristics on innovations in the
construction industry (Figure 1). The arrows represent the effecting direction of factors, and
the numbers on the arrows are factor loads.
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Figure 1 - Results of Structural Equation Model Analysis

As aresult of the SEM analysis, it was determined that the “Innovation (INV)” factor group
affects the “Communication (CMN)” factor group. It was observed that the “Psychological
(PSC)” factor group affects the “Gen-Z Characteristic (GENZ)” factor group. The “Work
Area Behavioral (WRK)” factor is affected by the “Gen-Z Characteristic (GENZ)” factor
group. Finally, the “Communication (CMN)” factor group has a mediator role between the
“Innovation (INV)”, “Gen-Z Characteristic (GENZ)” and “Project Success (PSS)” factor
groups.

The highest factor loads were found in the “Knowledge” variable (0.74) under the
“Innovation factor”, “Support about awareness of the limits” variable (0.71) under the
“Psychological factor”, “Psychological support” variable (0.87) under the “Working area
behavior factor”, “Setting an equal style in communication method” variable (0.90) under
the “Communication factor”, “Technology sophistication” variable (0.77) under the “Gen-Z
Characteristic factor”, and “Decrease in Project duration” variable (0.88) under the “Project
success factor”.

5. DISCUSSION

The study aimed to identify the characteristics of Gen-Z and to understand the impact of Gen-
Z on project success by using the Structural Equation Modelling (SEM) method. The SEM
analysis showed that communication management is the key to achieving project success. In
other words, the “There is a direct relationship between Gen-Z characteristics and project
success” and “There is a direct relationship between the innovational impact of Gen-Z and
project success” hypotheses were rejected. However, their indirect impacts on “project
success” were discovered via the “communication” factor.
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The nature of construction projects requires a collaborative working environment in which
different expertise is shared and combined to construct physical buildings. Within this
context, teams are built up and dissolve during the building life cycle. Moreover, each team
has its own project managers, who are engaged from different organizations and their
complicated bureaucracy. Therefore, the harmony and interconnection between teams, in-
team relationships (including intergenerational communication [42]), and expectation
management of stakeholders are crucial to achieving project success in construction projects
[19]. According to the results of this study, Gen-Z members who are internal project
stakeholders demand more open communication to motivate themselves to conduct project-
related activities since they have grown up in an era of social media and digital
communication where collaboration and teaming are important. In other words, they demand
open communication channels to express themselves in problem-solving and implementing
innovative ideas. Thus, the Gen-Z members can feel that they are the part of the solution.
However, the construction industry is less innovative, transparent, and highly bureaucratic
than other industries. Therefore, neglecting the communication-related factors in the project
will cause innovative ideas to vanish or the innovation impact of Gen-Z to vanish.
Acknowledging and managing these differences is crucial to creating a positive work culture
and improving motivation for integrating Gen-Z members into the construction industry [42].

As Figure 1 displays, Gen-Z individuals value sincere relations rather than hierarchical order.
Hence, it will be beneficial to perform project meetings, team lunches, office debates, and
team-building activities such as the blind retriever game, perfect square game, two truths-one
lie game, et cetera. These activities will increase sincerity, communication, creative thinking,
teamwork, and building relationships in construction projects. In construction projects, the
selection of communication tools may also help to increase sincerity for Gen-Z members.
Since they have more familiarity with mobile applications. In other words, apart from the e-
mail communication as a channel, using more common and daily communication networks
(WhatsApp, Telegram, et cetera.) can contribute to communication success in organizations.
However, considering the majority of Gen-Z are distracted while using their smartphone for
non-work-related activities [31] [53], the selection of workplace communication tool’s effect
on employee productivity comes to the forefront as a serious issue.

Furthermore, the global construction industry suffers from productivity losses. In this
context, improving the performance and productivity of the labor force are key elements for
the successful completion of construction projects [44]. Productivity is related to how
efficiently resources are used to achieve organizational goals [44]. Therefore, the effective
use of Gen-Z and their abilities will affect the future of construction industry. According to
the study results, members of the Gen-Z demand support for using their “technology
sophistication” in construction tasks. Therefore, Gen-Z, digital natives [64], can be utilized
to improve the low digitalization level of the construction industry and productivity in
construction projects. Considering technological advances such as BIM, IoT, AR, VR, and
Robotics, adopting Construction 4.0 emerges as one of the necessities the construction
industry should achieve. However, due to the conventional manufacturing type of the
industry, it is challenging for construction companies to adopt Construction 4.0. Within this
context, Gen-Z has impromptu technology that can fuel companies' growth and success [2].
However, while integrating Gen-Z into construction projects to increase innovation,
“psychological support” needs to be given to them since Gen-Z members depend on support
due to high anxiety and depression [59, 56]. This psychological support may include actions
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to increase their motivation. Rather than a reward or punishment system, motivational
sources such as an arrangement of working hours by themselves or participating in training
may be more convenient to increase their job commitment.

Because of the fragmented structure of construction projects, high labor turnover is another
issue in the construction industry. The high labor turnover may directly cause to need for
coaching support to reduce Gen-Z members’ job loss perception. Therefore, as individuals
distance themselves from anxiety, work-related stress, and overwhelming workloads,
productivity increases in Gen-Z can be observed. In other words, prioritizing the mental
health and well-being of Gen-Z can influence the efficiency of the project [60]. However,
fostering a supportive environment where they can freely express themselves by setting an
equal dialog must be considered with the supportive working environment. Furthermore, the
industry's poor image regarding workforce perception often results in hiring low-educated
laborers, potentially leading to communication competence issues among employees.
Therefore, communication should be prioritized to fill the gap and use the effectively in
construction activities.

The analysis results interestingly showed that “working area behaviour” did not have a direct
effect neither on the success of the project, or innovation input factor. The underlying reason
behind this result can be that “WRK2-knowing what they are good at” and “WRK3-Realistic
approach” discourage them to participate in innovations, and the reluctance endangers project
success directly. Also, this finding confirms the importance of communication factors to
courage them. The importance of WRK?2 (knowing what they are good at) in the study shows
that the awareness of the GENZ members and their potential in the job is high. Regarding the
construction industry, construction projects are complex and contain a high degree of
uncertainty. Within this context, the Gen-Z member's realistic approach can help perform due
diligence on the project.

Psychological factors are one of the subcomponents of effective leadership (the second most
essential indicator under the Gen-Z characteristics factor) in the project-based environment
[57]. Also, this finding can be seen in the effect of the PSC factor on the Gen-Z characteristics
factor. Another important finding in the literature is that psychological factors play an
important role in entrepreneurship [38]. Entrepreneurship is related to leading change. Being
entrepreneurship can be attributed to the initiator role and “Do it yourself” characteristics of
Gen-Z. Therefore, it can be inferred that psychological factors affect Gen-Z characteristics.

As a consequence, employers should let Gen-Z employees share their knowledge and
opinions. Communication among colleagues will help improve Gen-Z’s mental health and
well-being and support the innovativeness of companies and project success. Furthermore,
when things go wrong, candid communications at the friend level rather than as a manager
may be more helpful to explain themselves and allow them to correct themselves.

6. CONCLUSION

The construction industry's workforce comprises individuals from multiple generations.
Among these, Gen-Z stands out due to its proficiency with high technology and
entrepreneurial attributes. Leveraging the potential of Generation Z within the construction
sector holds promise for addressing long-standing industry challenges. However, the
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literature review analysis showed that the study has focused on the relationship between Gen-
Z characteristics and project success. Within this context, 23 variables under 6 factors were
identified at the end of the literature review. 144 surveys were collected, and the collected
data were analyzed according to the SEM methodology to discover the factor groups and the
relationship between factors. As a result of SEM analysis, the direct relationship between
Gen-Z and project success was not found. Instead, it uncovered the mediating role of the
"Communication" factor. Additionally, our findings underscore the significant influence of
Gen-Z on fostering “Innovation” within the construction industry, while also shedding light
on the impact of “Psychological” factors on Gen-Z.

As a result of the analysis, the below inferences can be made from the study:
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Granting Gen-Z members autonomy in their work methods can significantly enhance
productivity [9, 13]. Conversely, prolonged working hours have been shown to decrease
productivity and elevate stress levels [30]. Moreover, research suggests that remote work
fosters creativity. Various strategies exist to promote work-life balance, such as part-time
employment, flexible schedules, transportation assistance, and adaptable job
arrangements, which construction companies can implement to boost productivity [6].
Within this context, reducing onsite work hours for construction workers not only
mitigates health and safety risks but also enhances the innovative capacity and
productivity of Gen-Z individuals [43]. Construction firms should leverage evolving
technological opportunities and implement improvements beneficial to employees'
mental well-being to incorporate these forward-looking strategies as much as possible.

Gen-Z members should not solely rely on online information but also communicate with
their more experienced colleagues to fulfill their practical information needs. In this
context, brainstorming sessions can prove beneficial in enhancing the creativity and
productivity of Gen-Z during idea-generation sessions [4]. Moreover, Gen-Z members
are highly familiar with the use of new technologies. These brainstorming sessions might
facilitate their sharing of technical knowledge with colleagues. Simultaneously, as
experienced colleagues offer solutions to problems, this interaction could support the
learning process of Gen-Z members.

This study has shown that the counselling effect needed to psychologically support Gen-
Z members is also a necessary input for innovation. Therefore, coaching, and mentoring
programs can be helpful in uncovering talents. There are different types of coaching
programs, such as external coaches and coaching in an organization, made by managers.
In this study, the authors propose using internal coaching made by managers so that
managers can optimize individual and organizational goals with employees by aligning
them. Besides, managers can give constructive feedback about Gen-Z members’ progress
at work. Thus, the positive impact of coaching programs on employee satisfaction,
individual performance, and organizational goals can be realized [47].

The members of Gen-Z are aware that they need investment to put their ideas into
practice, and if their ideas are innovatively acceptable and viable, it is of great importance
to support these ideas with investment. Therefore, construction companies should allocate
funds in their budgets for their employees to innovate [18].
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Furthermore, understanding their areas of success can foster a greater appreciation for
business life among Gen-Z members, motivating them to strive for continuous
improvement in their work. In this regard, facilitating interdepartmental transfers can help
unearth their potential and contribute to organizational learning [10]. For instance, if a
Gen-Z member is dissatisfied with their current position or experiencing low productivity,
assigning them tasks in a different department could potentially boost their effectiveness
and creativity. Additionally, Norman’s (1986) Gulf of Evaluation and Execution method,
typically utilized in Information Systems (IS) development and evaluation, can be
adapted to assess and enhance Gen-Z members' retention within organizations [23]. By
applying this method, any disparities between employee intentions, particularly those of
Gen-Z members, and organizational objectives can be identified. If misalignments are
detected, it is essential to evaluate whether the Gen-Z members' expectations are
beneficial to the organization. In such cases, organizational adjustments should be
considered to align with their expectations effectively. For construction companies,
implementing such a method can aid in pinpointing any mismatches between the
intentions of employees, especially those belonging to Gen-Z, and the overarching
objectives of the organization. Upon identifying such discrepancies, it becomes
imperative to assess the extent to which the expectations of Gen-Z members contribute
positively to the organization's goals. In instances where their expectations prove
advantageous, it is crucial for construction firms to contemplate organizational
adjustments that effectively align with these expectations. This alignment is essential for
fostering a work environment conducive to the productivity and satisfaction of Gen-Z
employees within the construction industry.

The characteristics of Gen-Z are open to new ideas. However, since they think about
events from their perspectives and reach conclusions this way, what they do or think does
not appear as a result of other people's ideas or wishes, but as an inference from their
perspectives. Therefore, two-way communication between Gen-Z members and
experienced workers or managers should be used as a facilitator to convince them. If
managers choose one-way communication, Gen-Z members will not be willing to share
their ideas. In other words, managers or colleagues give them a chance to say something
about their jobs and lives. This enablement also helps the engagement of Gen-Z. Besides
these, sharing power with Gen-Z members can strengthen the sense of belonging [46].

Managers must keep their social communication levels at equal level and ensure that two
employees at the same level pay attention to this level, even if they are from different
generations. Within this context, the expectations of Gen-Z members from organizations
are different in terms of organizational structures. They are expected to work in horizontal
organizational structures (deciding without getting manager approval) [43].

The model proposed as a result of SEM analysis can be used to integrate Gen-Z members
into construction companies in a way that more innovation is obtained. Moreover, using the
study outputs with some recommendations can increase the efficiency of Gen-Z in
construction projects. Eventually, the proposed model can be used to measure the
performance of the innovational impact of Gen-Z and their impact on project success in the
construction industry. Especially since the effect of field workers on productivity is high in
the construction sector, research can be conducted on how Gen-Z can become more
productive than the workers working as other generations.
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ABSTRACT

This study aims to examine experimentally the damping performance of Tuned Liquid
Column Dampers (TLCD) by considering different elbow forms. Experiments carried out
within the scope of the study point out the dynamic characteristics of TLCD, which has 45
(open) and 90 (closed) degree-elbow forms with theoretical angular frequencies that are the
same. Experiments consist of £5 and 10 mm harmonic excitation amplitude to observe the
relationship between the damping ratio and head loss coefficient with the mass ratio of the
TLCD. These experiments with an incremental mass ratio of 0.05% from 0.80% to 1.00%
and with an incremental mass ratio of 0.10% from 1.00% to 1.20% had been carried out in
detail. Mass and stiffness Modification Factors (MF) are suggested to minimize the
difference between numerical and experimental results. Determined MFs are used to examine
the earthquake performance of TLCD on a Single-Degree-of-Freedom (SDOF) system. It is
shown that the open elbow has an advantage of approximately 25% over the close elbow
under earthquake performance on the SDOF system.
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1. INTRODUCTION

Passive dampers are used to reduce the effects of a certain level of vibration caused by strong
wind or strong ground motions. Passive dampers can reduce the effects of these vibrations in
the short term by increasing the energy absorption capacity of the structure to which they are
applied, thereby increasing the occupant comfort for the building. One of the passive
dampers, the TLCD with the same cross-sectional area in the horizontal and vertical columns,
was introduced in the literature by Sakai [1], and its nonlinear mathematical model was
described. Researchers [2-7] have carried out experimental and theoretical studies on U-
shaped TLCD systems in the following years when numerical and parametric studies have
been carried out on the optimum tuning ratio and head loss coefficient values for TLCD
systems [8-13]. At the same time, these studies have shown that the TLCD effective length
requirement can be easily achieved by choosing different cross-section ratios in the vertical
and horizontal columns. Although it is generally accepted in the literature that the mass ratio
varies between 0.05% and 5%, it has been shown that there is a correlation between this ratio
and the performance of the TLCD, and that the optimum mass ratio is an important
consideration in obtaining the optimum damping ratio [12]. It was concluded that the mass
ratio should generally be less than 2% for TLCD to be effective and that TLCD efficiency
increases as the mass ratio value increases [8]. However, this conclusion is not entirely
correct for U-shaped TLCDs with a constant cross-sectional area. As the mass ratio value
increases, the control performance of the TLCD decreases as it moves away from the
optimum tuning ratio and length ratio values [12, 14]. The studies in the literature focus
mainly on single-degree-of-freedom (SDOF) system models. To compare the control
performance of passive dampers in Multi Degree of Freedom (MDF) systems, Bigdeli and
Kim [15] compared the effects of different dampers on the damping of the structure on a
three-story model. Some studies have investigated the relationship between the optimum
head loss coefficient and the aperture ratio when controlling the vibrations occurring in the
structure under the effect of stochastic loads and concluded that TLCD is more effective in
reducing the acceleration and displacement values of the structure when the length ratio and
mass ratio are high [16].

In another study on the seismic applications of single TLCD systems and multiple TLCD
systems, a single-degree-of-freedom bridge model and a 10-story building model were used.
According to the study, design parameters for single and multiple TLCD systems were
determined using 72 different earthquake records. These parameters for STLCD were the
tuning ratio, the damping ratio, and the ratio of the effective fluid length to the TLCD column
width. These parameters for MTLCD are the central tuning ratio, the tuning bandwidth, and
the number of TLCD groups. The results showed that the acceleration and displacement
responses of the models were reduced by 47% [17]. In another study on multiple TLCD, the
dynamic characteristics of the multiple TLCD system are numerically investigated. In
addition, the advantages of this system are presented by comparing it with a single TLCD
system. The study revealed that the multiple TLCD system has a specific frequency range
and damping ratio value to reduce the peak responses under harmonic excitation. In addition,
the study also states that more than 5 TLCDs do not show a significant change in improving
system performance [18]. These studies have shown that Multiple TLCD performs better and
is more effective than single TLCD during seismic events. Multiple TLCDs were found to
have a certain optimum center distance ratio. However, placing more than a certain number
of multiple TLCDs in the structure did not increase the effectiveness of the system.
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In another study on the control performance of the structural system and TLCD [19], it was
shown that the performance is related to the acceleration and displacement responses of the
structure, depending on the structural system. Considering the acceleration responses of a
shear wall system and a frame system with similar stiffness, it was stated that TLCD achieved
more effective control performance in the shear wall system. Other theoretical and
experimental studies carried out in recent years have developed different forms of TLCDs.
The control performance of some new types of TLCDs has been compared with conventional
types [20-23]. A pre-design formula was developed by Matteo et al. [24] using statistical
methods to calculate the linear equivalent damping ratio of a TLCD, and later, this formula
was experimentally investigated on a TSD system [25].

Other studies have examined the control performance of Liquid Column Vibration Absorbers
(LCVA) on structures, which is a type of TLCD [26-28]. The dynamic characteristics and
control performance of the LCVAs were investigated experimentally and theoretically.

One of the passive type damper derived from the configuration of TLCD is called the
Pendulum type liquid damper, which has been experimentally and numerically studied in the
literature [32-33].

Tuned liquid dampers (TLDs) are designed to passively control vibrations in structural
systems. They consist of a container partially filled with liquid and utilize the liquid's sloshing
dynamics to mitigate structural vibrations. The liquid's oscillatory movement generates a
force that is directly correlated with its horizontal acceleration. The TLD's control
performance and sloshing characteristics have been investigated in various studies under
harmonic loads [34-36].

In this study, the effects of harmonic excitation amplitude, elbow form, and mass ratio on
TLCD performance are investigated. For this purpose, the dynamic characteristics of two
different TLCD designs with the same theoretical angular frequencies consisting of 45 (open
elbow) and 90 (close elbow) degree elbow forms are presented. Experimentally obtained
dynamic characteristics and damping ratios are compared with theoretical results.
Additionally, time history analyses are carried out numerically on the SDOF system using
experimentally obtained parameters. The control performance of TLCD is investigated by
considering the elbow forms, and adjusted numerical analyses are performed.

2. TLCD SYSTEM DESIGN and EXPERIMENTAL SETUP

TLCDs with open elbow (OE) and close elbow (CE) forms of equal cross-sectional area in
horizontal and vertical columns, using PVC material with an external diameter of 75 mm and
an internal radius of 35.5 mm were used. For the vertical columns, transparent acrylic
material of the same dimensions was preferred. Figure 1 shows the view of the OE and CE
TLCDs, and Figure 2 shows the experimental models placed on the shaking table [29].
Frequency-mass relations, head loss coefficient-mass ratio relations, mass ratio-damping
ratio relations, and resonance amplitudes for TLCDs with OE and CE were investigated by
frequency scanning tests. A uniaxial shaking table controlled by a stepper motor with a stroke
of £ 75 mm was used for this purpose. The dimensions and masses of OE and CE TLCD
systems are shown in Table 1.

89



Comparison of the Dynamic Characteristics of Tuned Liquid Column Dampers with ...

Table 1 - TLCD specifications

TLCD type Mass (kg) Outer width (L1) Clear width (B)
OE TLCD 1.554 286 211
CE TLCD 1.500 283 208

The equation of motion of the liquid in the TLCD shown in Figure 1 is given in Equation (1).
.. 1 N .
mdy(t)+§pA§|y(t)|y(t)+2pAgy(t)=—mhxg (7) )

A is the cross-sectional area of the TLCD, my is the fluid mass (pAL) in the TLCD, mj, is the
mass of the fluid in the horizontal column of the TLCD, g is the acceleration of gravity, Xg is
the ground acceleration, y, y, and y are the displacement, velocity, and acceleration of the
fluid in the TLCD, respectively. p and & represent the density of the fluid and the head loss
coefficient, respectively.

The numerical solution of the differential equation is challenging due to the nonlinear terms
in the dynamic equation associated with TLCD. Therefore, these terms are typically
linearized using an equivalent linearization technique [37]. The error between the nonlinear
and equivalent linear systems is expressed in Equation (2) as follows.

1 G
£=2pAS |y —c,» @

The equivalent damping coefficient is determined through the minimization of the mean
square error, leading to the derivation of the expression for the equivalent damping
coefficient, assuming the Gaussian distribution of water surface velocity in the water column
[9, 13].

, jﬁpA:oy 3)
T

oy denotes the standard deviation of the water surface velocity of the water column. In
Equation (4), (., denotes the equivalent damping ratio of the TLCD in Eq. (1). The linearized
dynamic equation is as follows.

.. . 2
mdy(t)—i-Zmda)dg“eqy(t)+mda)dy(t) =-m,X, (t) 4)
The tuning ratio y, a critical parameter in TLCD control performance, is calculated using

Equation (5).

4ol 5)
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Figure I - Design of CE (left), and OE (right) TLCD.

Figure 2 - Views from shake table tests of CE TLCD (left), and OE TLCD (right).

ws denote the angular frequency of the structure model, and the angular frequency of the
TLCD wy is obtained using Equation (6). Tuning ratio of approximately 1 is preferred for the
control performance of the TLCD.

In Equation (6), g represents gravitational acceleration, and L represents the total liquid
length in the vertical and horizontal columns. The mass ratio, which is the parameter that
affects the control performance of the TLCD and the liquid length L in the system, is
calculated using Equation (7).
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m
=_4d 4100 (7
mg

The mass ratio, mass of the liquid in the TLCD, and mass of the structure are denoted by 4

ma, and my, respectively. In this study, m, was assumed to be 170 kg.

The half-power bandwidth (3 dB) method is utilized to calculate the damping ratios of
experimentally obtained frequency-amplitude curves using Equation (8).

_ fb_fa

> 2fn

®)

Here, f, is the natural frequency of the TLCD, and f; and f; are the projections of the points
on the frequency axes of the frequency-amplitude curve that intersect below the maximum
by 3 dB.

In order to compare the damping performance of the elbow effect, the non-dimensional
Dynamic Response Amplifier (DRA) of the TLCD systems is calculated by Equation (9).
The equation is defined by the relationship between the damping ratio and frequency ratio.

DRA =1 / \/ o | 26 (0000)) ©)

o represents the excitation frequency in Equation (9) [30]. Head loss is caused by fluid flow
passing through the horizontal column due to the form of the elbows. The friction between
the fluid and the inner walls of the TLCD is calculated by Equation (10), where £ represents
the damping ratio, and x, is the amplitude of the resonance frequency.

E=2Lr [gj (10)
X

7

3. DETERMINING DYNAMIC CHARACTERISTICS OF TLCDs

Harmonic tests for different amplitude-frequency relationships were performed to determine
the dynamic response of TLCD systems considering OE and CE forms. These experiments
were carried out for each elbow configuration as frequency scanning tests around the
theoretical resonance frequency calculated for the relevant mass ratio. As the TLCD vibrated
at the excitation frequency, the fluid oscillation in the transparent columns was measured
using an attached ruler. Each harmonic test was settled to 50 cycles for the given excitation
frequency to observe the steady-state oscillation in the TLCD column. The experiments were
performed with amplitudes of £5 mm and £10 mm within a frequency range of 0.85 to 1.40.
The objective is to examine the relationship between the damping ratio and amplitude. As a
result of these experiments, the frequency response curves obtained for each mass ratio with
TLCDs formed with OE and CE are shown in Figures 3-6. Figures 3 and 4 show the OE and
CE frequency-response curves under +5 mm harmonic excitation. In addition, Figure 5 and
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Figure 6 show the frequency-response curve of the OE and CE under an amplitude of +10
mm. The dynamic response of both the OE and CE TLCDs was obtained for mass ratios
ranging from 0.80% to 1.20% through frequency scanning.

60 —e— 1 = 0.80%
50 o 11 = 0.85%
—o— 11 = 0.90%

40 —e—1=0.95%
—e— 1= 1.00%

1=1.10%

—— = 1.20%

0,8 0,9 1 11 1,2 1,3 1,4 15
Frequency (Hz)

Response Amplitude
(mm)
N w
o o

=
o o

Figure 3 - OF TLCD frequency-response curves under +5 mm harmonic excitation.

30 —e— 1= 0.80%
S 25 —o— 1= 0.85%
E —e—11=0.90%
£ —e— 1= 0.95%
£ 20 —o— 1= 1.00%
< € 15 f1=1.10%
) £ —— i = 1.20%
S 10
(o8
& s
a4
0
0,8 0,9 1 1,1 1,2 1,3 1,4 1,5

Frequency (Hz)

Figure 4 - CE TLCD frequency-response curves under £5 mm harmonic excitation.

80
—e— (0.80%

70 ——10.85%
60 —o—0.90%
50 —e—0.95%

—e—1.00%
40 1.10%
30 ——1.20%
20

10
0
0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
Frequency(Hz)

Response Amplitude
(mm)

Figure 5 - OF TLCD frequency-response curves under £10 mm harmonic excitation.
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Figure 7 for the OE and Figure 8 for the CE give the frequency-mass ratio relationships under
+5 mm and £10 mm amplitudes to determine the consistency between the experimental and
theoretical results.

60

—e— (0.80%
50 o 0.85%

Q

E —o—0.90%
= 40 —e—0.95%
g ~ 30 —t—1.00%
f g 7 1.10%
2 ~ 20 — e 1.20%
o

% 10

e 0

0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
Frequency (Hz)

Figure 6 - CE TLCD frequency-response curves under +10 mm harmonic excitation.
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S 1,10% —e— OE +10 mm Experimental
S 1,00%
w2
£ 0,90%
=
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0,70%
0,900 0,950 1,000 1,050 1,100 1,150 1,200 1,250
Natural frequency (Hz)
Figure 7 - OF TLCD frequency-mass ratio relation.
1,30%
1.20% —a&— CE Theoretical
= ' —— CE 5 mm Experimental
- 0,
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S 1,00%
v
§ 0,90%
0,80%
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0,900 0,950 1,000 1,050 1,100 1,150 1,200 1,250

Natural frequency (Hz)

Figure 8 - CE TLCD frequency-mass ratio relation.
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Figure 9 - DRA-frequency ratio relationship for mass ratio 0.80%.
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Figure 10 - DRA-frequency ratio relationship for mass ratio 1.00%.
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Figure 11 - DRA-frequency ratio relationship for mass ratio 1.20%.
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The DRA-frequency ratio curves corresponding to the displacement responses of the system
were calculated using Equation (9). DRA-frequency ratio curves were obtained for 0.80%,
1.00%, and 1.20% mass ratios to investigate the effect of OE and CE forms on the damping
ratio under harmonic excitation amplitude. Figures 9 - 11 show the DRA-frequency ratio
curves for mass ratios of 0.80%, 1.00%, and 1.20%, respectively.

TLCD systems were subjected to frequency scanning tests using a shake table at around
resonance frequencies. As a result, Figure 12 shows the peak amplitude values at steady-state
oscillation corresponding to the resonant frequencies for two different harmonic excitation
amplitudes of TLCDs with OE and CE for different mass ratios.

Figure 13 represents the frequency response curve obtained for an OE form and a mass ratio
of 1.20%, which was determined by the frequency scanning test under £5mm harmonic
excitation and between 0.85 Hz and 1.15 Hz. The response amplitude obtained for the
system's resonance frequency was observed at 0.96 Hz, which is 41.5 mm. The 3 dB
projection points on the frequency axis are calculated as f, = 0.93 Hz and f, = 0.98 Hz. As a
result, the damping ratio obtained using Equation (8) is 2.6%.

The damping ratio-mass ratio relationships were calculated by applying the 3dB method to
the frequency-amplitude curves obtained by the frequency scanning method for OE and CE
TLCD systems, as shown in Figure 14. This figure presents the effect of the mass ratio,
harmonic excitation amplitude, and elbow form on the damping ratio of the TLCD. The effect
of elbow form on response amplitude compared to damping ratio response can be observed
from Figures 12 and 14. Although in Figure 12, OE £5 mm and CE +10 mm tests give similar
results, significant differences can be seen in Figure 14.

The head loss coefficient ¢ is determined by the orifice opening ratio, where &= 0 represents
full orifice opening, and ¢= oo indicates full orifice closure, and it is widely acknowledged in
the literature that the head loss coefficient depends not only on the mass ratio but also on the
response amplitude of the TLCD [17]. In addition, the head loss is known to be caused by
the fluid flow passing through the orifice in the horizontal column of the TLCD, but it can
also be due to the form of elbows and the friction between the fluid and the inner walls of the
TLCD [31]. In this respect, the head loss coefficients corresponding to the mass ratios were
obtained in this study to observe the effect of the elbow form. Figure 15 shows the head loss
coefficient corresponding to each mass ratio obtained using Equation (10).

© 100 =0~ OE +10 mm
—g 90 OE 5 mm
B 80 et CE +10 mm
E_ 70 \.\'/f = =g CE +5 mm
s 2 60
g E 50 .
2 30
[P} —
a4 20 —

10

0,75% 0,85% 0,95% 1,05% 1,15% 1,25%

Mass ratio, u

Figure 12 - Resonance amplitudes corresponding to the mass ratio of OE and CE TLCD.
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Figure 13 - 3dB method example of frequency response curve for a mass ratio of 1.20%.
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Figure 14 - Damping-mass ratio relation for OF and CE TLCD.
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Figure 15 - Head loss coefficient-mass ratio relation for OE and CE TLCD.
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4. ADJUSTING THE NUMERICAL ANALYSIS USING EXPERIMENTAL
RESULTS

The vibration of a structure is damped by a TLCD through the gravitational restoring force
exerted on the displaced fluid within the TLCD. At the same time, energy is dissipated
through the viscous interaction between the TLCD fluid and its rigid walls. In addition,
energy is lost through the orifices installed inside the TLCD container and elbows area [20,
26]. In this study, numerical analyses revealed that in representing the actual behavior by the
equation of motion, an adjustment must be made in accordance with the experimentally
determined harmonic behavior of the TLCD. A proposed set of coefficients, called
Modification Factors (MF), is suggested to correlate the numerical results with the frequency-
amplitude curves obtained from experimental results.

Figures 16 and 17 show numerical and experimental frequency-response curves for the mass
ratio of 0.80% for the OE and CE, respectively. The equation proposed by Park et al. [20]
with an equivalent damping ratio does not match the experimental results obtained in this
study. Replacing the equivalent damping ratio with the experimental damping ratio, although
the numerical response amplitude becomes closer to the experimental, resonance frequency
shows a significant difference. The reason for this is that some of the liquid in the TLCD
cannot participate in the motion due to friction and turbulence occurring in the elbows area.
In this respect, mass (o) and stiffness (f) modification factors were obtained by considering
experimental results. Equation (11) is used for o and f modification factors to minimize the
difference between experimental and numerical results. As an example, using the calculated
MF for OE and CE, it is found that the adjusted numerical results are now in good agreement
with the experimental results, as shown in Figures 16 and 17. a and f coefficients are
determined for the mass ratio of u= 0.80% as 0.845 and 0.96 for the OE, and 0.975 and 0.95
for the CE, respectively.

am,§(t)+2m,0,¢,,3(t)+ B(m,0]) )y (t) = -m,i, (1) (11)

The comparison of experimental and adjusted numerical results obtained for all mass ratios
for CE and OE are shown in Figures 18 and 19, respectively. The mass and stiffness MFs
related to this study might be applicable for the length ratio (B/L) resembling the specimens
used in the experiments (0.34—0.6). The determined MFs for mass ratios are given in Table
2.

Table 2 - MFs according to mass ratios.

OE CE
Mass ratio, # (%) a p o s
0.80 0.845 0.960 0.974 0.950
0.85 0.850 0.965 0.930 0.950
0.90 0.848 0.968 0.941 0.950
0.95 0.8768 0.960 0.991 0.950
1.00 0.880 0.965 0.922 0.950
1.10 0.892 0.959 1.020 0.960
1.20 0.875 0.957 0.859 0.960
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Figure 16 - Frequency-response curve for OE TLCD with a mass ratio of 0.80%.
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Figure 17 - Frequency-response curve for CE TLCD with a mass ratio of 0.80%.
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Figure 18 - Adjusted (numerical) and experimental frequency-response curves for CE
TLCD.

99



Comparison of the Dynamic Characteristics of Tuned Liquid Column Dampers with ...

e— 1 = 0.80% Experimental 1 =0.85% Experimental e— | = 0.90% Experimental
1= 0.95% Experimental s (1 = 1,00% Experimental e (1 = 1,10% Experimental
6 — = 1.20% Experimental e e e - 1 =0.80% Numerical adjusted 1 =0.85% Numerical adjusted
————— 1 =0.90% Numerical adjusted 1 =0.95% Numerical adjusted = em = @» ® ; = 1.00% Numerical adjusted
5 lccaae 1= 1.10% Numerical adjusted e e» = = @ w=1.20% erical adjusted

Response amplitude (cm)

0,8 0,9 1 11 1,2 1,3 1,4 15
Frequency (Hz)

Figure 19 - Adjusted (numerical) and experimental frequency-response curves for OE
TLCD.

5. NUMERICAL ANALYSIS OF A SDOF SYSTEM COUPLED WITH TLCD

A SDOF building model is represented to investigate the interaction between the structure
and the TLCD. M,, C,, and K, denote the mass, damping, and stiffness of the structure,
respectively, as shown in Figure 20b. Horizontal component acceleration records of the 1999
Kocaeli earthquake that is shown in Figure 20a were obtained from the PEER Strong Ground
Motion Database [38]. The damping ratio of the SDOF system is assumed to be 5%. M, and
C; are assumed to be 101.9368 kg (total weight= 1 kN) and 5500 N/cm, respectively. The
dynamic equation of the SDOF system coupled with TLCD is expressed in Equation (12).
The time history analyses are conducted using the Newmark linear acceleration method [30]
using Equation (12).

M +m, m, ||X C, 0 X K, 0 x| M em,|
m, my ||y ' 0 2me,g,||» i 0 mda)j y T m, X (12)

03 1999 Kocaeli earthquake Y (t)_t
: Kocaeli Gebze station record Ty( 1)
Gebze 000 component

—~ *g
2 M -
c
K]
©
ko)
@
Q
O -
<

s | K2 a K2

-0.3 1

0 5 10 15 20 25
Time (s) 77777 V4
(@) (b)

Figure 20 - (a) Kocaeli Earthquake record, (b) Representation of modeling of TLCD
installed on a SDOF system.

100



Mert Can AYDEMIR, Erdem DAMCI, Yener TASKIN, Cagla SEKERCI

The OE and CE TLCDs were found to be successful in reducing the acceleration and
displacement responses of the SDOF system. To show the control performance of OE and
CE, the root-mean-square (RMS) ratio () of the acceleration values was calculated using
Equation (13). As a result, the TLCD with an OE reduces the RMS ratio by 14.34%, while
the CE reduces it by 11.53%.

| RMS, —RMS,, | 13)
RMS,,,,,

The Kocaeli Earthquake was applied to the SDOF system to examine the seismic
performance of OE and CE TLCD systems. The acceleration and displacement responses of
the SDOF system are shown in Figures 21 and 22, respectively.
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Figure 21 - Time history curves for OE: (a) displacement response of SDOF system and
TLCD, (b) acceleration response of SDOF system and TLCD
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Figure 22 - Time history curves for CE: (a) displacement response of SDOF system and
TLCD, (b) acceleration response of SDOF system and TLCD
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6. CONCLUSIONS

The dynamic characteristics and damping ratio of TLCDs with two different elbow forms
with the same theoretical frequencies are investigated experimentally. The following findings
are obtained by comparing the empirical and theoretical results for each mass ratio.

o Passive dampers are widely recognized for their ease of installation and ability to
counteract vibrations caused by wind and strong ground motions without relying on active
control. Therefore, additional damping may be required to avoid the dynamic effects of
these external excitations. This study shows that additional damping can be provided to
the structure by modifying the elbow shape of the TLCD without changing its dimensions,
which does not require additional space.

o Empirical results indicated a decreasing trend in resonance amplitude as the mass ratio
increased, while the response curves showed nonlinear behavior.

e As aresult of the harmonic excitations, the maximum difference between the theoretical
and experimental natural frequencies was obtained for each mass ratio when the harmonic
excitation amplitude was +£10 mm. This value reached 4.624% for CE and 3.810% for OE
TLCD designs.

o In the experiments performed for the harmonic excitation amplitude of 5 mm, the
maximum difference between the experimental and theoretical frequencies reached
2.612% and 2.530% for the CE and OE, respectively.

o It is inferred that the difference between the theoretical and experimental frequencies is
due to the surface friction of the fluid in the TLCD. However, considering that the
differences from the experimental results are within 5%, it can be interpreted that the
results are in an acceptable range.

o Experimental natural frequencies obtained for OE and CE TLCD configurations with
equal theoretical frequencies show that the largest difference between OE and CE TLCDs
was 5.26% under +5 mm harmonic excitation at a mass ratio of 1.20%. For +10 mm
harmonic excitation, the difference was 1.85% for a mass ratio of 0.90%.

o This study has experimentally demonstrated that the head loss coefficient depends not
only on the opening ratio of the orifice but also on the form of the elbow, considering two
types of TLCD designs with OE and CE forms.

o It was found that the elbow form significantly affects the damping ratio of the TLCD
system when the same mass ratios are considered. It can be concluded that the damping
performance of the TLCD with CE form is superior to that of the OE. This result is also
related to the harmonic excitation amplitude. In the design of the TLCD, the excitation
amplitude should also be considered an important parameter.

o Considering the earthquake performance of TLCD through the numerical analysis results,
OE shows superiority over the CE. The comparison of the damping performance on
acceleration and displacement time histories using RMS ratios shows that OE has an
advantage of approximately 25% over CE.

e The equivalent damping proposed by Park et al. [20] has been compared with
experimental results, revealing discrepancies. Adjustments to the motion equations have
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been made using modification factors based on experimentally obtained damping ratios,
aiming to minimize the difference between experimental and numerical results. Obtained
MFs are valid for the length ratios of between 0.34 and 0.6.

o In this study, the control performance of TLCD is investigated by considering the elbow
form, and adjusted numerical analyses are performed. Future studies are suggested to
investigate the optimal elbow forms.

Symbols

A : Cross-sectional area of the TLCD

B : Effective horizontal length of the TLCD system
Ceg : The equivalent damping coefficient

Cs : Damping coefficient of SDOF system

g : Acceleration of gravity

L : Total length of liquid in the TLCD

Ly : Out-to-outer length of the TLCD system

K : Stiffness of SDOF system

ma : Liquid mass in the TLCD system

my : Mass of liquid in the horizontal column of the TLCD
m : Mass of structural model

M : Mass of SDOF system

RMSyor : RMS value of SDOF system without TLCD
RMSyr : RMS value of SDOF system with TLCD

r : RMS ratio

t : Time

X : Displacement response of SDOF system
X : Velocity response of SDOF system

X : Acceleration response of SDOF system
Xg : Ground acceleration

X, : Amplitude of the resonance frequency

: Displacement response of the fluid in the TLCD
: Velocity response of the liquid in the TLCD
: Acceleration response of the fluid in the TLCD
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: Mass modification factor for liquid in the TLCD

: Stiffness modification factor for the TLCD

: Error between the nonlinear system and equivalent linear system
: Damping ratio

: Mass ratio

: Head loss coefficient

: Density of the liquid

: Standard deviation of the water surface velocity of water column y
: Tuning ratio

: Excitation frequency

: Angular frequency of TLCD

: Angular frequency of structure model
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ABSTRACT

Modification of asphalt mixtures has become almost mandatory today due to increased
stresses in pavements, shortening of load cycle times, and decreases in binder quality. For
this reason, many additives can be added to bitumen or asphalt mixture. Industrial material
wastes can also be among these additives. When diatomite material is used as a performance
enhancer in asphalt mixtures, it significantly improves the main performance indicators of
the asphalt mixture. However, low temperature cracking of diatomite-modified asphalt
mixtures is still controversial in the literature. This study evaluated the asphalt mixture in
terms of low-temperature cracking, water damage, and rutting, depending on the diatomite
grinding size (gradation) and addition ratio. Three different sizes of diatomite additives (106,
212 and 300-micron maximum diameter) were used at three addition ratios (5, 10 and 15%
by weight of bitumen). According to the test results, it was seen that the mechanical
properties of asphalt mixtures were significantly affected by the addition ratios and diatomite
sizes, and the use of 300-micron maximum diameter diatomite at the rate of 10% and 15%
was more effective. However, according to the BBR test results, the use of diatomite
additives with a maximum size of 106 pm at 5% slightly increased the low temperature
cracking resistance.
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1. INTRODUCTION

Diatomite is a mineral that is a low-cost mineral, easy to produce, and does not cause
environmental pollution. The European region is very rich in diatomite reserves. Turkey is
the country with the highest diatomite reserves after America and China. The diatomite
reserves in the United States, China and Turkey represented around 250, 150 and 44 million
metric tons, respectively, in 2022 [1].

The distinctive characteristics of diatomite have resulted in its adoption in various industrial
uses, with the primary applications encompassing liquid filtration and serving as a bulking
agent, as seen in the context of paint production. Additionally, diatomite finds utility in
insulation, particularly in the production of fire-resistant bricks, as well as in fine abrasion
applications, such as toothpaste and various polishing products. Furthermore, it is employed
as an effective pesticide in certain scenarios [2].

One of the applications of diatomite is in the asphalt pavement industry. Incorporating
diatomite into asphalt can have multiple advantages. This method can utilize natural
resources to their fullest potential and enhance the asphalt's overall performance.
Additionally, preparing a diatomite-modified asphalt mixture is a straightforward process
that doesn't require any specialized equipment. Moreover, the construction process for this
type of pavement is identical to that of regular asphalt, making it an economically feasible
option [3].

Relevant research has indicated that the incorporation of diatomite can greatly enhance the
resistance of bitumen to high-temperature rutting and thermal oxidative aging [4,5].
Furthermore, it is stated that diatomite exhibits superior performance compared to hydrated
lime and fly ash in enhancing asphalt mixture properties [6—9]. The improvement of asphalt
performance through diatomite is primarily attributed to physical adsorption, as the
exceptional adsorption capacity of diatomite effectively inhibits the thermal and oxidative
aging of asphalt binders [10]. Diatomite effectively adsorbs low molecular weight
compounds and low polarity aromatic molecules in bitumen, while exhibiting limited
adsorption capacity towards asphaltene and resin [11]. Diatomite possesses robust adsorption
and hardening characteristics on bitumen leading to significant enhancement in bonding
performance, strength, stiffness, and anti-aging properties of asphalt mixtures [12].

In research conducted on diatomite-modified asphalt mixtures, emphasis has been placed on
the high-performance characteristics of the modified mixtures. The study showed that
diatomite outperformed higher performance than kaolin, Na-bentonite, and Ca-bentonite in
view of the high-temperature performance, low-temperature performance, and temperature
sensitivity of asphalt mixtures [13]. Also, diatomite-modified asphalt mortar exhibited
excellent rutting and water damage resistance [14,15]. In another study, it was stated that
diatomite had the potential to enhance the water damage resistance of asphalt mixtures based
on freeze-thaw splitting tests [16]. Diatomite possessed strong adsorption capacity, which
reduced the contact and binding opportunities of water with aggregates, consequently
improving the water stability of asphalt mixtures [3]. The impact of diatomite on the low-
temperature performance of asphalt mixtures using various testing methods was studied and
it was concluded that diatomite-modified asphalt mixtures exhibited better low-temperature
performance compared to matrix asphalt mixtures [17]. In another investigation, it was
highlighted that the addition of diatomite improved the crack resistance and fatigue properties
of asphalt mixtures based on beam bending tests and four-point bending fatigue tests [18].
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Diatomite can be used in combination with other additives, fibers, or fillers to improve the
final mechanical properties, aging properties, and anti-icing performance of the asphalt
mixture [7, 19-24]. It is understood from the literature that the general performance of
diatomite-modified asphalt mixtures is high. Therefore, diatomite has the potential to be used
as an additive in asphalt mixtures. However, some studies have observed that diatomite
modification reduces the asphalt mixture's fatigue performance [25] and low-temperature
cracking resistance [17]. Some studies have stated that the diatomite additive is almost
ineffective in terms of low-temperature cracking [4].

In a study by Wang et al., a clean asphalt production method was investigated to reduce the
damage to the environment and human body. In this context, diatomite and modified-
attapulgite were multi-modified. The results of the BBR test on asphalt mixtures proved that
the additives slightly reduced the low temperature properties of asphalt pavements [26].

In a study, it was found that rubber and diatomite modification of asphalt mixtures can
improve the high temperature stability and low temperature cracking resistance of asphalt
mixtures, but especially the effect of improving the low temperature cracking resistance is
weaker than that of SBS modified ones. This was attributed to the fact that rubber and
diatomite particles mainly form a physical bond in asphalt mixtures and the effects of this
bond are weaker than the chemical modification of SBS [27].

In a study where basalt fiber was used to overcome the inadequacies of diatomite modified
asphalt mixtures in low temperature performances, in addition to the control (unmodified)
mixture, the mixture modified with diatomite at 15% of the asphalt binder ratio; asphalt
mixture modified with basalt fiber additive at the rate of 0.3% of the mixture weight by dry
method; diatomite modified with 15% of the bitumen by wet method and basalt fiber
modified with 0.3% of the asphalt mixture by dry method. To mix diatomite into bitumen,
the bitumen was heated at 135°C for 4 hours and then mixed in a high-speed mixer for 15
minutes. Basalt fiber was added to the heated aggregate and mixed for 5 minutes. Diatomite-
modified bitumen was added to the basalt aggregate mixture and mixed thoroughly. The
asphalt mixture samples were subjected to low temperature cracking test at -5°C and 4-point
beam bending test at 20°C. The results showed that the combination of diatomite and basalt
fiber compensated well for the vulnerability of asphalt mixtures to low temperatures [24].

In a study by Li et al., surface modified diatomite and bio-oil were used at 0, 5, 10, 15% by
mass of bitumen and the modification processes were carried out with a high-speed mixer at
155°C at a shearing speed of 4500 rpm for 60 minutes. As a result of the BBR test, it was
observed that hybrid modification can improve the low temperature behaviour of asphalt
mixtures [28].

In a study carried out by Aksoy et al., it was aimed to find the optimum ratios of diatomite
filler additive, which is extracted as waste for a sustainable future and the environment, that
could potentially be used in asphalt plants, and therefore modification processes were carried
out at different ratios. Asphalt mixtures were modified by wet method. Diatomite additives
were used at 5% and 10% by weight of bitumen. Asphalt mixture samples were evaluated in
terms of rutting resistance by repeated load creep test and the highest rutting resistance was
obtained with 5% diatomite ratio in unconditioned samples and 10% diatomite ratio in
conditioned samples [29].

The main uses of diatomite additives were summarised above, and it was observed that
diatomite modified asphalt mixtures were effective in terms of high temperature, rutting and
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water damage resistance, but ineffective in terms of low temperature cracking resistance. The
reason for this weakness of diatomite modified asphalt pavements in low temperature
performance is thought to be the physical bonding of diatomite with the asphalt mixture. It
was observed that the use of diatomite-basalt fiber increased the resistance of the asphalt
mixture to low temperature cracking. As seen in the literature research, it is important to
determine the optimum diatomite ratio. In addition, no study investigating the size effect
using diatomite at different grinding sizes has been found in the literature and it is thought
that the size effect of diatomite additives used in this study will contribute to the literature.

1.1. Objectives and Scope

More current and precise information is needed on the effects of diatomite modification on
low-temperature cracking. The overall performance of diatomite-modified asphalts depends
on many factors such as the type of diatomite used, mixing ratio, other additives and
conditions of use. The potential of diatomite modification to improve the performance of
asphalt mixtures has been demonstrated in many studies. However, these studies generally
did not distinguish between different types of diatomite or focused on a limited number of
properties. This deficiency raises the possibility that different diatomite types or gradations
may have different effects on asphalt mixture performance. The main purpose of this study
is to evaluate the effects of grinding size and addition ratio of diatomite on asphalt mixture
performance. For this purpose, diatomite additives obtained in three different grinding sizes
were added to bitumen at three different addition ratios and the asphalt mixture samples
produced were evaluated by repeated creep test, water damage test and indirect tensile test.
The modified binders were evaluated by bending beam rheometer (BBR) test, penetration,
and softening point tests.

2. MATERIAL AND METHOD
2.1. Material

The study used 50-70 penetration grade asphalt cement, whose properties are shown in Table
1, and limestone aggregate in Table 2. According to the Turkish Highways Technical
Specification [30], aggregate gradation suitable to produce dense-graded asphalt concrete
was determined. Aggregate gradation curve is given in Figure 1.

Table 1 - Pure bitumen properties

Test Test method Result Specification limits
Specific gravity (25°C) ASTM D70 1.011

Softening point (°C) TS EN 1427 52 46-54

Flash point (°C) TS ENISO 2592 240 >230

Penetration (25°C) 0.lmm TS EN 1426 63 50-70

Ductility (25°C) ASTM D-113 100+ (cm)

Solubility (%) TS EN 12592 99.8 >99
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Table 2 - Limestone Aggregate Properties

Aggregate properties Test method Result ﬁﬁi‘;lﬁcanon
Specific gravity (coarse aggregate) ASTM C 127

Bulk 2.707

Apparent 2.733
Specific gravity (fine aggregate) ASTM C 128

Bulk 2.763

Apparent 2.776
Los Angeles abrasion (%) TS EN 1097-2 26.70 <27
Water absorption (%) TS EN 1097-6 0.90 <2
Soundness (MgS04) (%) TS EN 1367-2 24 <16
Flakiness (%) BS 812 9.71 <25
Stripping resistance (no additive) (%) TS EN 12697-11  60-65 =60
Plasticity index for sandy aggregate =~ TS-1900-1 NP NP

Organic matter for sandy aggregate TS EN 1744-1 Negative  Negative
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Figure 1 - Aggregate gradation curve

Three diatomite additives obtained from Bentas Bentonit Mining Industry and Trade Joint
Stock Company and coded as D1 (First type diatomite), D2 (Second type diatomite), and D3
(Third type diatomite) were used in the study. Properties of agents were given in section 2.2.2
in detail.
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2.2. Method

2.2.1. Preparation of Diatomite Modified Bitumen

Direct and indirect (wet) methods can be used to prepare the diatomite-modified asphalt
mixture. When the direct blending method is used, diatomite is added to the asphalt and
aggregate mixture as mineral powder. When the indirect method is used, diatomite-modified
asphalt binder is prepared before preparing the mixture [31]. It is stated that the two blending
methods lead to approximately the same blending effect [32]. The wet method was used in
this study. Diatomite additives were added to the bitumen at the rates of 5%, 10%, and 15%
by weight (according to the asphalt mixture weight, respectively: 0.243%; 0.485%; 0.728%),
and asphalt mixtures were prepared with diatomite-modified bitumen.

There have been some studies which were researched the diatomite-bitumen modification; in
a study, 50/70 penetration grade bitumen was used and diatomite was added to the bitumen
at the rates of 5%, 10%, 15% and 20% by weight. For the preparation of diatomite modified
asphalt, the shearing temperature was chosen as 150°C, the shearing speed was 3000 rpm,
and the shearing time was 120 minutes for the preparation of diatomite-modified asphalt [4].
In another study, 70/100 penetration grade bitumen was used and diatomite was added to the
bitumen as 0.1%, 0.2% and 0.3% according to the total asphalt mixture weight. Mixture
preparation temperature was taken as 150°C, the shearing speed was 4000 rpm, and the
shearing time was 40 minutes [33]. In another study, 80/100 penetration grade bitumen was
used in the asphalt mixture and 14% diatomite was added to the asphalt cement. The shearing
temperature was 160°C, the shearing speed was 5000 rpm, and the shearing time was 40
minutes [17].

In the current study, diatomite-modified bitumen was processed at 4000 rpm at 160 °C. It
was prepared with a mixing time of 40 minutes at shear speed.

2.2.2. Chemical Properties

XRF (X-ray fluorescence) main oxide analysis results of diatomite additives are shown in
Table 3. XRD (X-ray diffractometer) graphs of diatomite additives are given in Figure 2, 3,
4. EDS (Energy Dispersive Spectrometry) layered images of diatomite additives are
presented in Figures 5, 6 and 7. EDS Map sum spectra of the additives are presented in
Figures 8, 9 and 10; and SEM (Scanning Electron Microscopy) images are presented in
Figures 11, 12 and 13. When Figures 2, 3 and 4 are analysed; it is clear that; the densest
diatomite contribution in terms of minerals according to XRD results of diatomite additives
is in D1 diatomite with 5000 levels. In Figure 3, it is observed that the quartz peak and
anorthite peak are intense. It is also understood that the amount of paragonite is also high. It
is understood that D2 diatomite has low anorthite content compared to D3 diatomite; but it
is rich in Na mineral. Among the 3 samples, it is observed that the amount of quartz and
anorthite in D1 is high and D1 is the richest contribution in terms of mineral. As the maximum
grain size decreased, different residual phases in the samples appeared. The SEM/EDS data
showed that the elements distribution in D1, D2, D3 are mostly rich in terms of C, O, Si
however the Fe, Ca, K, Mg contents showed differences on the diatomite samples due to the
particle size difference. The overall contents of element distribution can be estimated by D1,
which has a finest particle size with 1.5wt% Mg, 3.8wt% Al, 1.0wt% Ca and 1.4 wt% Fe.
The surface of all samples has a non-uniform microstructure with voids and pores. The
density of the D1 surface is higher than the other samples since the particle size of D3 is the
lowest.
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Table 3 - Main oxide analysis results of diatomite additives

Unit Dl D2 D3
Si0, % 73.955 74.099 74.199
AL O3 % 8.989 8.437 8.832
Fe,0; % 2.899 2.839 3.032
MgO % 2.485 3.049 2.649
CaO % 2.270 1.852 2434
NaO % 0.207 0.109 0.164
K>O % 1.256 1.002 1.274
TiO, % 0.511 0.460 0.518
P05 PPM 0.206 0.139 0.199
MnO % 0.102 0.054 0.149
SO; % 0.014 0.016 0.018
Cl PPM 94 &3 -
BaO % 0.032 0.017 0.041
CuO % 0.194 0.319 0.294
NiO % 0.227 - 0.009
SrO % 0.038 0.029 0.046
V205 % 0.0739 0.077 0.072
ZnO % - - 0.008
Zr0O, % 0.028 0.018 0.033
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Figure 2 - XRD test result of DI diatomite
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Figure 4 - XRD test result of D3 diatomite
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Figure 8 - EDS map sum spectrum of D1 diatomite
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Figure 10 - EDS map sum spectrum of D3 diatomite
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Figure 12 - SEM image of D2 diatomite
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Figure 13 - SEM image of D3 diatomite

2.2.3. Mix Design Properties

Gradation analysis results of diatomite additives are shown in Table 4. From Table 4, it can
be seen that D1 diatomite is in the finest gradation and D3 diatomite is in the coarsest
gradation. 50% of D1, D2 and D3 diatomite are thinner than 9.46 microns, 111.35 microns,
and 190 microns, respectively. At the same time, the maximum diatomite size is also in the
same order. The low-temperature tensile strengths of D1-modified asphalt mixtures were
lower than those of D2 and D3 diatomite used at the same inclusion rates. The higher surface
area of D1 diatomite may have increased the stiffness of the mixture by absorbing more
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asphalt cement. This may have had a negative impact on the low temperature strength of
asphalt mixtures. The higher tensile strength of D2 and D3 diatomite confirms this idea.

In accordance with the Highway Technical Specification [30], the dense graded asphalt
mixture design was made with pure bitumen according to the Marshall method. The bitumen
content giving 4% air void was taken as the optimum bitumen content and calculated as
5.10%. It was observed that other mixture properties also met the specification limits in the
calculated bitumen content (Table 5). Control mixtures and diatomite-modified mixtures
were produced at the calculated bitumen content.

Control and diatomite-modified asphalt mixtures were investigated for low-temperature
cracking, water damage, and rutting problems. Conditioned and unconditioned samples were
used in the experimental processes.

Table 4 - Gradation analysis results of diatomite additives

D1 diatomite additive D2 diatomite additive D3 diatomite additive
material material material
Sieve size, Gradation, Sieve size, Gradation, Sieve size, Gradation,
pm (% Passing) ~ um (%Passing) um (YoPassing)
106 100 212 100 300 100
80 98.4 150 99.1 212 68.2
60 97.1 106 95.1 206 54.6
40 943 80 88.4 150 52.1
30 90 60 79.6 106 44.5
20 85.4 40 68.8 80 314
10 76.2 30 51.9 60 23.0
52.2 20 42.1 40 17.2
25.1 10 30.9 30 12.6
2 4.7 5 18.7 20 11.1
10.1 10 9.2
2.9 5 6.6
3.7
1.9

Asphalt mix design was made according to 4% air voids and the suitability of parameters
such as VMA and VFA was checked. The air voids of the asphalt mix briquettes produced
for the experimental studies were calculated by density measurements and given in Table 6
as the average of 15 samples. The air voids of diatomite modified asphalt mixtures increased
by 0.07% - 0.13% compared to control mixtures. However, the air voids of diatomite
modified asphalt mixtures varied slightly among themselves.
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Table 5 - Asphalt concrete design results

Design parameters Specification limits Mixture values
Number of blows per face 75 75.00

Density, gr/cm3 2.44

Marshall stability, kg Least 900 1189

Air voids, Vi, % 3-5 4.00

Voids filled with asphalt, V¢, % 65-75 71.64

Flow, mm 2-4 348

Bitumen content, % 4-7 5.10

VMA (Voids in Mineral aggregate), % 14-16 14.37

Table 6 - Air void ratios of asphalt mixture briquettes

Mixture Control D1 D2 D3

5%  10% 15% 5% 10% 15% 5% 10% 15%

Air voids (%)  3.99 4.08 4.10 4.12 4.07 4.07 411 4.06 4.0 4.11

2.2.4. Penetration and Softening Point Tests

Penetration test determines the consistency of asphalt as well as the class of solid asphalt. As
penetration increases, adhesion increases, viscosity and solidity decrease. Asphalt cement is
semi-solid at room temperature. It is not possible to predict viscosity at high viscosities.
However, the binding ability of asphalt on the road surface depends on the consistency. As
the consistency of the asphalt cement increases, the aggregates in the mixture bind more
strongly to each other. The penetration of bitumen is defined as the distance in 0.01 mm at
which a standard needle penetrates vertically into asphalt cement for a certain time (5 s) under
a certain load (100 g) at room temperature [34]. Penetration test standards of bituminous
binders are determined by TS EN 1426 [35].

The sensitivity of asphalt to temperature changes can be determined most simply by the "ring
and ball" method. Penetration values of some asphalt types at 25°C may be the same.
However, when the temperature is increased, a difference in properties can be observed. This
is determined by the softening point test. The asphalt sample is placed in a ring of standard
thickness and diameter. A ball of standard diameter and weight is placed on the sample and
heated rapidly in water. The temperature at which the asphalt in the ring collapses to a certain
depth (when it touches the bottom) with the weight of the ball is considered as the temperature
at which the asphalt softens (softening point). The softening point test of bituminous binders
is determined by TS EN 1427 [36].

The penetration index (PI) is used to get an idea of the temperature sensitivity of bitumen.
An increase in the penetration index indicates a decreased sensitivity of the bitumen sample
to temperature. The PI value of bitumen is usually between -2 and +2. If this value is close
to +2, the temperature sensitivity of bitumen is considered to be low, and if it is close to -2,
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it is considered to be high [37]. Asphalt mixtures containing bitumen with higher PI have a
higher resistance to low temperature cracking and permanent deformation [38]. PI is usually
determined by the classical method given in Eq. 1 [39].

Pl = 1952-500xlog(Pen25)—20xSP
50xlog(Pen25)—-SP—-120

(1

where Pen25 is the penetration value of bitumen at 25°C and SP is the softening point of
bitumen.

2.2.5. Bending Beam Rheometer (BBR) Test

BBR is performed on aged bitumen samples according to ASTM D6648 [40] to determine
the behaviour of bitumen at low temperature. BBR simply indicates the amount of creep or
deflection the binder undergoes at a given temperature and under a constant load. Asphalt
becomes too hard at low temperatures to rely on the results obtained with DSR. Therefore, a
bending beam rheometer has been developed to monitor asphalt at low temperatures. The test
is usually carried out at sub-zero temperatures (the test criterion is usually taken as the
temperature at which the stiffness of the binder is 300 MPa) and the deflection of a beam-
shaped asphalt bar under constant load is monitored over time. In this test, bitumen samples
aged by RTFO and PAV tests are used. Thus, the asphalt is tested after mixing and paving
operations. The test is carried out under computer control and the instantaneous time-
deformation and time-creep stiffness graphs are plotted by the computer to calculate the creep
stiffness "S" and creep rate "m" at the end of 60 seconds [41, 34]. The deflection of a bitumen
beam of a given size at a given time (¢) is measured and the (t) of the bitumen is calculated
from the classical beam theory using Equation (2). On the other hand, the creep rate is related
to the variation of (t) with time (t). For practical reasons, the software of the BBR device
establishes a logarithmic relationship between (t) and ¢ in the form of Equation (3). The m-
value, which is the slope of the graph of log (t) - log t at a given time ¢, can be calculated
using Equation (4), which is the derivative of Equation (3) with respect to log t [42].

pxL3

S(t) = 4xbxh3x8(p) )

logSw) = A+ Blogt + C(logt)? 3)
_ d[logS(t)] _

m(t) = “aogt) | — B + 2Clogt (4)

where: S(t) is the flexural creep stiffness at time tin MPa, m(t) is the creep rate at time t, P
is the measured test load in mN, L is the span length in mm, % is the depth of the specimen in
mm, §(t) is the deflection of test specimen at time ¢, and A, B, C are regression coefficients.

In the Superpave bitumen specification, an upper limit of 300 MPa is imposed on (t) in order
to keep the bitumen hardness below a certain level [43]. However, an increase in the m-value
means that the hardness of the bitumen changes quite rapidly and therefore shows better stress
relaxation capability [44]. Due to this fact, a lower limit of 0.300 for the m-value was
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introduced in the Superpave bitumen specification to ensure that the bitumen has an adequate
stress relaxation capability [43]. It is assumed that bitumen with an m-value above this limit
can quickly dissipate stresses caused by thermal changes [42].

2.2.6. Conditioning Method

Performance tests of asphalt mixtures were conducted on conditioned and unconditioned-
control (unmodified) and diatomite-modified asphalt mixtures. The conditioning system was
applied according to the AASHTO T 283 [45] method. Three identical Marshall briquettes
were used for each mixture option created according to additive type, ratio, and conditioning.
According to the method, the samples are divided into two groups. While the samples in one
of the groups are not conditioned, the samples in the other group are first saturated with water
in the range of 70% to 80% with a vacuum pycnometer. The water saturated samples are
tightly wrapped with plastic film and placed in a plastic ziplock bag containing 10+5ml water.
Then the samples are kept at -18+3°C for at least 16 hours. The samples taken out of the
freezer are placed in a water bath at 60£1°C for 24+1 hours without waiting. After these
procedures, the samples are considered conditioned, and the plastic bag and film are removed
[45].

2.2.7. Indirect tensile strength (ITS) test

The indirect tensile strength (ITS) test is among the most widely accepted tests for
investigating the behaviour of asphalt mixtures at low temperature [46]. The ITS test was
developed by the Strategic Highway Research Program (SHRP). Because the test is simple,
can be done with inexpensive equipment, and gives essential information, it has been adopted
by researchers and practitioners. With the test, creep stiffness can also be obtained besides
the low-temperature resistance of asphalt mixtures. The ITS values obtained when the test
was performed at low temperatures represent the low-temperature resistance of the pavement
under real road conditions [47]. Samples are placed horizontally between two loading bars
that can move parallel to each other in the vertical plane. While the bars compress the
briquette at a constant speed of 50 mm/min, the sample cracks in the vertical plane due to the
indirect tensile stresses. The largest load causing cracking is recorded in the device as tensile
strength. At the same time, the deformation of the sample can be recorded until it cracks. The
test can be performed at different temperatures. This study selected a temperature of 0°C, and
the test was repeated with three identical samples. The failure strength (ITS) was calculated
using equation (5) by using the recorded maximum load that caused crack formation in the
sample during the test.

2000 P
nDt

ITS = ®)

where ITS = indirect tensile strength (kPa), P = maximum load (N), = thickness of specimen
(mm), andD = diameter of specimen (mm).
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2.2.8. Moisture Damage Test

The weakening or breaking of the bonds between the aggregate surface and the bituminous
binder due to water or moisture is called water damage or moisture susceptibility [48]. The
fact that asphalt pavement is sensitive to moisture; in other words, its low water damage
resistance reduces the adhesion and cohesion resistance of the pavement, may cause
significant deterioration in the pavement such as stripping, ravelling, water infiltration, and
may trigger other types of deterioration [49].

Moisture susceptibility of asphalt mixture samples can be evaluated with tensile strength ratio
(TSR) test. TSR, determined according to the AASHTO T 283 standard, is the most accepted
test method used to determine the resistance of compacted asphalt mixture samples against
deterioration caused by water. The test aims to determine the indirect tensile strength of
unconditioned and conditioned that have undergone a series of conditioning processes;
compacted asphalt mixture samples. TSR is the ratio of ITS of conditioned and unconditioned
samples and is calculated according to Equation 6 [50]. If the tensile strength ratio of the
samples is 80% or more, it is resistant to moisture susceptibility [51, 52].

TSR = ITS conditioned (6)

ITSynconditioned

2.2.9. Repeated Creep Test

The repeated creep test offers valuable information about the susceptibility of asphalt
mixtures to rutting when changes in temperature occur [53,54]. The test system allows the
simulation of application conditions by providing options such as variable temperature, stress
or load, loading period, and conditioning loading. The repeated application of load to the
asphalt mixture sample (loaded and unloaded periods) allows for the advantages provided by
the elasticity properties of the mixture to be observed (the effect of returning deformations
can also be taken into account). The loading number or cumulative deformation that ends the
test can be selected. During the test, the number of loadings and the amount of deformation
are automatically recorded [55].

It is recommended that the repeated creep test be performed at relatively low-stress levels
(cannot usually exceed 206.9 kPa) and low temperature (cannot usually exceed 40°C);
otherwise, it is stated that the sample will fail prematurely [56].

In the research, repeated creep tests were performed on conditioned and unconditioned
samples according to EN-12697-25 (A) [57] test standard. In this study, three samples from
each mixture were tested. The conditioning was carried out following the AASHTO T 283
method. The tests were conducted at 40°C temperature, under the tension of 95 kPa, at a
frequency of 0.5 Hz and 20000 loading cycles. In this test, the conditioning stress was 3 kPa;
conditioning stress time 2 min; loading duration was 500 milliseconds and unloading
duration was 500 milliseconds.
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3. TEST RESULTS AND EVALUATION
3.1. Penetration and Softening Point Tests Evaluation

Table 7 shows the penetration, softening point and penetration index values on control and
diatomite-modified asphalts. When all penetration values were analysed, it was observed that
they were within the specification limits. It was observed that the penetration values
decreased by minimum 9.36% and maximum 21.81% in diatomite modified asphalt mixtures
compared to control (virgin) asphalt mixtures. It was observed that the penetration value
decreased as the diatomite content increased in all diatomite modified asphalt mixtures.
When the softening point values given in Table 7 are analysed, it is seen that all of the
diatomite modified asphalts are higher than the control (virgin) mixtures. According to the
penetration and softening point values, it was observed that the high temperature performance
of diatomite modified asphalt mixtures improved due to the porous structure of diatomite.
This result was confirmed in a study by Wang et al. [26], which showed that the softening
point values of diatomite modified asphalt mixtures increased and penetration values
decreased compared to control (virgin) asphalt mixtures. This was attributed to the decrease
in the overall fluidity of the modified asphalt due to the absorption of the light components
of asphalt into the porous structure of diatomite.

When the PI values in Table 7 are analysed, it is seen that the PI values of all diatomite
modified asphalt mixtures are higher than the control (virgin) bitumen, therefore, the
modification of diatomite additive to asphalt increases the temperature sensitivity of the
mixtures. It was observed that the highest PI value and the least sensitive mixture to
temperature was observed in 15% D3 mixtures with 1.681.

Table 7 - Penetration and softening point test results of control and diatomite-modified
bitumen

Control D1 D2 D3
5%  10% 15% 5% 10% 15% 5% 10% 15%

Penetration 25°C,  63.1  57.7 532 528 556 535 525 54 532 518
100 g, 5 s (0.1 mm)

Softening point (°C) 524 57.1 58.6 60.2 57.7 58.7 612 604 615 629
PI -0.043 0.796 0.902 1.207 0.828 0.937 1.390 1.306 1.483 1.681

3.2. Bending Beam Rheometer (BBR) Test Evaluation

The S value obtained by the BBR test is shown in Table 8 and the m value is shown in Table
9. When S values are analysed, it is observed that all values are within the specification limits
(<300 MPa) at -12°C. However, S values at -18°C were not within the specification limits.
It was observed that the S value increased as the diatomite additive ratio increased. When the
m values in Table 9 are analysed, it is seen that the specification limit value at -18°C is met
only for 5% D3 modification; it is not met for samples with other ratios and control (virgin)
asphalt. At-12°C, it was observed that all asphalt binders met the specification limits. When
Table 8 and Table 9 are analysed together, it is observed that the S value increases and the m
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value decreases as the diatomite additive ratio increases at -12°C. This result shows that
modification of diatomite alone is ineffective in the resistance to low temperature cracking.

In a study by Li et al., it was confirmed that diatomite modified asphalt mixtures may weaken
the low temperature properties of asphalt mixtures, but their low temperature behaviour can
be significantly improved when used with bio-oil [28].

Table 8 - Creep stiffness values of control and diatomite-modified asphalts

Diatomite content 0 5 10 15

(%0)

Temperature (°C) -12 -18 -12 -18 -12 -18 -12 -18
Control (MPa) 118.0 324.1

D1 (MPa) 121.8 3257 149.7 3532 160.5 4395
D2 (MPa) 1226 3272 1469 3534 1613 4464
D3 (MPa) 124.7 320.1 146.5 349.8 165.1 451.5

Table 9 - Creep rate values of control and diatomite-modified asphalts

Diatomite content 0 5 10 15

(%)

Temperature (°C)  -12 -18 -12 -18 -12 -18 -12 -18
Control (m-value) 0.382  0.283

D1 (m-value) 0.390 0.275 0388 0.271 0381 0.267
D2 (m-value) 0.396 0.291 0390 0.277 0382 0.273
D3 (m-value) 0.401 0.305 0394 0.278 0.388 0.281

3.3. Strength of Mixtures at Low Temperature

The strength of asphalt mixtures at low temperatures was determined by indirect tensile
strength test at 0°C. Experimental results are given in Figure 14. The test results showed that
increasing the diatomite ratio increased the tensile strength of the modified mixtures. The
smallest tensile strengths were obtained with D1 diatomite at a 15% addition rate (2494 kPa).
Increasing the diatomite ratio in D1 and D2, diatomite caused a decrease in their tensile
strength. Compared to the control mixture, it was observed that 5% diatomite modification
reduced the tensile strength of the asphalt mixture, resulting in mixtures that are more
sensitive to low temperatures.

Indirect tensile strength (ITS) test is currently the most widely used method to characterise
thermal cracking susceptibility in asphalt pavements [58]. When the diatomite ratio was
increased to 10%, a 9.7% improvement in the cracking resistance of D3 modified mixtures
was observed compared to the control mixtures. Mixtures with D1 diatomite showed lower
low temperature resistance than control mixtures. D2 modified mixtures showed tensile
strengths equal to or lower than the control mixtures, while D3-modified mixtures showed
tensile strengths equal to or higher than the control mixtures.
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3.4. Moisture Damage Evaluation

The resistance of the produced diatomite-modified asphalt mixtures to water damage was
determined according to the AASHTO T283 method. The indirect tensile strength test was
performed on three identical briquettes at 25°C, and the tensile strength values were averaged
and given in Figure 15 for unconditioned samples and Figure 16 for conditioned samples.

4000

5%, (0% = 5% — — - Control

3500

3000

2500

2000

Tensile strength (kPa)

1500

1000
D1 D2 D3
Mixture type

Figure 14 - Comparison of tensile strength of control and diatomite modified asphalt mixes

At 25°C, the tensile strength of diatomite-modified mixtures was generally higher than the
control mixture. The conditioned diatomite-modified asphalt mixture samples showed higher
tensile strength than the conditioned control samples. In unconditioned samples, D2
diatomite was equivalent to the control mixtures, while D1 and D3 diatomite showed a higher
performance than the control mixtures. Increasing the diatomite ratio in the asphalt mixture
generally led to a decreasing trend in tensile strength. This trend could be seen more clearly
in the conditioned mixtures (Figure 16).

2000
1800 — 5%, 0%
1600 s 15% — — - Control (0%)

Tensile strength (kPa)

D1 D2 D3
Mixture type

Figure 15 - Tensile strength of unconditioned asphalt mixtures at 25°C
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Figure 16 - Tensile strength of conditioned asphalt mixture at 25°C

While higher tensile strengths were obtained in low-concentration modifications (5%
inclusion rate), lower tensile strengths were observed in high concentrations (15%). Although
there is no significant difference between diatomite types in terms of tensile strength, D3-
modified asphalt mixture samples showed the highest tensile strength in both conditioned
and unconditioned samples at 10% inclusion rate. In conditioned mixtures, the highest tensile
strength was obtained with D3 diatomite and the lowest tensile strength with D1 diatomite at
the same inclusion rates. When the conditioned mixtures were evaluated, it was seen that the
tensile strength of D3-modified asphalt mixtures increased by 22% or more at all inclusion
rates compared to the control mixtures. This increase remained at 13% in D2-modified
asphalt mixtures.

140

5%, s 10%
120 || m 15% — — - Control (0%)

100

TSR (%)
[\ N N o0
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D1 D2 D3
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Figure 17 - Tensile strength ratio

The tensile strength ratios of asphalt mixture samples are given in Figure 17. All of the
diatomite modified asphalt mixtures showed higher tensile strength than the control mixtures
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and 80%. It has been observed that the TSR value of the asphalt mixture can be increased by
22% with diatomite modification. There was a tendency for the water damage resistance of
diatomite modified asphalt mixtures to decrease as the diatomite ratio increased. Higher TSR
values were obtained at 5% diatomite ratio compared to 10% and 15% adding ratios. D2 and
D3 diatomites showed higher water damage resistance compared to D1 diatomite.

3.5. Rutting Evaluation

The rutting behavior of control and diatomite modified asphalt mixtures was investigated by
repeated creep tests at 40°C. The deformation curves of unconditioned samples are shown in
Figure 18, and those of conditioned samples are shown in Figure 19. It was observed that D3
diatomite showed the highest deformation in unconditioned mixtures and suffered higher
deformation compared to the control mixture. As the diatomite inclusion rate increased, the
deformation resistance of asphalt mixtures decreased, and the highest deformation resistance
was obtained with D1 diatomite at a 5% inclusion rate. With 5% D1 modification, a 17%
decrease in permanent deformation was observed compared to the control mixture. It was
understood that as the diatomite ratio increased, the slopes in the second region of the creep
curves of the asphalt mixture samples increased; however, the tertiary region did not form in
any sample in the number of load repetitions applied.

The positive effect of diatomite modification could be better observed in conditioned
mixtures. Unlike unconditioned mixtures, as the diatomite ratio increased, the amount of
deformation decreased. While the highest deformation resistance was achieved with D2
diatomite at a low inclusion rate (5%), the highest deformation resistance was achieved with
D3 diatomite at medium (10%) and high (15%) inclusion rates. With D3 diatomite, a 37%
reduction in deformation was achieved compared to the control mixtures at a 15% usage rate.

Considering the experimental results of both unconditioned and conditioned mixtures, it is
understood that diatomite modification can have a positive effect on increasing the
deformation resistance of asphalt mixtures. Since asphalt mixtures are exposed to natural
conditioning under application conditions, the positive effect of diatomite modification in
terms of rut resistance may be better revealed. Based on earlier research, it has been
confirmed that diatomite can enhance the performance of asphalt mixes at elevated
temperatures because of its extensive surface area and porous structure. Furthermore, it can
adsorb small amounts of bitumen, leading to an overall increase in the complex shear
modulus of the asphalt. This, in turn, enhances the mixture's resistance to rutting [59].

The optimum diatomite content in the modified asphalt mixture rises as the amount of
diatomite increases. This is due to the diatomite's capacity to absorb light oil in the asphalt,
leading to an increase in the stickiness of the asphalt. The energy required for bending strain
encompasses both stress and strain, making it a more appropriate measure for assessing the
cold-weather performance of the asphalt mixture. Based on the results of the low-temperature
bending test, the most favourable diatomite dosage is achieved at 13-14%. This is when the
bending stiffness modulus and bending strain energy reach their peak levels. Considering the
equivalent brittle point, the optimum diatomite dosage is 13% [60].
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D1, D2, and D3 diatomites used in this study show similar properties in terms of their
chemical composition. However, D1 diatomite was ground in the finest gradation, and D3
diatomite was ground in the coarsest gradation. When the mechanical test results of asphalt
mixtures are evaluated, it is understood that D2 and D3 diatomites show better results than
D1 diatomites. D1 diatomite creates a larger surface area with its fine structure and requires
a higher amount of bitumen to cover the particles. The bitumen film around the particles
becomes thinner for the same amount of bitumen. The thinness of the bitumen film reduces
the flexibility of the mixture and causes harder mixtures to form. It is thought that the lower
low-temperature cracking resistance of the D1-modified asphalt mixture is related to the
surface area size of the diatomite. As the diatomite ratio increases, the surface area increases,
and the tensile strength decreases slightly, confirming this idea.

It is thought that fiber addition may be effective in increasing tensile strength at low
temperatures more significantly. The previous studies have emphasized that there is an
improvement in the tensile strength of diatomite-fiber modified asphalt mixtures [61]. It is
also stated that there is a significant increase in the fatigue life of basalt fiber-diatomite-
modified asphalt mixtures compared to diatomite-modified asphalt mixtures [62].

The porous structure of diatomite helps to form a stronger adhesion between the bitumen film
and diatomite particles. This strong adhesion increases the asphalt mixture's resistance to
water damage. However, when the bitumen film thickness decreases too much, the effect of
adhesion may decrease. Therefore, the maximum size and gradation of diatomite have a
significant impact in terms of water damage as well as in low temperatures.

When all performance test results are evaluated, it is understood that the use of D3 diatomite
in the range of 10-15% provides higher mechanical properties. If thinner form diatomites
such as D1 are to be used, the additive ratio should be chosen lower.

It is considered that the ineffective/low-effective results emphasized in the evaluation of low-
temperature performances of diatomite-modified asphalt mixtures in previous studies may be
related to the gradation of the diatomite used. It becomes clear that the diatomite ratio must
be determined meticulously according to gradation.

4. CONCLUSION

The study investigated basic performance indicators such as low-temperature cracking, water
damage, and deformation behaviors of asphalt mixtures at different grinding and inclusion
rates of diatomite additive. Three grinding sizes and three inclusion ratios were selected. As
a result of the study, the following results were obtained.

Increasing the inclusion rate of diatomite negatively affected the low-temperature cracking
resistance of the asphalt mixture. This result coincides with a study by Liu et al. [63], which
proved that 15% diatomite utilisation rate showed higher cracking resistance than 10%. In
general, as the inclusion rate increased, the tensile strength of the asphalt mixture decreased.
The increase in the maximum size of diatomite and the coarsening of its gradation positively
affected the cracking resistance of the asphalt mixture. The highest tensile strength was
obtained with D3 diatomite whose maximum size is 300 microns. However, D1 diatomite-
added asphalt mixtures with a maximum size of 106 microns showed lower cracking
resistance than the control mixtures.
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Diatomite-modified asphalt mixtures showed higher water damage resistance than control
mixtures at all sizes and inclusion rates of diatomite additive. Although there is no significant
difference, increasing the maximum size of diatomite increased the TSR value. However,
increasing the addition rate tended to decrease the TSR value, and the highest TSR values
were obtained at a 5% addition rate.

The deformation behaviour of diatomite-modified asphalt mixtures could not be clearly
observed in unconditioned mixtures, and misleading results emerged. In conditioned
mixtures, high deformation resistance of diatomite modified mixtures was revealed.
Increasing the diatomite ratio and maximum size increased the deformation resistance. The
highest deformation resistance was achieved at a 15% inclusion rate of D3 diatomite.

This result coincides with the finding of Du et al. [64] on SBS and diatomite modified asphalt
mixtures that the temperature stability of the asphalt pavement increased more than the SBS
modified ones at an optimum diatomite usage rate of 13% and the rutting resistance of the
asphalt pavement improved more.

When all tests are evaluated, it is understood that it would be appropriate to use D2 and D3
diatomites at rates of 10%-15%. In the evaluations made within the scope of the study, it was
concluded that the maximum size of diatomite above 200 microns was more effective. In the
literature search, no studies on diatomite modified asphalt pavements with different grinding
sizes and different types were found.

It is recommended to investigate compatible fiber types, sizes and ratios to improve low
temperature cracking. In future studies, the effect of diatomite grind size on fiber-diatomite
multiple modification can be investigated. It would also be useful to evaluate the effect of
diatomite modification on the fatigue resistance of asphalt and to investigate the effect of
surface modified diatomite additives on asphalt pavement performance.

Symbols

D Diameter of specimen (mm)
D1 First type diatomite

D2 Second type diatomite

D3 Third type diatomite

EDS Energy dispersive spectrometry
ITS Indirect tensile strength

NP Non-plastic

P Maximum load (N)

PPM Parts per million

Rpm Revolutions per minute

SEM Scanning electron microscopy
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SHRP Strategic highway research program

TSR Tensile strength ratio
XRD X- Ray diffractometer
XRF X- Ray fluorescence
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