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To study the deformation resistance of steel slag asphalt mixtures (SSAMs) under rainy
conditions, limestone–asphalt mixtures (LAMs) and SSAM were soaked in water at room
temperature for 120 days and rutting tests and triaxial compression tests were carried out.
The results show that the deformation resistance of SSAMwas improved after 120 days of
immersion, the cohesion did not decrease significantly, and the internal friction angle
increased by 25.1%; the deformation resistance of LAM decreased significantly, the
cohesion decreased by 27.1%, and the internal friction angle decreased by 21.1%. To
better understand the reason for the increased anti-deformation ability, adhesion tests of
asphalt and microscopic studies of the steel slag surface were performed. The experimental
results showed that the cohesion of steel slag did not decrease significantly after immersion
because of the excellent adhesion between steel slag and asphalt. The increased internal
friction angle was caused by calcium hydroxide and other crystals formed on the surface of
the steel slag mixture after immersion, which increased the surface roughness of the steel
slag aggregates and the internal friction angle of the SSAM. The mechanical properties of
semirigid asphalt pavement were analyzed by ANSYS. It was determined that the shear
stress of this type of pavement is large, and it can easily produce permanent deformations.
Under the influence of moisture, the anti-deformation ability of SSAMs can grow, which
promotes the high-temperature deformation resistance of asphalt pavement. Based on a
test road used for 2 years, the SSAM pavement exhibited no pavement problems, such as
cracking, loosening, or rutting, which indicates good practical road performance.

Keywords: steel slag asphalt mixture, deformation resistance, cohesion, internal friction angle, crystalline
matters

INTRODUCTION

China is the largest steel-producing country, accounting for about 50% of global steel production. By
the end of 2020, China’s steel production reached 1.05 billion tons, with an annual growth of 5.4%.
Steel slag is the waste generated during steel making in the steel refining process, which corresponds
to approximately 10–15% of crude steel output.

Steel slag is a reusable resource in many fields, and it can be employed as a soil conditioner or a
steel slag cement compound (Lian et al., 2021). However, in order to be used in such applications,
steel slag must go through a complex processing treatment. This process requires significant
manpower and material resources and has a low utilization rate. Therefore, to date, the
comprehensive utilization rate of steel slag in China is only about 38.7%.
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Considering conventional methods of industrial and
construction waste utilization, most solid waste is used as
concrete aggregate (Tang et al., 2020; Tang et al., 2021a; Tang
et al., 2021b). If a significant amount of steel slag can be applied in
road-engineering projects, this would not only solve the urgent
challenges regarding material shortages but would also help to
reduce steel slag pollution on land. Therefore, numerous
researchers around the world have evaluated whether steel slag
can be used in asphalt mixtures.

The chemical composition of steel slag has an important
influence on its applicability. The iron content in steel slag
impacts its heating efficiency, such that a high iron content
corresponds to a high heating efficiency (Wan et al., 2018).
Additionally, as the steel slag content in asphalt mixtures
increases, the thermal conductivity of the asphalt mixture first
increases and then decreases (Barišić et al., 2017). Alkaline
substances in steel slag can increase the concentration of
asphalt components on the aggregate surface and enhance the
adhesion between asphalt and steel slag (Jiao et al., 2020). Some
heavy metals may also exist in steel slag. Reports have shown that
the application of steel slag in highways does not lead to
environmental pollution (Liu et al., 2020).

Steel slag asphalt mixtures (SSAMs) have many unique
characteristics. If the free calcium oxide content in steel slag is
too high, expansion cracking may occur during use, which could
lead to performance degradation of the mixture. However, the
influence of steel slag expansion on asphalt pavement can be
reduced by properly designing the surface water isolation
structure (Ma et al., 2020). If steel slag aggregates are used in
an asphalt mixture, its permanent deformation resistance will be
improved (Ameri et al., 2013). This means that replacing the
skeleton of coarse aggregates with steel slag aggregates could
improve the rutting resistance of the mixture (Ameli et al., 2020).
Furthermore, it has been demonstrated that it is technically
feasible to use steel slag as the coarse aggregate (Chen and
Wei, 2016).

In addition to enhancing the deformation resistance of SSAM,
steel slag aggregates can improve the anti-fatigue cracking
performance of asphalt mixtures (Qazizadeh et al., 2018; Ziaee
and Behnia, 2020), as well as their low-temperature performance
(Chai et al., 2020). The improvement mechanism is governed by
the alkalinity and a large specific surface area of steel slag (Zhu
et al., 2020) and benefits from the physical anchoring and
chemical adhesion effects between steel slag and asphalt
(Pathak et al., 2020).

In an open-graded friction course, replacing part of the coarse
aggregate with steel slag can improve the water damage resistance
of the material. Incorporating 75% steel slag aggregate into OGFC
promoted good road performance (Pattanaik et al., 2021). It was
also demonstrated that using steel slag as coarse aggregate
improved the friction resistance of OGFC; specifically, it was
suggested that in hilly and rainy areas, 50% steel slag should be
used instead of coarse aggregate in OGFC mixtures to improve
the water damage resistance of roads (Preti et al., 2019).

In snow melting pavement, steel slag can improve the
microwave heating efficiency to enhance snow melting on the
road. Asphalt concrete mixed with 60% steel slag can effectively

improve the snow melting efficiency of thermally conductive
asphalt concrete and pavement temperature distribution (Lyu
et al., 2021). When steel slag is used as the microwave deicing
aggregate in an asphalt mixture, the steel slag serves as a
microwave absorption reinforcement material to improve the
heating efficiency of the asphalt mixture (Gao et al., 2017).
Previously, a co-precipitation method was used to modify the
steel slag particles, which increased the Fe3O4 content on the
surface to completely replace the fine aggregate; after microwave
heating, the internal temperature of the modified SSAM was
74.4% higher than that of the basalt asphalt mixture (Gulisano
et al., 2020). Overall, adding steel slag and using microwave
heating can clearly improve the performance of emulsified
asphalt repair materials (Liu et al., 2017).

The application of steel slag in the gravel seal can recover
industrial waste, reduce the consumption of natural resources, and
promote the development of economic pavement maintenance
technology by reducing CO2 emissions (Bonoli et al., 2020). In a
warm mixture, adding steel slag can improve the water damage
resistance of the asphalt mixture (Wei et al., 2020).

Objective
Although research regarding steel slag in general has been fruitful,
the enhancement of SSAM’s anti-deformation ability is still not
entirely understood. Steel slag is a material that is easily affected
by water. Therefore, in the rainy season, changes in the anti-
deformation performance of SSAMs must be considered to
evaluate the potential applicability of steel slag aggregates in
road engineering.

The main purpose of the present work was to study the causes
and magnitudes of the changes to SSAMs’ anti-deformation
performance under normal temperature immersion. The water
stability, low-temperature deformation performance, and fatigue
performance of SSAMs were also studied following normal
temperature immersion.

Research Approach
In this study, SSAM was used as the research object, and a
limestone–asphalt mixture was used as a reference. Rutting
tests, triaxial compression tests, adhesion tests, and atomic
force scanning tests were conducted to study the macroscopic
and microscopic changes in the anti-deformation properties of
asphalt mixtures immersed in water at 30°C for 120 days during
the summer. A water stability test, a low-temperature bending
test, and a fatigue test were also employed to detect the changes in
the performance of SSAMs after immersion.

MATERIALS AND METHODS

Raw Materials and Specimens
For the asphalt base of penetration (70 ± 0.01 mm), steel slag
aggregates and limestone aggregates from Tangshan, Hebei, were
selected as the raw materials. After testing, the raw materials met
the relevant requirements of Chinese standard JTG F40-2004.
The parameters of these aggregate-related materials are shown in
Table 1.
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Steel slag was used for the coarse aggregate and fine aggregate
of the AC-13 SSAM, and limestone powder was used as a filler.
Limestone was used for the coarse aggregate, fine aggregate, and
mineral powder of the AC-13 limestone–asphalt mixture
(LAM). The relevant Marshall volume parameters are shown
in Table 2, and the unified mixture gradation is presented in
Table 3.

According to the Marshall test’s results, and to ensure
consistent height and uniformity of the test specimens, a
press machine and rut-forming machine were used to
separately generate specimens’ triaxial compression and
rutting tests. The size of the static pressure specimen was
250 mm in diameter and 160 mm in height, and these
specimens were further processed into samples 150 mm in
diameter and 150 mm in height; the size of each rutting
specimen was 300 mm × 300 mm × 50 mm.

The micro test samples required special treatments because
atomic force microscopy (AFM) generally adopts a tappingmode.
The sample size is typically less than 1 cm2, the height should be
controlled below 0.5 cm, and the surface fluctuation of the sample
should not exceed 15 μm, otherwise the needle tip may be
damaged. It was, therefore, necessary to cut the Marshall
specimen into 3–5 mm slices, dissolve them in
trichloroethylene, select the slices that met the test
requirements, and wrap them with a layer of asphalt film.

The prepared triaxial compression specimens, rutting
specimens, Marshall specimens, trabecular specimens, and
microscopic specimens were immersed in normal temperature
water in the summer for 120 days.

Testing Methods
Water Stability Test Method
Water resistance tests, rutting tests, and low-temperature bending
tests were conducted on the asphalt mixtures in strict accordance
with the technical requirements of Chinese standard JTG E20-2011.

Fatigue Tests
The fatigue testing machine used in this study was a universal testing
machine (UTM), a multifunctional testing machine. The equipment
was mainly composed of a refrigeration system, a hydraulic system, a
temperature system, a pressure system, splitting accessories, a
transverse displacement sensor, and a spindle displacement sensor.
The instrument continuously applied pressure to the splitting
accessories through the spindle, and the splitting accessories
applied force to the Marshall specimen. The transverse
displacement sensor was used to measure the transverse
deformation of each Marshall specimen under pressure.

TABLE 1 | Measured parameters of steel slag and limestone aggregates.

Aggregate type Particle size
specification (mm)

Apparent density
(g·cm−3)

Water absorption
(%)

Crushing value
(%)

Los Angeles
abrasion value

(%)

Steel slag 10–15 3.416 2.3 9.0 11.0
5–10 3.455 2.7 — —

0–5 3.495 3.0 — —

Limestone 10–15 2.725 0.4 13.8 24.5
5–10 2.736 0.5 — —

0–5 2.748 0.6 — —

TABLE 2 | Marshall indices of asphalt mixtures.

Type of
mixture

Oil stone
ratio (%)

Void fraction
(%)

Stability (kN) Flow value
(0.1 mm)

Bulk specific
gravity (g·cm−3)

SSAM 5.1 4.0 11.3 28 2.753
LAM 4.7 4.3 10.0 33 2.498

TABLE 3 | Preliminary gradation quality.

Mesh
size
(mm)

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Passing mass (%) 100.0 95.0 68.9 46.2 30.0 20.3 14.2 9.9 7.0 5.0

TABLE 4 | Fatigue test parameters.

Test parameters Value

Prestress (N) 50
Loading frequency (Hz) 10
Loading waveform Sine wave
Test temperature (°C) 15
Stress ratio 0.5

The stress ratio is the ratio of the test pressure to the maximum pressure that the
specimen could bear.
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During these tests, the displacement sensor accessories were
first installed on theMarshall specimen. Then the specimens were
maintained at 15°C for at least 6 h. At that time, the test was begun
immediately, according to the parameters compiled in Table 4.

Triaxial Tests
The equipment used for the triaxial tests was a UTM-30
multifunctional testing machine, and the test temperature was
60°C. The instrument was mainly composed of a pressure
chamber, an axial pressure system, a confining pressure
application system, data acquisition system, and a control system.

The standard size of each specimen for the triaxial test was
100mm in diameter and 150 mm in height. During the test, the
control and acquisition systems of the triaxial apparatus were
turned on, the designated confining pressure was applied, and
the axial load was applied according to the constant loading rate.
For specimens with a height of 150 mm, the constant loading rate
was 7.5 mm/min, which corresponds to an axial strain rate of about
0.05 mm/(mmmin). When the peak value of axial pressure was
reached, the test was stopped. If there was no peak value, the test was
stopped when the strain reached 20%. After each test, the computer
automatically calculated the cohesion and internal friction angle.

RESULTS AND DISCUSSION

Analysis of Rutting Test Results
Numerous studies have demonstrated that the deformation of
asphalt pavement under a certain load undergoes the following

three stages: 1) a further compaction stage, wherein the asphalt
mixture is further compacted before about 1,000 load cycles; 2)
the creep stability stage, wherein the asphalt mixture has been
fully compacted (this deformation stage mainly involves slow
creep under the load cycle); and 3) spalling in the accelerated
deformation stage, wherein part of the asphalt spalling generates
strain, and the strain rate of the asphalt mixture increases rapidly
with time because of the influence of moisture. Therefore,
moisture must be considered when evaluating the asphalt
mixtures’ permanent deformation resistance to understand its
performance during the rainy season.

In China, the evaluation index of the rutting test is dynamic
stability, which refers to the walking times of a standard axle load
borne by the asphalt mixture when a deformation of 1 mm occurs
at 60°C; the larger the value, the better the anti-rutting
performance of the asphalt mixture. The process of forming
the test pieces is shown in Figure 1A, the soaking of the
specimen is shown in Figure 1B, the rutting test is shown in
Figure 1C, and the test results are shown in Figure 1D.

As shown in the figure, the dynamic stability of LAM after
immersion decreased by 73% relative to the sample that was not
immersed. In contrast, the dynamic stability of SSAM after
immersion increased by 50% relative to that without immersion.
These results indicated that the deformation resistance of LAM
decreased after immersion, whereas SSAM endured some
changes that increased the deformation resistance of SSAM
upon immersion in water. The changes in deformation
resistance are closely related to the cohesion and internal
friction of the asphalt mixtures. Therefore, to further explore

FIGURE 1 | Rutting performance of asphalt mixtures: (A) test piece formation; (B) test piece soaking; (C) rutting test; and (D) results.
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the origin of this phenomenon, triaxial compression tests were
performed.

Triaxial Compression Tests
Asphalt mixtures are viscoelastic materials, meaning that under
the action of shear stress, viscoelastic deformation of asphalt
mixture occurs. The main properties that contribute to the
shear capacity of an asphalt mixture are cohesion (s) and the
internal friction angle (φ). To study the cohesion and internal
friction angles of LAM and SSAM before and after immersion,
triaxial compression tests were performed. The test procedures
are shown in Figure 2A, and the test results are shown in
Figure 2B.

The results of the triaxial compression tests indicate that the
cohesion of SSAM does not decrease significantly, but that of
LAM decreases by 27.1%; the internal friction angle of SSAM
increases by 25.1% and that of LAM decreases by 21.1%. The
reduction in LAM cohesion and the internal friction angle are the
main reasons for this material’s decreased deformation resistance
after immersion, while the increase in the SSAM internal friction
angle and the stability of its cohesion are the main reasons for the
improvement of deformation resistance in the case of SSAM. To
further explore the reasons why the cohesion of the SSAM
remained unchanged and the internal friction increased after
immersion, it was necessary to carry out asphalt adhesion and
micro tests.

Asphalt Adhesion Tests
The adhesion test of asphalt is typically used to evaluate the
adhesion between the aggregate surface and the asphalt to
understand the anti-stripping ability of the asphalt film on the
aggregate surface. According to the anti-stripping ability, the
adhesion can be divided into five grades, where grade 5 is the best
and grade 1 is the worst. The sample should be boiled for 3 min in
a conventional laboratory, but to further study the aggregate
adhesion, the boiling time in this study was extended to 6 min; the
test results are shown in Figure 3C.

As the boiling time increased, the adhesion grade of the steel
slag and asphalt changed from 5 to 4, while that of limestone
changed from 4 to 2. Figures 3A,B present test photos showing
the asphalt adhesion of limestone and steel slag at 6 min. It is
clear that the adhesion of steel slag/asphalt is much better than
that of limestone/asphalt. This result indicates that the
interface between steel slag and asphalt has a stronger
resistance to high temperature and water immersion than
the limestone–asphalt interface. This indirectly explains why
the cohesion of SSAMs is only slightly reduced after long-term
water immersion.

In the asphalt mixtures, the main function of asphalt is to
provide the required cohesion and stabilizing force.When asphalt
is gradually stripped from the asphalt mixture, the cohesion and
stability also decrease, which consequently reduces the
deformation resistance of the asphalt mixture.

FIGURE 2 | Triaxial tests: (A) testing process and (B) results.
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Microscopic Tests
The longitudinal resolution of AFM images is less than 0.01 nm,
which allows us to distinguish atomic level surface changes and to
calculate the roughness of samples. Therefore, AFM was used to
study the surface changes of steel slag before and after immersion.

The asphalt steel slag slices were soaked in trichloroethylene
after immersion, and the asphalt on the surface was removed.
Then, AFM scans were carried out on the steel slag slices. The
testing process is shown in Figure 4A.

Figure 4B shows the electron microscope scanning diagram of
a specimen after 60 days of immersion, revealing hexagonal plate-
like crystals. Figure 4C presents the atomic force scanning
diagram of the sample immersed for 120 days, which clearly
shows crystals that make the steel slag surface uneven.

Using Gwyddion software for data visualization and analysis,
the surface area data from atomic force scanning was obtained, as
shown in Figures 4D,E.

According to Figures 4D,E, the ratios of the steel slag surface
area to the scanning area were 1.29 and 1.93 before and after
soaking, respectively. This means that over the same scanning
area, the surface area of steel slag soaked in room temperature
water for 120 days was 1.5 times of that of non-immersed steel
slag aggregate.

The aforementioned phenomenon indicates that with the
prolongation of the soaking time, water soaked the steel slag
along cracks and initiated hydration reactions on the surface of
steel slag. This increased the surface roughness of the steel slag
aggregate and the internal friction angle of the SSAM. Higher
internal friction can enhance the anti-deformation ability of an
asphalt mixture, which also improves its anti-rutting performance.

Other Road Performance Tests
The water stability, low-temperature deformation performance,
and fatigue performance of LAM and SSAM after immersion

FIGURE 3 | Adhesion tests between aggregates and asphalt: (A) steel slag aggregate adhesion test at 6 min; (B) limestone aggregate adhesion test at 6 min; and
(C) results of aggregate adhesion.
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were tested to evaluate their water damage resistance and tensile
deformation resistance. Figure 5 illustrates the low-temperature
bending test, the fatigue test, and the water stability test, and the
results are presented in Table 5.

Table 5 indicates that when the SSAM specimen was
immersed in water for 120 days, the residual stability, the
freeze-thaw splitting strength ratio (TSR), and maximum
bending tensile strain at failure met the specification
requirements. Furthermore, SSAM had a higher fatigue life,
which indicates that the SSAM still has excellent water
damage resistance and low-temperature deformation capacity.

However, it should be noted that the expansion of the steel slag
aggregate (less than 2%) and SSAM expansion (less than 1.5%)
met the specification requirements. For a SSAMwhose expansion
does not meet the requirements, the TSR value and maximum
bending tensile strain at failure would be significantly reduced.
This is because SSAMs will expand and produce cracks, thus
greatly reducing their deformation capacity.

As shown in Figure 6A, the Marshall specimen of the asphalt
mixture with unqualified expansion in room temperature water

for 120 days had large cracks on its surface, which were mainly
caused by the large expansion of the steel slag aggregate. Based on
Figure 6B, the stability of the Marshall specimen reached
23.68 kN; however, the maximum bending tensile strain of the
asphalt mixture with unqualified expansion was only 500 µε, and
the fatigue life was 3,000 times, which greatly reduced the
material’s low-temperature tensile deformation resistance
ability. When SSAM with unqualified expansion is used to
pave roads, it can easily form cracks.

Therefore, the SSAM with qualified expansion has the growth
resistance, excellent water damage resistance, and low-
temperature deformation ability. However, the SSAM with
unqualified expansion capacity is affected by moisture in the
use process, and its low-temperature deformation performance
and fatigue performance will be greatly reduced due to expansion
cracks. In the process of production, it is inevitable that steel slag
with unqualified expansion rate is used in asphalt pavement. In
order to reduce the cracking caused by the expansion of steel slag,
modified asphalt and fiber can be used in asphalt mixture (Jiang
et al., 2020).

FIGURE 4 |Microscopic tests: (A) test preparation; (B) specimen after 60 days of water immersion; (C) specimen after 120 days of water immersion; (D) scanning
area and surface area of steel slag aggregates before water immersion; and (E) scanning area and surface area of steel slag aggregates after immersion.
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Significance and Engineering Practice of
the Research Results
In China, semirigid base asphalt pavement is the main part of
asphalt road. The semirigid base has high stiffness, strong load
diffusion capacity, and plays the role of structural bearing, while
asphalt pavement only plays the role of functional layer. In order
to study the failure mode of semirigid base asphalt pavement

structure, ANSYS is used to simulate the structure. The pavement
structure, material parameters, and mesh division are shown in
Figure 7A, and the profile of pavement structure along the load
center is shown in Figure 7B.

From Figures 7C,D, it is clear that the asphalt layer is in a high
shear state, and the maximum shear stress appears on the road
surface in the wheel gap center, meaning that the pavement

FIGURE 5 | Other road performance tests: (A) Marshall test piece; (B) water stability test; (C) fatigue test; and (D) low-temperature test.

TABLE 5 | Experimental data of water stability and low-temperature deformation performance.

Type of mixture Residual stability (%) TSR (%) Maximum bending tensile
strain at failure

(µε)

Fatigue life (times)

SSAM 90 85 2,235 16,607
LAM 75 68 1820 13,793
Requirements S80 S75 S2000 —

FIGURE 6 | Expansion cracking: (A) Marshall specimen after 120 days of immersion; (B) Marshall stability after 120 days of immersion.
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FIGURE 7 | Finite element analysis: (A) mesh dividing; (B) cross section; (C) stress intensity; and (D) maximum principal stress.

FIGURE 8 | Typical diseases: (A) local settlement of asphalt pavement; (B) removal of asphalt pavement surface; and (C) reflection crack of base course.
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surface can easily undergo permanent deformation. The
semirigid base course bears too much bending tensile stress, so
the pavement can easily produce reflection cracks (Figure 8).
Therefore, most of the pavement issues on China’s expressways
involve ruts and cracks. In the latest Chinese specifications, the
design indices of semirigid pavement include the lowest layer
tensile stress of the inorganic binder and the permanent
deformation of the asphalt mixture layer.

Under the influence of water, the high-temperature
deformation resistance of SSAMs will undergo a certain
amount of growth. If the SSAM is paved on the surface of
asphalt pavement, it will effectively reduce the permanent
deformation of the asphalt pavement to alleviate the
development of ruts in semirigid asphalt pavement.

To verify the feasibility of steel slag application in high-grade
highways, steel slag with qualified expansion is used in the
asphalt pavement surface of a highway in Tangshan city, Hebei
Province. The pavement structure is shown in Figure 9A, and
core sampling at a representative site location is shown in
Figure 9B.

After two years of operation, the surface of the test section was
smooth, and there was no cracking, loosening, rutting, or other
pavement problems. Therefore, the material demonstrated shows
good skid resistance and excellent road performance
(Figures 9C,D).

CONCLUSION

1) After soaking SSAM and LAM in water for 120 days, the
dynamic stability of LAM decreased by 73% relative to that
before immersion, and the dynamic stability of SSAM after
immersion increased by 50%.

2) Through triaxial compression tests, it was determined that
the cohesion of SSAM did not decrease significantly, but
that of LAM decreased by 27.1%; the internal friction angle
of SSAM increased by 25.1%, and that of LAM decreased by
21.1%. The increase in the internal friction angle and

stability of cohesion after immersion led to increased
deformation resistance.

3) According to the asphalt adhesion tests, the adhesion between
steel slag and asphalt was grade 4, and that of limestone was
grade 2 after boiling for 6 min. The adhesion between steel
slag and asphalt was superior to that between limestone and
asphalt. Therefore, the reason why the cohesion did not
decrease after long-term immersion was that steel slag and
asphalt had excellent adhesion.

4) Based on the microscopic test, it was determined that
hydration reactions occurred on the aggregate surface of
the SSAM after immersion, which produced calcium
hydroxide, and other crystals. These crystalline substances
increased the surface roughness of the steel slag aggregate and
the internal friction angle.

5) The SSAM with qualified expansion demonstrated growth
resistance, excellent water damage resistance, and low-
temperature deformation ability. However, the SSAM with
unqualified expansion capacity was affected by moisture
during use, and its low-temperature deformation
performance was greatly reduced because of expansion cracks.

6) Through the ANSYS analysis, it was determined that the
semirigid asphalt pavement could easily produce
permanent deformations. Additionally, the high-
temperature deformation resistance of SSAMs after contact
with water could effectively reduce the permanent
deformation of asphalt pavement, which alleviated the
development of pavement ruts. The steel slag asphalt road
that was open to traffic for two years exhibited no cracking,
loosening, or rutting, which indicated that SSAMs with
qualified expansion can be used in high-grade highways.
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