
applied  
sciences

Article

Laboratory Study on the Performance of Asphalt
Mixes Modified with a Novel Composite of Diatomite
Powder and Lignin Fiber

Moustafa Abdelsalam 1,2 , Yanchao Yue 1,* , Ahmed Khater 1,2, Dong Luo 1,
Josephine Musanyufu 1 and Xiaoli Qin 3

1 School of Human Settlements and Civil Engineering, Xi’an Jiao tong University, Xi’an 710054, China;
moustafa91@stu.xjtu.edu.cn (M.A.); ahmedkhater@stu.xjtu.edu.cn (A.K.); luodong@xjtu.edu.cn (D.L.);
quinnnatukunda@gmail.com (J.M.)

2 Department of Civil Engineering, Faculty of Engineering, Benha University, Benha 13512, Egypt
3 School of Earth Science and Land Resources, Chang’an University, Xi’an 710064, China;

qinxl2011@chd.edu.cn
* Correspondence: yuey@xjtu.edu.cn; Tel.: +86-1839-250-0205

Received: 12 July 2020; Accepted: 7 August 2020; Published: 10 August 2020
����������
�������

Abstract: The performance and the fundamental weaknesses of asphalt mix under environmental
temperature and water effects have made researchers try to modify the asphalt mix properties by
using the proper additives. For this reason, this paper aims to improve the anti-cracking performance
and water stability of asphalt pavement by adding a novel composite of diatomite and lignin fiber
in asphalt mixes. Four types of asphalt mixes, including control asphalt mix (CAM), diatomite
modified asphalt mix (DMAM), lignin fiber modified asphalt mix (LFMAM), and diatomite-lignin
fiber composite modified asphalt mix (DLFMAM) were prepared in the laboratory. Low-temperature
bending test, Marshall Immersion test, and freeze-thaw splitting test were employed to evaluate
the performance of the asphalt mixes. Results reveal that the use of the lignin fiber in reinforced
asphalt mixes combined with diatomite led to an enhancement in the asphalt pavement performance
more than the other three types of mixes. Diatomite has an important influence on the water damage
resistance of asphalt mix more than lignin fiber. On the other hand, diatomite has a small effect on the
anti-cracking performance; meanwhile, lignin fiber showed a significant improvement in the cracking
resistance of asphalt mixes. DLFMAM has the best traveling performances among all asphalt mixes.
Thus, this work provides a good reference for the design of composite asphalt mixes.

Keywords: lignin fiber; diatomite powder; asphalt mixes; low-temperature cracking resistance;
water stability

1. Introduction

Asphalt pavement is a composite material consisting of aggregate, air void, asphalt mastic,
and filler. It is considered the primary paving type of road and airport constructions, due to their
good riding quality, low noise, fast construction speed, excellent durability and stability, recyclability,
and easy maintenance [1–3]. In the last few decades, the Chinese government intended to improve the
transportation industry by increasing the highway network in China over 130,000 km by the end of
2016, and more than 90% of that is asphalt pavement [4]; meanwhile, in the U.S., the asphalt pavements
represent about 95% of total pavement structures [5].

However, under the effects of repeated vehicle loading and environmental conditions, asphalt
pavements are susceptible to thermal cracking, especially at low temperatures in winter, and freeze-thaw
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cycles in the autumn, spring, and winter [6,7], which are deemed the main distresses that affect the
asphalt pavements’ properties in the cold regions.

Under low temperature, the thermal cracking in asphalt pavement appears in the form of transverse
cracks on the top surface of the pavement structure and propagates downward over time [8–10],
causing water to permeate into the asphalt pavement structure. The high porosity of the asphalt
mix also plays an important role in the trapping of harmful water and air [11]. The moisture causes
stripping, raveling, and fatigue damage through weakening the bonding force among asphalt mortar
and aggregates [12,13]. Finally, these distresses can decrease the service period and decrease the quality
of asphalt pavement with increased maintenance cost.

Therefore, researchers realized that the utilization of additives in asphalt mixes is the best method
to apply to decrease consumption of natural resources, extend the service life, and improve asphalt
pavement properties in case the pavement structure cannot withstand the climate effects and high
traffic loads [14–16]. Among various types of additives, both lignin fiber and diatomite powder,
were chosen to modify the behavior of asphalt mix under low temperature and water effects, based on
the recommendation of the previous study [17].

Lignin fiber is an organic fiber produced from the chemical treatment of wood, with high heat
resistance and stable chemical in acidic conditions. Furthermore, lignin fiber has a flocculent structure
and rough surface. Flocculent structures can increase the absorption and stabilization of the asphalt
binder, while the rough surface improves its adhesion with asphalt [7]. Lignin fiber has been used to
improve the performance of asphalt mixes for many years [18–24].

Zhen Fu et al. [18] investigated the performance of asphalt mix modified with lignin fiber and
anti-rutting agent. It is reported that the bending tensile strain of mixes obviously increased when
using lignin fiber compared to anti-rutting agent, and lignin fiber substantially enhanced water-damage
resistance. Zhen Fu et al. [19] also investigated the asphalt mix modified with lignin fibers and polymers.
It concluded that both moisture sensitivity and low-temperature properties of modified asphalt mixes
are better than the unmodified mix. Hasi Tuya [20] tested the low-temperature performance and water
stability of asphalt mixes modified with lignin fiber and rubber. It showed that the anti-cracking and
moisture-damage resistance of lignin fiber and rubber modified asphalt mix are clearly improved more
than that modified with rubber only. Rui Xiong et al. [21] showed that the bending strength, the failure
strain, as well as moisture susceptibility of asphalt mixes were significantly improved with the addition of
lignin fiber. In comparison with other fibers, Qinwu Xu et al. [22] showed that lignin fiber had the highest
anti-cracking property of asphalt mix, but it had the lowest performance in freeze-thaw cycle resistance.
Gang Xu et al. [23] and Thanh et al. [24] evaluated the water stability performance of stone mastic asphalt
mixes, which showed that Marshall residual stability was improved with the addition of lignin fiber.

Diatomite powder is an inorganic filler that has obtained a great interest due to its low density,
low cost, low thermal conductivity, light weight [25,26], and plentiful storage. The reserve of diatomite
in China exceeds 300 million tons, ranking second after the United States [27]. Diatomite has been
widely used to modify the asphalt pavement with the objective of reducing environmental pollution
and producing asphalt mixes with high mechanical properties [28]. Various researchers studied the
performance of asphalt mixes modified with diatomite [29–36].

Chao Yang et al. [29] showed that diatomite has little enhancement on the resistance of cracking of
asphalt mixes, although the water stability values of diatomite modified asphalt mix were significantly
increased compared to that of the unmodified mix. Hu Qiusheng [30] observed that the use of diatomite
in pavement had a small influence on the asphalt mixes at low temperatures. Yongchun Cheng et al. [31]
revealed that the use of diatomite in sand asphalt mixes improved the low-temperature performance
with increased bending tensile strength. Arash Davar et al. [32] conducted a study on modifying
asphalt mix by using a combination of diatomite and basalt fibers, which showed an improvement in
the anti-cracking property of mixes. However, it also reported that the diatomite had small effects on
the low-temperature behavior, since it improved the tensile strength but reduced the failure strain.
Yiqiu Tan et al. [33] investigated the effect of diatomite on the anti-cracking property of asphalt mixes.
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Results displayed improvement in the low-temperature property of asphalt mixes. Another study was
carried out by Guo et al. [34] on a compound of diatomite and glass fiber used to modify the asphalt
mix. Their results demonstrated that the bad effect of diatomite on the low-temperature property of
asphalt mix was overcome by using glass fiber. Nurul Athma et al. [35] and Shunjie Luo et al. [36]
investigated the property of asphalt mix modified with diatomite under freeze-thaw cycle effects. It
reported that the moisture damage resistance was clearly improved by using diatomite.

According to the aforementioned research and the previous review [17], it is clear that using
diatomite or lignin fiber can improve the asphalt mixes but in different degrees. As the performance of
asphalt mixes modified by diatomite or lignin fiber is similar in some effects and different in another,
the utilization of double-adding technology into mixes may be more useful on the resistance of asphalt
pavement to distress than the single adding. In addition, based on the literature, the optimal content of
diatomite varies from 12% to 14%, while the optimal dosage of lignin fiber is between 0.2% and 0.4%.
Thus, in the present study, diatomite was selected to be 13% of the weight of asphalt binder, and lignin
fiber was chosen to be 0.3% of the weight of the asphalt mix.

The aim of this study to assess the performance of the asphalt mix modified with a novel composite
of diatomite and lignin fiber, where the effects of the new composite on the properties of asphalt mix
are still unknown. Therefore, if diatomite powder and lignin fiber are used to modify asphalt mix
simultaneously, a new type of asphalt mix which has good low-temperature resistance and water
stability performance may be obtained. Additionally, it will provide decision-makers with a reference
for the design of composite asphalt mixes.

In this paper, three points bending, Marshall immersion, and freeze-thaw splitting tests were
carried out on different types of asphalt mixes including control asphalt mix (CAM), diatomite
modified asphalt mix (DMAM), lignin fiber modified asphalt mix (LFMAM), and diatomite–lignin fiber
composite modified asphalt mix (DLFMAM). Based on the comparative experiment, the composite
modified asphalt mix is evaluated compared to the other mixes.

2. Materials and Methods

2.1. Materials

2.1.1. Aggregate and Mix Gradation

Aggregates selected in the present study were limestone, obtained from an asphalt pavement
plant in Xi’an city, Shaanxi Province of China. The properties of coarse aggregate and fine aggregate
are listed in Tables 1 and 2, respectively, based on the requirement of Chinese specification [37].
Levitated limestone was used as the mineral filler, which has a hydrophilic coefficient of 0.773 and a
relative density of 2.577. The selected gradation of the mixed aggregates is given in Figure 1.

Table 1. Properties of coarse aggregate.

Property
Measured Value

Specified Value
20–10 mm 10–5mm

Crushing value (%) 9.9 9.2 ≤ 25

Los Angeles abrasion value (%) 13.2 15.1 ≤ 30

Apparent relative density 2.726 2.722 ≥ 2.5

Water absorption (%) 0.354 0.829 ≤ 3

> 9.5 mm needle and plate particle content (%) 6.53 ——- ≤ 15

< 9.5 mm needle and plate particle content (%) ——– 3.285 ≤ 20
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Table 2. Properties of fine aggregate.

Property Measured Value Specified Value

Apparent relative density 2.692 ≥ 2.5

Sand equivalent 82 ≥ 60

Mud content (< 0.075 content) (%) 16.78 ———Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 15 

 

 
Figure 1. Asphalt concrete (AC-16) gradation design selected in the experiments. 
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Figure 1. Asphalt concrete (AC-16) gradation design selected in the experiments.

2.1.2. Asphalt Binder

Asphalt binder AH-90 was chosen as heavy load asphalt in all experiments in this study.
The physical indexes of asphalt binder, as per Chinese specifications [38], are presented in Table 3.

Table 3. Measured values of asphalt binder.

Material Item Values Specification

Original asphalt binder

Specific gravity (g/cm 3) 1.017 N/A

Penetration at 25 ◦C (0.1 mm) 93 (80–100)

Penetration Index PI −1.27 −1.5 ~ +1.0

Ductility at 15 ◦C (cm) 145 ≥ 100

Softening point (◦C) 45.9 ≥ 45

RTOF asphalt binder
Mass loss (%) 0.07 ≤ ± 0.8

Ductility at 15 ◦C (cm) 73.7 ≥ 20

Residual Penetration ratio (%) 72.8 ≥ 60

2.1.3. Lignin Fiber

Lignin fiber is a short fiber supplied from Beijing Tiancheng Kentelai Tec. Co., Ltd., China, and its
fundamental properties provided by the manufacturer are listed in Table 4. The morphology of the
lignin fiber is shown in Figure 2a.
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Table 4. Basic Properties of lignin fiber.

Index Length
(mm)

Diameter
(mm)

Aspect Ratio
(mean)

Specific Surface Area
(10-3 m2/g)

Density
(g/cm3)

Melt
Temperature (◦C)

Value 1.1 0.045 24 118.1 1.28 > 200
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2.1.4. Diatomite

Diatomite powder produced by Zhou Yifeng Chemical Technology Co., Ltd, in Guangdong
Province, China, was selected in the current research to modify the asphalt mixes. A photo of diatomite
powder is shown in Figure 2b, and its basic properties provided by the manufacturer were presented
in Table 5. The particle size distribution of the diatomite is shown in Figure 3.

Table 5. Fundamental characteristics of diatomite.

Property Measured Value

Bulk density (g/cm3) 0.45

Specific gravity (g/cm3) 2.3

The average particle diameter (µm) 20

pH 9.87
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2.2. Experimental Design

Four different asphalt mixes, i.e., CAM, LFMAF, DMAM, and DLFMAM, were prepared with
the optimum asphalt content. From the Marshall Design method [37], four identical specimens
(101.6 diameter by 63.5 mm high) were manufactured in the laboratory for each type of asphalt mix.
The specimens were compacted with 75 blows on each side using a Marshall Compactor. After that,
the optimum asphalt content can be calculated based on Marshall Test results. The modifiers amount
and optimum asphalt content (O.A.C) results are summarized in Table 6.

Table 6. Marshall Test values of asphalt mixes.

Mix ID Modifier Modifier Amount O.A.C. %

CAM NON 0 4.2

LFMAM Lignin fiber 0.3% * 4.6

DMAM Diatomite 13% ** 4.27

DLFMAM Lignin fiber + Diatomite 0.3% * + 13% ** 4.52

* Lignin fiber percent of asphalt mix weight ** Diatomite amount percent of asphalt binder weight.

The lignin fiber modified asphalt mixes show the largest optimum asphalt content, followed by
DLFMAM and DMAM. The lignin fiber plays a key role in the increasing of the optimum asphalt
content in LFMAM and DLFMAM due to its large surface area that helps absorb more asphalt [39].

2.3. Preparation of the Samples

There are two methods for adding the modifiers in the asphalt mix: the direct method and the
indirect method. For the direct method, the modifier is added directly in the mixing process of the
asphalt mix, while for the indirect method, the modifier is first blended with asphalt binder by using
a high-speed shear mixer, and then the modified asphalt mixes are prepared with modified asphalt
binder. Previous studies showed that the two methods have the same mix effect [40–42]. Consequently,
the direct method was applied to the current research, and the preparation processes of DLFMAM are
detailed as follows:

• Aggregates and asphalt were heated to temperatures of 170 ◦C and 160 ◦C, respectively, till the
material temperature was stable.

• The preheated aggregates were mixed at a temperature of 175 ◦C in the mixing pot for 90 s.
• Lignin fiber was added to aggregates, and then they were mixed together about 90 s in order to

improve the dispersion of fibers in the asphalt mix.
• Asphalt binder (Bitumen) was poured into the mixer and mixed for 90 s.
• Finally, diatomite and mineral filler were added and mixed 90 s to form DLFMAM.

Excluding the modified materials addition, the preparation processes of CAM, LFMAM,
and DMAM were the same as DLFMAM. Time and temperature of mixing at each step were similar to
those of DLFMAM.

2.4. Test Methods

2.4.1. Three-Points Bending Test (Beam Bending Test)

When exposed to low temperatures, asphalt pavement may suffer from thermal cracking [43].
Therefore, three-point beam bending test was employed to evaluate the low-temperature performance
of asphalt mixes by determining the ultimate tensile strength and ultimate strain [8].

The laboratory compacted square slab with dimensions of 300 × 300 × 50 mm was cut to three
identical beam specimens measuring 250 mm in length by 30 mm in width by 35 mm in height, following
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Chinese standard requirements [38]. The specimens were submerged inside a water container at a
fixed temperature of −10 ◦C for 1 h before testing. Afterward, a three-point bending test was carried
out with a loading rate of 50 mm/min on the beam specimen with a span length of 200 mm at −10 ◦C
using the Material Testing System (MTS-810). The specimens and bending machine are shown in
Figure 4. During the test, the max load and middle displacement on the top surface of the beam sample
were recorded. The bending strength and the bending strain can be calculated as follows [44],

RB =
3LPB

2bh2 (1)

εB =
6 hd

L2 (2)

where RB is bending strength (MPa), εB is bending strain (µε), L is span length (mm), PB is the maximum
loading at failure (N), b is beam width (mm), h is beam height (mm), and d is the mid-span-deflection
at failure (mm).
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2.4.2. Marshall Immersion Test

The Marshall Immersion test is considered one of the widely used methods to evaluate the
resistance of asphalt mixes to the moisture susceptibility by calculating the Residual Marshall Stability
ratio (RMS).

Six duplicated cylindrical samples were prepared with a diameter of 101.6 mm and a height of
63.5 mm. The samples were divided into two equivalent groups, and each group had three samples.
One group was immersed in a water bath for 30 min at a temperature of 60 ◦C, while the other group
was immersed in a water bath at a constant temperature of 60 ◦C for 48 h. The Marshall Stability test
was performed on each group, and the Residual Marshall Stability ratio (RMS) was determined by the
following equation [44],

RMS % =
MS2

MS1
× 100 (3)

where RMS is the residual Marshall Stability, MS2 is Marshall Stability after 48 h water effect at 60 ◦C,
and MS1 is Marshall Stability after 30 min water effect at 60 ◦C.
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2.4.3. Freeze-Thaw Splitting Test

The freeze-thaw splitting test is the other method used to assess the water stability performance
of asphalt mixes under the effect of freeze-thaw cycles by calculating the indirect tensile strength ratio
(TSR), which is defined as the tensile strength ratio between the frozen–thawed samples and fresh
samples [45].

Two groups of identical cylindrical samples (101.6 mm in diameter and 63.5 mm in height) were
fabricated, and the group consisted of three samples. The samples in the first group were vacuumed in
water under a pressure of 98.3–98.7 kPa for 15 min, then cured in a water bath for 20 min at 25 ◦C.
After curing, each sample was sealed in a plastic bag filled with 10 mL of water and placed in a freezer
for 16 h at −18 ◦C. The frozen samples were thawed at a temperature of 60 ◦C for 24 h. After that,
the frozen–thawed specimens and the second group (three fresh specimens) were submerged in a
water bath at a temperature of 25 ◦C for 2 h. Finally, indirect tensile tests were conducted on both the
frozen–thawed and fresh samples with a loading rate of 50 mm/min at 25 ◦C, as per the specification [44],
and the indirect tensile strength ratio (TSR) was calculated as follows [38],

Rt =
0.006287Pt

h
(4)

TSR% =
Rt2

Rt1
× 100 (5)

where TSR is the indirect tensile strength ratio, Rt2 is the average indirect tensile strength of the
frozen–thawed samples (MPa), Rt1 is the average indirect tensile strength of the fresh samples (MPa),
Pt is the tensile failure load (N), and h is the height of the sample (mm).

3. Results Analysis and Discussion

The results of low-temperature bending, Marshall Immersion, and freeze-thaw splitting tests for
the performance of the four different types of asphalt mixes under low temperature and water cycle
effects are presented in Table 7. The result of each test is explained and analyzed in detail as presented
in this section separately.

Table 7. Experimental results of different asphalt mixes.

Asphalt Mix ID
Low-Temperature Cracking Test Marshall Immersion Test Freeze-Thaw Splitting Test

Stress
(Mpa)

Strain
(10−6)

MS1
(KN)

MS2
(KN)

MSR
(%)

RT1
(Mpa)

RT2
(Mpa)

TSR
(%)

CAM 7.51 2018.4 10.95 9.09 83.0 0.711 0.553 77.77
LFMAM 9.02 2589.12 11.02 9.93 90.11 0.738 0.593 80.35
DMAM 8.11 2294 11.71 10.79 92.14 0.748 0.627 83.82

LFDMAM 9.33 2762 12.11 11.51 95.05 0.773 0.659 85.25

3.1. Low-Temperature Bending Test Results and Analysis

A three-point bending test was conducted at −10 ◦C to evaluate the anti-cracking performance
of asphalt mixes. The bending strength and failure strain of four kinds of asphalt mix are shown in
Figures 5 and 6, respectively. The addition of lignin fiber significantly improved the bending strength
and tensile strain of asphalt mixes by about 19.9% and 28.7%, respectively, in comparison to the control
mix. Meanwhile, the bending strength and tensile strain of asphalt mix modified with diatomite were
slightly increased by 7.9% and 13.6%, respectively, compared to that of the control mix. The composite
asphalt mixes of diatomite and lignin fiber (DLFMAM) recorded the highest enhancement in the
bending strength and tensile strain by 24.23% and 36.8%, respectively, with respect to the values of
control mix.
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The above results can be addressed with a certain mechanism. The asphalt binder filled among
aggregates plays a major role in bonding when the temperature drops, so the asphalt mix does not crack
easily. However, when the temperature is dropped to a certain extent, the base asphalt binder becomes
unable to resist the extreme tensile stress, and cracks appear. If these cracks expanded it would be risky
on the pavement service life and pavement strength. Lignin fiber can improve the cracking resistance
of asphalt mixes, where it has a high specific surface area through which more amounts of asphalt
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components can be easily absorbed. The greater the absorption of asphalt binder, the greater the
viscosity of asphalt, which enhances the interface adhesion strengths. Furthermore, the asphalt content
absorbed by lignin fiber increases the flexibility of asphalt mixes since more asphalt films are formed to
better perform the filling and healing functions in the micro-cracks among aggregates. Additionally,
as shown in Figure 7, the three-dimensional lignin fiber is uniformly distributed in the asphalt mix.
Therefore, after it is added to the asphalt mix, the bridging phenomenon happens among the asphalt
mix components. The lignin fibers which go through both sides of the crack surface grow a bridge
shape which can delay more asphalt cracking. Therefore, the toughness of lignin fiber can improve the
anti-cracking performance, redistribute the stress in asphalt mix, and decrease crack spread rates in the
asphalt pavement structure.
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On the other hand, diatomite has a small influence on the enhancement of low-temperature
performance. That is to say, diatomite tends to improve the hardness of asphalt, which may
improve the mechanical properties and the cracking resistance of mix to a certain extent. After that,
the low-temperature cracking may appear. Nevertheless, diatomite powder, unlike the fibers, has no
cross-linking with asphalt to act as bridges to hold asphalts and transfer stress once cracking appears.

For these reasons, under the combined action of lignin fiber and diatomite, the anti-cracking
performance of the composite asphalt mix is significantly improved compared to that of the other three
types of mixes.

3.2. Water Stability Test Results

3.2.1. Marshall Immersion Test Results

Results of immersion Marshall Stability values (MS1, MS2), and Residual Marshall Stability ratio
(RMS) are summarized in Table 7 and Figure 8. Results indicated that the modified asphalt mixes
containing not only lignin fiber but also diatomite powder had a higher resistance to moisture damage.
The asphalt mixes modified with lignin fiber and diatomite improved the RMS to 7.11% and 9.14%,
respectively, as compared to the control mix. Furthermore, the composite asphalt mixes of diatomite
and lignin fiber (DLFMAM) achieved the greatest moisture susceptibility performance among the four
types of asphalt mixes, with an increase of nearly 12.05% in RMS than that of control mix.
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3.2.2. Freeze-Thaw Splitting Test Results

The results of the indirect tensile strength from the normal temperature group (RT1), freezing
and thawing group (RT2), and tensile strength ratio (TSR) are presented in Table 7 and Figure 9.
Results showed that the water stability performance of asphalt mixes modified with lignin fiber and
diatomite were increased by 2.6% and 6.05%, respectively, compared to the control mix. Meanwhile,
the TSR of the composite asphalt mix modified with of diatomite and lignin fiber (DLFMAM) was
better than the other three types of mixes, where the TSR of DLFMAM was improved about 7.5% as
opposed to the values of control mix.

In summary, the results of water stability tests indicated that the addition of lignin fiber and
diatomite improved the water damage resistance of asphalt mixes. Nonetheless, the asphalt mix
modified with diatomite is superior to that modified with lignin fiber. In addition, the composite
asphalt mix of diatomite and lignin fiber (DLFMAM) is greater than the asphalt mix which is only
modified with lignin fiber or diatomite.

These results can be analyzed as moisture susceptibility is related to the combination of asphalt
film and aggregate, as well as the additives type. After adding diatomite and lignin fiber, the parameter
values of the modified asphalt mix was higher than that of unmodified asphalt mix, leading to the
increase of the cohesive force between the asphalt mastic and the aggregate. Finally, it will lead to an
improvement in the shear resistance and stability of mixes. In addition, the RMS and TSR of asphalt
mixes modified with lignin fiber are lower than that modified with diatomite. This is likely due to the
air voids; the asphalt mixes modified with lignin fiber will be harder to compact, and the void of mixes
would also increase.

In addition, Figures 8 and 9 show that the Residual Marshall Stability ratio (RMS) is higher than
the tensile strength ratio (TSR). The reason is that the specimens for the Marshall Immersion test were
compacted about 75 times for each side, which leads to reduce the porosity of mixes to 3–5%. As a
result, it became difficult to penetrate water through the voids between aggregate and asphalt film.
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On the contrary, freeze-thaw splitting test specimens were only compacted 50 times, so the porosity of
mixes increased to 7%.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 15 
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4. Conclusions

In this paper, four types of asphalt mixes (CAM, DMAM, LFMAM, and DLFMAM) have been
evaluated under low temperatures and water effect. From the experimental results of three points
bending, Marshall immersion and freeze-thaw splitting tests, the following main conclusions can be
outlined:

• The addition of diatomite and lignin fiber increase the low-temperature performance of asphalt
mixes compared to the control mix. Moreover, the lignin fiber has a greater improvement in the
bending strength and failure strain than the diatomite.

• Diatomite and lignin fiber improve water damage resistance of asphalt mixture significantly.
However, the influence of diatomite on water damage resistance property is more significant than
that of lignin fiber.

• The composite asphalt mix of diatomite and lignin fiber (DLFMAM) is the best alternative to
resist low-temperature cracking and moisture sustainability in asphalt pavements since it has the
highest low-temperature performance, MSR, and TSR than other mixes.

• The Asphalt mixes modified with single additives cannot enhance the overall properties of asphalt
mixes significantly, while the double-adding technology can improve the overall asphalt mixes
performance at the same time.

• Using the composite asphalt mix of DLFMAM in construction of pavement will have a greater
advantage in enhancing the service life and ride quality than the usage of single additives in
pavements constructed.
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In summary, the pavement constructed with composite asphalt mix of DLFMAM will have a better
traveling performance than that constructed with a single additive of diatomite or lignin fiber. A trial
section of DLFMAM should be constructed in the future to determine its applicability in cold regions.
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