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Abstract: The development of a country is affected by various multifaceted factors, which are
likely to generate the highest benefits. For example, developing water resources by constructing
embankments to store water and for transportation must consider high resilience, particularly with
the current challenges arising from climate change. Another factor that must be considered is the
shortage of essential materials for embankment cores, such as clay, which is the primary material for
constructing such cores. This study aims to analyze the stability of soil embankments between the
change of materials, namely clay and asphaltic concrete, by varying the water level and increasing
the embankment load. The result shows that the asphaltic concrete core exhibits a significantly higher
stability than the clay core, such as its reduced water seepage and lower deformation. In the worst-case
scenario, the asphalt concrete core has a thickness of 0.3 m and a seepage rate of 15.1 × 10−4 m3/day.
Comparatively, the seepage rate of the clay core is approximately 10-times lower.

Keywords: embankment; asphalt concrete; GeoStudio model

1. Introduction

Identifying an explicit approach through planning is necessary to reduce the probabil-
ity of double investment and consider the effectiveness of a budget. The transportation
network system is one of the significant components of a country’s development; it drives
economic activities through passenger and cargo transport. For example, to transport
agricultural products, construction materials, and domestic goods, most highway systems
in Thailand are constructed on soil embankments, which is the same major component in
irrigation systems because this material is readily available and has a low construction cost.
That is, it is a worthy investment that can last for a century. Therefore, highway engineering
has developed the stability of soil embankments, including improved pavement materials
for comfort in travel [1–3]. However, the lack of construction materials has become a recent
problem, while existing soil embankments have undergone certain issues due to climate
change. The effects of climate change have produced uncertain natural conditions that
severely affect the stability of soil embankments [4,5]. Flooding results from inadequate
design that does not consider the effects of climate change. Drainage systems are unable to
drain massive amounts of water during high-intensity rainfall and cannot handle rapidly
dropping water levels [6]. Moreover, the increase in people’s daily activities, recreation,
and agricultural transportation on soil embankments along irrigation systems is inevitable.
Soil embankments in irrigation systems have not been designed to support massive trans-
portation. This condition is a significant factor that affects the stability of soil embankments.
In cases wherein soil embankments are unable to support activities, fatal accidents and
property loss may result [7].

The replacement of soil embankment material is one of the reasonable solutions to this
problem, and clay is typically the primary material used. Thus, in material replacement, the
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engineering properties of replacement materials should be similar to those of the original
material. According to collected data, asphaltic concrete can be used as a substitute material
for soil [8–10]. Asphaltic concrete has engineering properties that correspond to those of
clay. It is simple, has accessible sources, and controllable cost.

The objective of this study is to test and compare the properties of soil embankments
constructed with clay and asphaltic concrete. Engineering properties, such as the perme-
ability, shear strength, and elastic modulus, are considered for assessing and analyzing
the stability of soil embankments. Numerical analysis via GeoStudio is applied to analyze
the significant factors, such as seepage through the embankment, displacement, and slope
stability, of clay and asphaltic concrete core embankments [11–13]. To set the test condi-
tions, the water level is divided into two models: the normal water level state and a rapid
drawdown state, including the reaction load from transportation on an embankment. The
results will be helpful in designing soil embankments to improve stability and strength,
reduce the risk of soil embankment loss, and acknowledge the worth of investment costs
for soil embankment construction.

2. Materials and Methods
2.1. Significant Factors Affect the Stability of an Embankment
2.1.1. Seepage Analysis through an Embankment

This study determines seepage by analyzing two models, namely the normal water
level and rapid drawdown states, via the following 2D steady-state flow equation [6].

kx
∂2h
∂x2 + ky

∂2h
∂y2 = 0 (1)

where

h = Hydraulic head.
kx = Permeability coefficient in the x direction.
ky = Permeability coefficient in the y direction.

2.1.2. Displacement Analysis of Embankments

The soil settlement condition is assumed to move through vertical displacement
through soil weight, causing a decrease in the soil embankment height and a crack in the
soil body. These conditions results in overtopping flow and erosion through cracks. The
soil settlement condition is mostly the result of the consolidation of materials, the effective
force on surcharge, and the elastic settlement of the embankment [14].

2.1.3. Slope Stability Analysis of an Embankment

To analyze slope stability, the limit equilibrium method (LEM) is applied in accordance
with the Mohr–Coulomb criterion [15]. In the first step, a moving pattern or critical failure
surface is assumed. The design for solving the failure of an embankment can comprehend
the exact critical failure surface through soil investigation. To consider the shear stress
acting on soil and compare it with the available shear strength of soil, as shown in Figure 1,
the calculation derives the factor of safety (FOS). The FOS is a key parameter used in limit
equilibrium analysis. It is defined as the ratio of the available shear strength of the soil to
the shear stress acting on the soil.

F.S =
available shear strength of the soil

shear stress acting on the soil
(2)
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Figure 1. General formulation for the limit equilibrium method.

Widely used methods for analyzing the slope stability of embankments include the
ordinary method [16,17], Bishop’s simplified method (BSM) [16], Janbu’s simplified method
(JSM) [18–20], the Morgenstern–Price method (M–PM) [21], and Spencer’s method (SM) [22].
The analysis has to test the total and effective stress approaches [23]. For criteria in other
countries, the FOS for embankments is presented in Table 1.

Table 1. Factors of safety for embankment [24–26].

Case Design Condition Japan ICOLD Crop. of
Eng. SCDWR US. Federal

Register Canada

1 Normal
Water Level

Static - - 1.5 1.5 1.5 1.5
Earthquake 1.2 - - 1.1 1 1.1

2 Rapid
Drawdown

Static - 1.2 1.2 1.2 - 1.3
Earthquake 1.2 - - - - 1.3

2.2. Testing of Asphaltic Concrete in the Laboratory

In the laboratory testing of asphaltic concrete, the procedure involves examining
the properties of the aggregate material, which is used as a substitute for a component of
asphaltic concrete. However, testing does not extend to asphalt cement, another constituent,
because it is typically certified by regulatory bodies. Focus remains on assessing the crucial
properties of asphaltic concrete for its potential use as an embankment core material.
Therefore, this testing is divided into two parts: the testing of aggregate properties, which
comprises eight testing methods, and the testing of asphaltic concrete properties, which
comprises four testing methods. The testing procedures are outlined in Table 2.

In the testing of aggregate properties and asphaltic concrete, the selected aggre-
gate is limestone, which ranges from fine to 3/4 inch. The chosen asphalt (bitumen)
is type AC 60/70. The specific gravity of the asphalt cement used in the testing is
1.02. For asphaltic concrete testing using the Marshall method, mix designs are formu-
lated with varying proportions of aggregate sizes to achieve different air void contents
in asphaltic concrete, i.e., approximately 1%, 2%, and 3% (by volume of asphaltic con-
crete), with an asphalt cement content of 6% (by mass of asphaltic concrete). Subse-
quently, these mix designs are subjected to three testing methods: (1) determination of
the strength index, (2) a water permeability test, and (3) a compression strength test of
three cylindrical specimens.

In the current study, the mix proportions are described as ratios of Hot Bin 1:2:3:4 (%
by mass of total aggregate materials). Aggregate materials are obtained from the hot bin to
separate them from materials in the cold bin. Grates are then utilized in the incineration
plant to categorize them into Hot Bins 1, 2, 3, and 4. The details of the hot bins for aggregate
materials are provided in Table 3.
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Table 2. Laboratory testing procedures for aggregate and asphaltic concrete properties.

Order Testing Sequence Proportion Number of Samples

1 Testing for the particle size of materials by using a wash sieve method. - 2
2 Testing for the particle size of materials by using a non-wash sieve method - 2

3 Testing aggregate toughness and abrasion resistance by using the Los Angeles
abrasion machine - 1

4 Testing for aggregate soundness by using sodium sulfate or magnesium sulfate - 2
5 Testing for the flatness index - 2
6 Testing for the specific gravity of coarse aggregate - 3
7 Testing for the specific gravity and water permeability of fine aggregate - 3
8 Testing for the asphalt permeability of aggregate - 6

9 Testing asphaltic concrete by using the Marshall method
1 3
2 3
3 3

10 Testing to determine the strength index of asphaltic concrete mixtures
1 4
2 4
3 4

11 Testing the permeability of asphaltic concrete
1 1
2 1
3 1

12 Triaxial compression testing of asphaltic concrete
1 3
2 3
3 3

Table 3. Hot bin aggregate details.

Hot Bin Standard Sieve Analysis Aperture Size (mm)

1 No.4 4.75
2 3/8 9.53
3 ½′′ 12.70
4 ¾′′ 19.05

After completing the laboratory testing of asphaltic concrete, the next step involves
analyzing the test results to assess the properties of asphaltic concrete. This analysis aims to
determine the suitability of the asphaltic concrete mixture, which consists of locally sourced
materials, for use as an embankment core material.

In the laboratory testing of asphaltic concrete, two major procedures were conducted:
aggregate and asphaltic concrete testing. An overview of the testing is illustrated in Figure 2.
The results of the 12 testing methods are summarized in Table 4. This table presents the
general aggregate properties and asphaltic concrete test results, intended for application as
an embankment core material.

Table 4. Summary of all 12 testing methods.

Order Aggregate Property Testing Results

1 Testing for particle size distribution by using the wet
sieve method

The particle size distribution is well-graded, following Fuller’s
curve. Further details are provided in the next section

2 Testing for particle size distribution by using the dry
sieve method

The particle size distribution is well-graded, conforming to
Fuller’s curve. Further details will be elaborated in the

subsequent section.

3 Testing aggregate abrasion resistance by using the
Los Angeles Abrasion machine

The abrasion value using the Los Angeles machine for 3/4 inch
stone is 22.30%.
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Table 4. Cont.

Order Aggregate Property Testing Results

4 Testing soundness of the aggregate by using sodium
sulfate or magnesium sulfate

The soundness value for 3/4 inch stone is 0.70%, and for stone
dust is 2.20%.

5 Testing for the flatness index

Flatness index:
Hot Bin 2 (9.53 mm): 22%

Hot Bin 3 (12.70 mm): 24%
Hot Bin 4 (19.05 mm): 12%

Length index:
Hot Bin 2 (9.53 mm): 18%

Hot Bin 3 (12.70 mm): 17%
Hot Bin 4 (19.05 mm): 18%

6 Testing for the specific gravity of coarse
aggregate material

Specific gravity of coarse aggregate:
Hot Bin 2 (9.53 mm): 2.682
Hot Bin 3 (12.70 mm): 2.691
Hot Bin 4 (19.05 mm): 2.697

Water absorption:
Hot Bin 2 (9.53 mm): 0.50%
Hot Bin 3 (12.70 mm): 0.41%
Hot Bin 4 (19.05 mm): 0.30%

7 Testing for specific gravity

Specific gravity of fine aggregate:
Hot Bin 1 (size < 4.75 mm): 2.660

Water absorption:
Hot Bin 1 (size < 4.75 mm): 0.81%

8 Testing for the asphalt permeability of the aggregate Asphalt permeability value = 0.20%.

9 Testing asphaltic concrete by using the
Marshall method

Design to achieve an air void content (AV) of 1% and asphalt
cement content (AC 60/70) of 6%:

Mix No. 1: Hot Bin 1:2:3:4 = 42:30:18:10
Design to achieve AV of 2% and AC 60/70 of 6%:

Mix No. 2: Hot Bin 1:2:3:4 = 38:37:15:10
Design to achieve AV of 3% and AC 60/70 of 6%:

Mix No. 3: Hot Bin 1:2:3:4 = 35:35:15:15
Further details will be provided in the next section.

10 Testing to determine the Strength Index of the
asphaltic concrete mixture

Strength index:
Mix No. 1 = 76.1%
Mix No. 2 = 75.1%
Mix No. 3 = 75.6%

11 Testing for water permeability

Water permeability (k):
Mix No. 1 (*AV = 0.30%) = 8.56 × 10−9 cm/s
Mix No. 2 (*AV = 2.65%) = 2.71 × 10−5 cm/s
Mix No. 3 (*AV = 4.71%) = 4.56 × 10−5 cm/s

Note: * In the sample preparation for testing, the AV values
deviate from the designed AV of 1%, 2%, and 3% for Mix Nos. 1,

2, and 3, respectively.

12 Triaxial compression testing

Cohesion (c):
Mix No. 1 = 2.70 kg/cm2

Mix No. 2 = 4.66 kg/cm2

Mix No. 3 = 3.15 kg/cm2

Internal friction angle (f):
Mix No. 1 = 45.80◦

Mix No. 2 = 30.23◦

Mix No. 3 = 39.83◦

Further details are provided in the next section.
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Figure 2. Testing of aggregate and asphaltic concrete.

2.2.1. Analysis of Asphaltic Concrete Mixture Design Results

Testing asphaltic concrete by using the Marshall method serves as a technique for
designing an asphaltic concrete mixture. This method provides information about aggregate
material proportions and sizes. Each test reveals crucial properties that are essential for
mixture design, including density, stability, flow, air void content (AV), and asphalt cement
content (AC). In the current study, the objective is to determine the aggregate material
proportions for different AV values, particularly 1%, 2%, and 3%. This investigation aims to
understand how varying AV values affect the aggregate proportions and overall properties
of the asphaltic concrete mixture.

Therefore, on the basis of the results of the Marshall method testing for asphaltic
concrete, three different aggregate material proportions that correspond to AV values of
1%, 2%, and 3% are obtained. This study aims to compare the differences in aggregate
material proportions among the three designs. The comparison is presented in three parts:
(1) aggregate material proportions; (2) aggregate material sizes; and (3) density, stability,
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and flow characteristics. This comparison provides insights into the effects of varying AV
values on an asphaltic concrete mixture.

1. Aggregate Material Proportions.

The aggregate material proportions obtained from the asphaltic concrete mixture
design through Marshall method testing, with AV values of 1%, 2%, and 3%, and an AC of
6%, are presented in Table 5.

Table 5. Aggregate material proportions of asphaltic concrete according to AV values of 1%, 2%, and
3%, and an AC of 6%.

Air Void
Content (%)

Aggregate Material Proportions (% by Weight)
RemarkHot Bin 1

(size < 4.75 mm)
Hot Bin 2

(Size 9.53 mm)
Hot Bin 3

(Size 12.70 mm)
Hot Bin 4

(Size 19.05 mm)

1 42 30 18 10
Asphalt Cement

Content 6%
2 38 37 15 10
3 35 35 15 15

Table 5 clearly shows that the aggregate material proportions, with an AC of 6% and an
AV of 1%, have the highest percentage of aggregate material in Hot Bin 1 (size: <4.75 mm).
This aggregate size is the smallest in the mixture, and it decreases gradually with an AV
of 2% and 3%. However, for an AV of 3%, the highest percentage of aggregate material
is found in Hot Bin 4 (size: 19.05 mm), which is the largest aggregate size in the mixture,
and it decreases with an AV of 2% and 1%. This finding demonstrates that when aiming
for a lower AV in asphaltic concrete with 6% AC, the proportion of aggregate material
in Hot Bin 1 (size: <4.75 mm) increases, efficiently filling the voids between aggregates.
Furthermore, when comparing equal proportions of aggregate material with varying AC
values, AV decreases as AC increases. However, selecting an appropriate AC is crucial,
because excessive amounts may reduce strength.

2. Aggregate material size gradation.

The aggregate material size gradation obtained from the design of asphaltic concrete
mixtures in accordance with AV values of 1%, 2%, and 3%, with 6% AC, is plotted on a
scatterplot to compare it with Fuller’s curve. Fuller’s curve is a scatterplot of aggregate size
distribution that provides the appropriate density and strength characteristics of asphaltic
concrete mixtures. It is illustrated in Figure 3.

As shown in Figure 3, the scatterplot of aggregate sizes obtained from the designed
asphaltic concrete mixtures at AV values of 1%, 2%, and 3%, with 6% AC, closely resembles
Fuller’s curve in all three cases. However, the scatterplot is closest to Fuller’s curve at
an AV of 1%. This finding indicates that asphaltic concrete exhibits the most appropriate
density and strength characteristics when comparing AV values of 1%, 2%, and 3%.

3. The density, stability, and flow characteristics.

The properties of the asphalt concrete designed mixtures based on AV values of 1%,
2%, and 3%, an AC of 6%, and a compaction of 98% include density, stability, and flow
(Table 6 and Figure 4). A comparison of AC with density, stability, flow, and AV for the
three mix designs is presented. Stability refers to the maximum resistance to deformation,
while flow denotes the mobility or unit volume reduction.

Table 6. Density, stability, and flow from a mix design based on AV at 1, 2, and 3% and AC at 6%.

AV (%)
Properties of Asphalt Concrete

Remark
Density (g/mL) Stability (lbs) Flow (1/100 inch)

1 2438 2440 1267
Asphalt Cement (AC) 6%2 2415 2400 1267

3 2393 2280 1267
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Figure 3. The graph of the particle size distribution according to the air void content (AV) at 1%, 2%,
and 3%, and the asphalt cement content (AC) at 6%.

Table 6 clearly shows that setting AV to 1%, 2%, and 3%, with 6% AC, results in var-
ying proportions of aggregate materials. Consequently, the properties of asphaltic concrete
also change in accordance with the aggregate mix proportions. Density and stability are
the highest for the mix proportion with 1% AV. However, the flow values remain consistent
across the three mix proportions. Further examination of the relationship between various
AC values and the density, stability, flow, and AV of the three mix proportions, as depicted
in Figure 4, reveals that when AC is altered between 5.5% and 7.5%, the properties of
asphaltic concrete exhibit the following characteristics.

• The density of Mix No. 1 increases until it reaches its peak at 6.5% AC, and then
de-creases as AC increases. However, Mix Nos. 2 and 3 exhibit an increase in density
until reaching their maximum at 7% AC, and then a decrease as AC increases. When
comparing the three mix proportions, Mix No. 1 provides the highest density at each
AC level, followed by Mix No. 2 and then No. 3. Notably, at 7.5% AC, the density
values of all three mix proportions are nearly identical. Overall, this study suggests
that the appropriate AC leads to the highest density value, depending on the aggregate
mix proportions.

• Stability values obtained from the experiments reveal that as AC increases, stability
also increases until reaching its peak at 7.0% AC. Then, it decreases as AC further
in-creases. This trend is observed across all three mix proportions. When comparing
the three mix proportions, Mix No. 1 provides the highest stability at each AC level,
followed by Mix No. 2 and then No. 3.

• Flow values indicate the mobility or compactness of a mixture. The flow values
obtained from the experiments for all three mix proportions are relatively similar at
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each AC level. High flow values indicate a low resistance to deformation, making
asphalt concrete more susceptible to shape distortion.

• The void content values of the three mix proportions decrease as AC increases. How-
ever, when AC increases to 7.5%, the AV values of the three mix proportions are equal.
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On the basis of this study, the suitable AC for use in asphalt concrete mixtures for
embankment projects is between 6.0% and 6.5%. This range ensures the highest density
values, ranking first and second, respectively. It yields stability values ranging from
2277 lbs to 2570 lbs, and flow values ranging from 12.67 to 14.00 (in units of 0.01 inch),
with an AV below 3%. This optimal AC aligns with international research, which generally
recommends an asphalt content between 5.5% and 6.5%. However, the current study
specifically choses an AC of 6.0%

2.2.2. Analysis of Permeability Test Results

Test samples were prepared in accordance with the three mix proportions, utilizing 6%
AC. The samples were tested for permeability by using specimens with AV values of 0.30%,
2.65%, and 4.71% for Mix Nos. 1, 2, and 3, respectively. The test results are presented in
Table 7.
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Table 7. Permeability test results of asphaltic concrete.

Mix No. AV (%) Density (g/cm3) Permeability (cm/s)

1 0.30 2.395 8.50 × 10−9

2 2.65 2.334 2.71 × 10−5

3 4.71 2.309 4.56 × 10−5

From the test results in Table 7, when test samples were prepared with different
densities in accordance with the different mix proportions, a reduction in AV occurred.
This reduction in AV led to a decrease in permeability, corresponding to the decreased AV.
For Mix No. 1, the water permeability value was 8.50 × 10−9 cm/s, which was the lowest,
indicating the highest water resistance of the material. Mix Nos. 2 and 3, with AV values of
2.65% and 4.71%, respectively, yielded permeability values close to each other but higher
than 1 × 10−6 cm/s. These void contents may be unsuitable for use as an embankment core
material. A plot of the permeability values was obtained from this study against AV and
compared with the data from Kjaernsli et al. [27]. The relationship is depicted in Figure 5.
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Figure 5. Permeability values from the study’s tests vs. the relationship between the air void content
and permeability values, compiled by Kjaernsli et al., 1966 [27].

From Figure 5, the data show the relationship between AV and permeability values
compiled from various international studies, along with the data obtained from the per-
meability tests conducted in the current study. The comparison of the test results with
data from international research indicates that the water permeability values obtained for
AV values of 0.30%, 2.65%, and 4.71% in the current study are relatively higher than those
reported in international research. This finding suggests that the properties of the asphaltic
concrete mix used in the current study may differ from those studied internationally.

In accordance with the relationship between AV and permeability from international
research, permeability rapidly increases as AV increases. For example, at an AV of 3%,
permeability is approximately 1 × 10−11 cm/s, and it increases rapidly to 1 × 10−4 cm/s at
an AV of 6%.

Based on the preliminary findings of the current study, asphaltic concrete mixtures
used as core materials in embankments within a country should ideally have an AV of
less than 1% to achieve permeability lower than 1 × 10−6 cm/s, in accordance with the
specified criteria.
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2.2.3. Analysis of Triaxial Compressive Strength Test Results

The objective of the triaxial compressive strength tests is to study the behavior of
asphaltic concrete under conditions that simulate the effects of radial stress, similar to those
experienced by a section of an embankment subjected to circumferential pressure. For
these tests, asphaltic concrete test specimens were prepared in accordance with the three
different mix proportions of the designed mixtures. An AC of 6% was utilized. The details
of the test results are presented in Table 8.

Table 8. Comparison of triaxial compressive strength test results for three mix proportions using 6%
asphalt cement content.

Mix No. Test No. Effective Confining
Pressure, σ3 (ksc)

Axial Stress at
Failure, σ1 (ksc)

σ1/σ3
at Failure

Young/s
Modulus, ES

(ksc)

Cohesion, c
(ksc)

Friction Angle,
ϕ (degree)

1
1 1 18.16 18.16 305

2.7 45.82 2 23.11 11.55 269
3 3 28.10 9.37 319

2
4 1 18.63 18.63 342

4.66 30.235 2 19.62 9.81 257
6 3 22.53 7.51 349

3
7 1 17.90 17.9 297

3.15 39.838 2 19.27 9.63 295
9 3 24.54 8.18 317

The information in Table 8 is summarized from the stress–strain graphs and Mohr’s
Coulomb envelope of the triaxial compressive strength tests for the asphaltic concrete
specimens of each mix proportion. Three samples were tested, and each was subjected to
different effective confining pressure values (σ3). The comparison at σ3 = 3 kg/cm2 (the
highest) shows that for Mix No. 1, the axial stress (σ1) at failure was 28.10 kg/cm2, which
was the highest among all three mix proportions. However, the Young’s modulus (Es) was
319 kg/cm2, which was not the highest among the mix proportions. For Mix Nos. 1, 2, and
3, the cohesion (c) and friction angle (ϕ) values ranged from 2.70 kg/cm2 to 4.66 kg/cm2

and from 30.23◦ to 45.80◦, respectively.
To assess the load-bearing capacity of the asphaltic concrete specimens for all three

mix proportions from the triaxial compressive strength tests, stress path graphs (which
illustrate changes in stress units) were plotted, as shown in Figure 6, Mix No. 1 exhibited a
higher load-bearing capacity than Mix Nos. 2 and 3.
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The post-test condition of the specimens for Mix. No. 1 after the triaxial compres-
sive strength tests is illustrated in Figure 7. The specimens tested under σ3 = 1 kg/cm2

exhibited more significant deformation and cracking compared with those tested under
σ3 = 2–3 kg/cm2. Although the post-test condition of the specimens for Mix Nos. 2 and 3
resembled that of Mix No. 1, their ability to withstand stress differed.
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In Figure 7, the post-test condition of the specimens for Mix Proportion 1 after the
triaxial compressive strength tests is illustrated. It was observed that specimens tested
under σ3 equal to 1 kg/cm2 exhibited more significant deformation and cracking compared
to those tested under σ3 equal to 2 and 3 kg/cm2. Although the post-test condition of the
specimens for Mix Proportions 2 and 3 resembled that of Mix Proportion 1, their ability to
withstand stress differed.

2.3. Advantages of an Asphalt Concrete Core Embankment

Selecting asphalt concrete materials for constructing embankment cores can signif-
icantly improve construction efficiency and address specific challenges and conditions
encountered during construction such as the following:

1. Selecting asphalt concrete materials for constructing embankment cores can signifi-
cantly improve construction efficiency and address specific challenges and conditions
encountered during construction.

2. Asphalt concrete’s ductile and viscous behavior makes it a suitable material for
embankments in earthquake zones. This enables it to effectively support the strength
of the embankment and accommodate differential foundation settlements without
cracking, even at low temperatures.

3. It has been proven that asphalt concrete exhibits self-recovery (self-sealing) properties,
allowing it to quickly repair any cracks that may occur due to accidental loading.

4. The core can be constructed in rainy and cold weather without delaying the construc-
tion of other sections of the embankment.

5. An asphalt concrete core embankment can be successfully constructed with lower-
grade compacted rockfill than what is typically required in earlier dams of this type.

6. The asphalt concrete mix design can be adjusted to meet specific design require-
ments [28,29].

2.4. Determining the Geometry and Material Engineering Properties

To determine the geometry of the soil embankment model, it is combined with the core
zone (impervious material), filter, and shell of the embankment. The height and width are
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determined by designing the embankment slope ratios of 1:2, 1:1.5, and 1:1, while the cores
of the embankment are 0.3, 0.5, 0.8, and 1 m. The parameters of asphaltic concrete material
were obtained partially from experiments conducted in a laboratory. The core material
has two types: asphaltic concrete and clay (Figure 8). The parameters of the material are
determined in the laboratory and assumed to have typical values as indicated in Table 9.
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Table 9. List of material parameters used in the analysis.

Material
Parameter

ReferencesPermeability,
k (m/s)

Unit Weight, γ
(kN/m3)

Cohesion,
c (kPa)

Friction Angle,
ϕ (deg.)

Young’s Modulus,
Es (kPa)

Poisson’s
Ratio

Asphaltic
Concrete Core 8.50 × 10−11 23 264 45 26,400 0.49 Testing

Clay Core 1.00 × 10−9 16 50 - 21,000 0.49 WWDSE,
2008 [30]

Filter 7.50 × 10−6 18 - 35 29,000 0.30 WWDSE, 2008
Transition 5.00 × 10−4 18 - 35 32,000 0.30 [30]
Rock Fill 5.00 × 10−3 22 - 40 34,000 0.28 WWDSE, 2008

Foundation 1.00 × 10−12 18 - 45 90,000 0.25 [30]

2.5. Case Study Determination

This study is to determine the analysis approach as follows:

1. Cases of different slope ratios: 1:2, 1:1.5, 1:1.5, and 1:1.
2. Cases of clay core embankment and asphaltic concrete core embankment with thick-

nesses of 0.30, 0.50, 0.80, and 1.00 m.
3. Cases of upstream assumption in the normal water level state and rapid drawdown state.
4. Cases of soil embankments with a surcharge load from transportation on the

soil embankment.

This study applies the GeoStudio program to analyze comparison engineering proper-
ties such as seepage through the embankment, displacement, and slope stability of a clay
core embankment and an asphaltic concrete core embankment [30–34].

3. Results

We analyze 48 cases of clay and asphaltic concrete core embankments and discuss
some cases that evidently influence the behavior of the embankment. Figures 9–11 present
the results of the soil embankment behavior analysis. The results of seepage through the
embankment, displacement, and slope stability are explained as follows.
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3.1. Results of Seepage Analysis through an Embankment

This study compares seepage analysis through clay and asphaltic concrete core em-
bankments with different thickness values of 0.30, 0.50, 0.80, and 1.00 m. The result
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shows that the asphaltic concrete core embankment exhibits the minimum discharge
passing through the core of 4.66 × 10−4 m3/day with 1 m thickness. Meanwhile, the
clay core embankment demonstrates the minimum discharge passing through the core of
9.24 × 10−3 m3/day with 1 m thickness. To consider the correlation between core thickness
and dis-charge passing through the core, increasing the thickness of the core embankment
will result in less discharge. This analysis result shows that the minimum core thickness is
0.30 m, which provides maximum discharge. However, the discharge passing through the
core is still extremely low compared with the standard (0.01% of the upstream volume).
The results are presented in Table 10.

Table 10. Summary of discharge passing through an embankment.

Thickness of Core (m)
Discharge Passing through the Core (m3/Day)

Asphaltic Concrete Clay

0.30 15.1 × 10−4 3.52 × 10−2

0.50 9.16 × 10−4 2.00 × 10−2

0.80 5.78 × 10−4 1.17 × 10−2

1.00 4.66 × 10−4 0.92 × 10−2

3.2. Displacement Analysis of Embankments

The displacement analysis in the case of the normal water level state compares the
different slopes as 1:2, 1:1.5, and 1:1 with or without a surcharge load. The result shows
that the condition slope is 1:1, and without a surcharge load, the upstream slope derives a
maximum horizontal displacement of 5.5 cm. With a surcharge load of 50 kPa, the result
shows that the maximum vertical displacement at the core zone is 1.6 cm.

To consider the difference in core thickness between clay and asphaltic concrete core em-
bankments, the results in Table 11 indicate less difference in displacement. Figures 12 and 13
show the displacement analysis at the slope ratio of 1:1. The figures illustrate the correlation
between the vertical displacement of the core zone and the horizontal dis-placement of the
upstream slope compared with the embankment height in the normal water level state with a
surcharge load.
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Table 11. Summary of the displacement analysis of the embankment.

Slope
Ratio

Maximum Displacement (cm)

No Surcharge Load Surcharge Load = 50 kPa

Upstream Slope Core Upstream Slope Core

Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal

1:2 4.6 3.9 0.0 1.2 4.6 3.9 1.5 1.2
1:1.5 4.0 4.6 0.0 1.7 4.1 4.5 1.6 1.7
1:1 3.0 5.5 0.0 2.7 3.2 5.4 1.6 2.7
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for slope ratio 1:1.

3.3. Result of the Slope Stability Analysis of the Embankment

The slope stability analysis results of the embankments by calculating FOS (refer to
Table 1) can be explained as follows.

Clay and asphaltic concrete core embankments in a rapid drawdown state with
and without a surcharge load have derived FOS values for upstream slopes of 1.2 to
0.7. The case of the slope ratio 1:1 provides the minimum FOS for all cases, as indicated in
Tables 12 and 13.

Table 12. FOS of upstream slope without a surcharge load.

Slope
Ratio

Asphaltic Concrete Core Clay Core

Normal Water Level Rapid Drawdown Normal Water Level Rapid Drawdown

U/S D/S U/S D/S U/S D/S U/S D/S

1:2 2.1 2.1 1.2 2.1 2.0 2.0 1.1 2.0
1:1.5 1.8 1.7 1.0 1.7 1.5 1.6 0.9 1.6
1:1 1.4 1.3 0.9 1.3 1.4 1.2 0.7 1.2
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Table 13. FOS of upstream slope with a surcharge load (50 kPa).

Slope
Ratio

Asphaltic Concrete Core Clay Core

Normal Water Level Rapid Drawdown Normal Water Level Rapid Drawdown

U/S D/S U/S D/S U/S D/S U/S D/S

1:2 1.9 2.0 1.2 2.0 1.8 1.9 1.1 1.9
1:1.5 1.6 1.6 1.0 1.6 1.4 1.5 0.9 1.5
1:1 1.3 1.2 0.8 1.2 1.1 1.1 0.7 1.1

The study conclusion is to explain how seepage through the embankment has been
influenced by two factors, the core thickness and core material, whereas the displacement
of the soil embankment relates to three factors, the slope, water level state, and surcharge
load. The slope stability of the embankment is the most sensitive factor due to influences
from four factors. We summarize the factors that influence to the behavior of the soil
embankment for designing in Table 14.

Table 14. Factors influencing the behavior of embankments for designing.

Analysis of Soil
Embankment Behavior

Type of Core
Embankment Material

Embankment
Slope

Thickness of Core
Embankment Water Level Surcharge

Load

Seepage through an
embankment ✓ ✓

Displacement ✓ ✓ ✓
Slope Stability ✓ ✓ ✓ ✓

4. Discussion
4.1. Seepage through an Embankment

The thickness of the core embankment, 1 m and 0.3 m, exhibits a 10-times-different
discharge passing through the core. Decreasing the core thickness reduces the seepage
through an embankment.

4.2. Displacement of Embankment

The difference in core thickness between clay and asphaltic concrete core embankments
presents less difference in displacement.

The displacement has evidently changed when the embankment slope reacts with a
surcharge load. Hence, displacement is influenced by a surcharge load.

As the slope ratio increases, the vertical displacement of the upstream slope with the
normal water level decreases. Conversely, the horizontal displacement is increased.

To discuss the displacement of the core embankment when the slope is increased with
a surcharge load, displacement in the vertical and horizontal directions is increased.

4.3. Stability of the Embankment

The factors that noticeably influence FOS on the upstream embankment slope are
the slope ratio, core material, water level state, and surcharge load. The core thickness
exerts less influence on FOS. To compare the core materials of asphaltic concrete and clay,
asphaltic concrete core embankment derives a higher FOS on the upstream embankment
slope than the clay core embankment, particularly in the case of the rapid drawdown state
on the slope ratios 1:1.5 and 1:1 (only the FOS of the upstream embankment slope is less
than the standard in Table 1).

5. Conclusions

Through an analysis of various embankment models to study the behavior of the
seepage through an embankment, displacement, and the stability of the slope, the results
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can explain the factors that influence the stability of the embankment, such as the core ma-
terial, embankment slope, core thickness, water level state, and surcharge load. Therefore,
embankment design must consider and analyze these significant factors that are possibly
related to the design concept.

In accordance with model analysis and the study of embankment behavior, asphaltic
concrete has suitable characteristics for use with substituted clay. The seepage of asphaltic
concrete is less than that of clay, resulting in less displacement of the core embankment. It
also achieves a higher FOS of the upstream embankment slope than clay.

On the basis of the analysis, the worst-case scenarios for each aspect of the study are
as follows.

1. Water seepage through the concrete core axis: When the asphalt concrete core axis
is 0.3 m-thick, the highest seepage rate observed is 15.1 × 10−4 m3/day. Compared
with a clay core, the seepage rate through the asphalt concrete core is approximately
10-times lower.

2. Movement of the core axis: For a slope of 1:1, asphalt concrete and clay cores exhibit
the highest movement. In this scenario, the vertical movement is 1.6 cm with a load
of 50 kPa, while the horizontal movement is 2.7 cm.

3. Stability of dam slope: Under rapid drawdown conditions with a loading of 50 kPa
and a slope of 1:1, asphalt concrete and clay cores have similar safety factors above
water, with values of 0.8 and 0.7, respectively.

The results of this study inform responsible agencies for water management, partic-
ularly in the case of embankment construction, by proposing the utilization of asphaltic
concrete as an alternative construction material for the core of embankments. The coun-
try lacks clay materials for embankment construction, and thus, these materials are very
ex-pensive to transport over long distances. Eventually, asphaltic concrete will be able to
re-place clay soil. Applying the related parameters to a proper design concept can achieve
investment cost control and effective management of the investment budget. In addition,
the results of this study point out changes in the application of alternative materials that re-
duce the destruction of the environment because they can considerably reduce the amount
of construction resources needed.
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