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ABSTRACT: In the 2016 Annual Energy Sector accomplishment report of the Philippine’s Department of 
Energy, power generation in the Philippines relied on the coal-fired power plant at 46%. An increase of 
19.47% was observed from 2003 to 2016. The increase in demand would result in an increase in production 
of waste material from the power plant namely, coal ash. Furthermore, the disposal of these waste materials 
can be an issue because it can cause a shortage in storage facilities. To address this, there is a need to study 
on the possibility of reusing these waste materials. A probable use of the waste material is by using it as a 
construction material for road embankments. In the Philippines some of these structures are constructed on 
areas exposed to seawater in order to address traffic congestion. This study proposes to use coal ash as the 
material for road embankment. Triaxial test under consolidated drained condition was performed considering 
the exposure to seawater. Three conditions were implemented namely, no exposure, immediate exposure and 
prolonged exposure. Based on the results, 100% fly ash had the highest strength. The hyperbolic model was 
employed to simulate the material’s stress-strain response. The hyperbolic model was chosen since it has the 
capability of predicting the load-displacement behavior of the waste material under monotonic loading. The 
Hyperbolic model prediction shows that the material can still handle higher stresses. With this, the ash 
mixtures tested has a potential to be used as a construction material for a road embankment.    
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1. INTRODUCTION 
 
 According to the Annual Energy Sector 
accomplishment report of the Philippine’s 
Department of Energy, power generation grossed 
at 42,700 Gigawatt hours (GWh) in the first 
semester of 2016 [1]. Coal-fired power plant 
generated power at 19,695 GWh. It was followed 
by renewable energy, natural gas and oil-based 
power plant at 10,158 GWh, 10,141 GWh and 2, 
705 GWh, respectively. In the report, coal-fired 
power plant remains the major source of electricity 
at 46 %. In the same year, coal production for the 
first three quarter reached 8.4 million metric tons 
(MMMT). In the recent Summary of Installed 
Capacity, Dependable Capacity, Power Generation 
and Consumption report of the Department of 
Energy which was published on March 27, 2017, 
an increase of 19.47% in contribution to the power 
generation mix was observed from 2003 to 2016 
[2]. The increase in demand would result in an 
increase in production of waste material from the 
power plant namely, coal ash. Furthermore, the 
disposal of these waste materials can be an issue 
because it can cause a shortage in storage facilities 
such as ash pond.   

Using coal ash as a construction material has 
been a trend in the construction industry due to its 
abundance. The most frequently used coal 
combustion by-products (CCB) or coal ash by-

products are fly ash and coal ash [3]. Fly ash has 
been used as a material for cement, concrete and 
grout production, road embankment, reclamation 
and structural fill [3], [4], [5], [7], [20], [21]. It was 
proven that the partial replacement of fly ash to 
cement can reduce the demand for water and it 
improves the concrete’s workability. Furthermore, 
due to its abundance it is an economical material 
especially for road embankments and reclamation 
projects [4], [5]. Bottom ash on the other hand was 
found to have similar performance when compared 
with typical highway materials. More so, it also 
meets the conventional materials’ specifications 
and can be used as subgrade and subbase [6]. To 
further utilize these by-products or waste materials’ 
capability, mixture proportions were tested as a 
possible construction material for highway 
embankments. A study investigated 3 mixture 
ratios such as 50% fly ash and 50% bottom ash, 
75% fly ash and 25% bottom ash and 100% fly ash. 
Based on their results, the mixture ratio of  50% 
fly ash and 50% bottom ash had the highest peak 
angle of internal friction are suitable for highway 
embankments. In addition, the results of the study 
were also in good agreement with the strength and 
compressibility specifications of a typical fill 
material [7]. Another study conducted a field 
performance investigation on a 60% fly ash and 
40% bottom ash mixture for a construction of an 
embankment. The construction was monitored to 
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determine the behavior and performance of the 
material used. Results showed that the ash mixture 
adopted is an acceptable material for embankment 
construction [3]. Although there are several types 
of research on the uses of coal ash, such as road 
embankment, there is still limited knowledge on its 
performance when it is exposed to sea water. This 
scenario must be considered especially in the 
Philippines were road embankments are now being 
constructed on bodies of water, such as the sea, 
because of traffic congestion. Some projects are 
the Manila-Cavite Expressway (CAVITEX) and 
Cebu-Cordova Link Expressway (CCLEX) [8], [9]. 
With this, there is a need to study on the possibility 
of reusing these waste materials as a construction 
material for road embankments exposed to 
seawater. It is the objective of this study to 
determine the performance of coal ash as a 
construction material considering ash mixtures 
such as 100% fly ash (S1), 100% bottom ash (S2) 
and 50% fly ash 50% bottom ash (S3). 
Consolidated drained triaxial test was performed 
and the waste material will be exposed to seawater. 
The samples were exposed to seawater under three 
conditions namely, no exposure (C1), immediate 
exposure (C2) and prolonged exposure (C3). To 
simulate the material’s stress-strain response 
hyperbolic model was employed. The hyperbolic 
model was chosen since it has the capability of 
predicting the load-displacement behavior of the 
waste material under monotonic loading. 

 
2. INDEX PROPERTIES OF COAL ASH  
 

The coal ash used in the study is from a power 
plant in the central Philippines. The index 
properties of S1, S2 and S3 are determined 
following the American Society for Testing 
Materials and the results are tabulated in Table 1. 
It can be seen that all samples are non-plastic.  The 
value of the specific gravity of the ash mixtures is 
higher than the recommended values ranging from 
1.899 to 1.903 [10]. A possible explanation for the 
difference is both materials came from a different 
coal-fired power plant. For the results of S3, it is 
noticeable that the values are in between S1 and S2.  
 
3. EXPERIMENTAL PROGRAM 
 
3.1 Sea water Preparation  

 
 The artificial sea water used in the experiment 
is prepared following ASTM D 1141 – 98 or 
“Standard Practice for the Preparation of Substitute 
Ocean Water”. The chemical compositions for the 
artificial se water are tabulated in Table 2.   
 
 

 

Table 1 Index properties of ash mixtures 
 

Index Property S1 S2 S3 

Specific gravity(Gs) 2.08 2.25 2.11 
Liquid limit(LL) - - - 
Plastic limt (PL) - - - 

Maximum void ratio 
(emax) 1.75 0.94 1.14 

Minimum void ratio 
(emin) 1.45 0.85 0.94 

Maximum dry unit 
weight(γdmax) 

(kN/m3) 
9.9 13.94 11.7 

Optimum water 
content (ωopt) (%) 36.6 15.85 27.1 

USCS ML SM  
 
Table 2 Chemical composition of sea water 
 

Compound Concentration,g/L 
NaCl 24.53 
MgCl 5.2 
NaSO 4.09 
CaCl 1.16 
KCl 0.695 

NaHCO 0.201 
KBr 0.101 
HBO 0.027 
SrCl 0.025 
NaF 0.003 

Ba(NO 9.94E-05 
Mn(NO 3.40E-05 
Cu(NO 3.08E-05 
Zn(NO 9.60E-06 
Pb(NO 6.60E-06 
AgNO 4.90E-07 

 
3.2 Sample Preparation   
 

The ash mixtures were prepared by moist 
tamping. Instead of using relative density as the 
controlled variable for the initial target condition, 
relative compaction was preferred to properly 
simulate site conditions. A value of 95% relative 
compaction was the target initial value in order to 
satisfy the desired in situ conditions [7], [11]. The 
extent of sea water exposure for the experiment 
has three conditions. The first condition (C1) has 
no sea water exposure. Only distilled water was 
used and the samples were soaked for 16 hours. 
The second condition (C2) sample preparation is 
similar with C1. Sea water exposure was 
performed during consolidation stage of the 
Consolidated Drained Test. The third condition 
(C3) is when distilled water was completely 
replaced with artificial sea water both in the 
sample preparation step and the consolidation 
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stage of the Consolidated Drained Test. 
 

3.3 Consolidated Drained Test 
 
 Consolidated Drained Test or slow test was 
performed in this study following British Standard 
(BS) 1377-8: 1990. Saturation, consolidation and 
shear are the stages in this test. For the saturation 
stage, the sample must reach a fully saturated 
condition before it is to be consolidated. To ensure 
a fully saturated condition the B-value or the ratio 
of the change in pore water pressure and change in 
confining pressure must reach a value greater than 
0.95. For the consolidation stage, the confining 
pressures (σ3) used are 50 kPa, 100 kPa, and 200 
kPa. For the shearing stage, a rate of loading of 
0.05 mm/min was implemented. This was used for 
the proper dissipation of pore water pressure. Due 
to the slow rate, this stage normally performed for 
a maximum of 7 hours and a minimum of 4 hours. 
A total of 51samples were tested for this study as 
shown in Table 3. It can be seen that sample S3 
was not tested for the C3 condition. During sample 
preparation when the artificial sea water was 
mixed with S1 some samples hardened into a rock-
like state. This made it difficult for S1 to be mixed 
with S2.  
 
Table 3 Design of experiment 
 

Ash Mixtures 

Sea Water Exposure 

C1 C2 C3 

σ3 (kPa) 

1 2 3 1 2 3 1 2 3 
S1 3 3 3 2 2 2 1 1 1 
S2 3 3 3 2 2 2 1 1 1 
S3 3 3 3 2 2 2 - - - 

 
4. HYPERBOLIC MODEL 

 
Hyperbolic model or Duncan and Chang 

model is an incremental stress-dependent model 
that is based on the stress and strain’s hyperbolic 
relationship [13]. The soil model can simulate the 
non-linear response of soil. It is also a variable-
parameter model and it is defined in terms of the 
initial tangent modulus (Ei), actual deviator stress 
at failure (σ1- σ3)f and failure ratio (Rf) [12], [13]. 
The parameters in this model can be determined by 
performing a triaxial test [12], [13], [14]. From the 
variables obtained in the model, prediction of the 
load-displacement behavior of the soil can be 
performed. The hyperbolic representation of the 
soil model has the capability to yield acceptable 
results especially in cases under monotonic 

loading [14]. A typical result of this model is 
shown in Fig. 1.  The hyperbola in the figure can 
be mathematically written as [12]: 
 

1 3

1 3

1
( )i uE

εσ σ
ε

σ σ

− =
+

−

        (1) 

 
Where: 
ε = axial strain 
(σ1- σ3)u = ultimate deviator stress 
 
The hyperbola produced by the model in Fig. 1 is 
acceptable only until point A. This point is the 
actual deviator stress at failure. It can be used to 
define the failure ratio together with the ultimate 
deviator stress. The typical values for the failure 
ratio range from 0.75 to 1.0 [16]. The failure ratio 
is defined as: 
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The ultimate deviator stress, as seen in Fig. 1, is 
asymptotic in nature. Its value when compared to 
the compressive strength of the soil is always 
larger [14]. In order to establish the parameters 
needed in the soil model, the stress-strain plot must 
be transformed into a linearized hyperbolic form. 
The axial strain must be divided by the deviator 
stress and it is plotted against the axial stress.  The 
equation of the straight line in the transformed plot 
is [12]:  
 

1 3 1 3

1
( )i uE

ε ε
σ σ σ σ

= +
− −                      

(3) 

 
Equation (3) presented is the modified format of 
Eq. (1). In Eq. (3), the initial tangent modulus is 
the reciprocal of the y-intercept while ultimate 
deviator stress is the reciprocal of the slope. In 
order to perform the prediction of the stress-strain 
behavior of the soil, the primary loading modulus 
(K) and exponent number (n) must be also 
established. These parameters are related to initial 
tangent modulus as seen in the following equation 
[12]:   
 

3( )n
i a aE KP Pσ=         (4) 

 
Where: 
Pa = atmospheric pressure (Pa = 101.325 kPa) 
 
Based on the study of Janbu, the increase in 
confining pressure is proportional to the initial 
tangent modulus [14]. 
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Fig.1 Hyperbolic model prediction typical result 
[12] 
 
The parameters primary loading modulus and 
exponent number can be determined from a 
logarithmic plot of Ei /Pa against σ3/Pa. The plot is 
linearized in order to extract the mentioned 
parameters. The equation of the straight line can be 
written as follows [12]: 
 

( ) 3
10 10 10log log logi

a a

E
K n

P P
σ   

= +   
          (5) 

 
The slope of Eq. (5) is the exponent number while 
the y-intercept is the primary loading modulus 
when σ3/Pa is equal to 1.0. Once the hyperbolic 
parameters are established a prediction of the load-
displacement behavior of the soil can be performed 
by using the following equation [12], [13]:  
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Where: 
C = cohesion 
φ = angle of internal friction 
 
The values of cohesion and angle of internal 
friction can be determined by plotting the Mohr’s 
Circle. The deviator stress from the stress-strain 
plot must be at the peak state. If peak state is not 
experienced, the deviator stress at 15% of the axial 
strain can be used. 
 
5. SHEAR STRENGTH OF ASH MIXTURES 
 
 The shear strength of ash mixtures was 
determined from the results of the Consolidated 
Drained Test. The results are tabulated in Table 4. 
The results were compared to the typical values of 

previous researches. The typical values for the 
angle of internal friction and cohesion for silt are 
30° to 35° and 9 kPa, respectively. For silty sand, 
the typical values for the angle of internal friction 
and cohesion are 26° to 35° and 50 kPa, 
respectively [17], [18], [19]. For S1 it was 
compared to the typical values of silts while for S2 
it was compared with silty sand. The results of S3 
on the other hand were compared to silty sand. For 
the results of the ash mixtures in C1, it was 
observed that all the results are in good agreement 
for cohesion. For its angle of internal friction, the 
result of S1 is slightly higher than the typical value 
of 10%. The increase was due to the amount of 
relative compaction which contributed to the 
increase in strength of the ash mixture. It was also 
observed that S1 has a higher of the value of the 
angle of internal friction compared to S2. This is 
because the particle shape of the two was different. 
A flaky particle shape was observed for S2 while a 
rounded shape was for S1. The particle shape for 
S2 is weaker compared to S1. For S3, its values 
are in between S1 and S2. For the results of C2, it 
can be seen that the values of the angle of internal 
friction decreased for all ash mixtures but the 
values are still within the typical values. The 
values for cohesion on the other hand increased. 
This can be due to the effect of sea water used in 
the consolidation stage. For the results of C3, the 
angle of internal friction of S2 is comparable to the 
results at C1. For cohesion, it dramatically 
decreased and it is the smallest value when 
compared to all the results.      
       
Table 4 Shear strength of ash mixtures 
 
Seawater 
Exposure 

Ash 
Mixture 

φ  Cohesion (kPa) 

C1 S1  38.53 8.65 
S2  33.77 28.56 
S3 38.94 8.13 

C2 S1  31.95 33.32 
S2  27.03 49.91 
S3 31.86 19.06 

C3 S1 - - 
S2 33.91 15.43 
S3 - - 

 
6. HYPERBOLIC MODEL PARAMETERS 
 
 The hyperbolic model parameters for ash 
mixtures are tabulated in Table 5, 6, 7 and 8. In 
order to determine these parameters, the stress-
strain plot was linearized as shown in Fig. 2. The 
plot shown is the typical result for the ash mixtures 
tested. It was observed that as the confining 
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pressure increases the ratio between the axial strain 
and deviator stress decreases. This can also lead to 
the decrease in the value of the slope but the 
increase in the value of the ultimate deviator stress.  
 

 
Fig.2 Typical results for linearized plot 
 
From the tabulated results, it showed that as the 
confining pressure increases the ultimate deviator 
stress also increases. Comparing the results of the 
three conditions of sea water exposure, it was 
observed that the exposure of sea water had an 
effect towards the ultimate deviator stress of the 
ash mixtures. Based on the results in Table 7, the 
values of C3-S2 at 50 kPa and 100 kPa are in 
between the results of C1-S2 and C2-S2 under the 
same confining pressure. For C3-S2 at 200 kPa the 
results are larger than C2-S2 but smaller than C1-
S2. At this confining pressure, the exposure to sea 
water improved the strength of the ash mixture. 
When the results of C1-S1 and C2-S1 were 
compared, it was observed that the values of 
ultimate deviator stress are larger for C2-S1 at 50 
kPa and 200 kPa but a smaller value was observed 
for 100 kPa. For the results of C1-S3 and C2-S3, it 
can be seen that the ultimate deviator stress 
decreased due to sea water exposure. Comparing 
the results of the ash mixtures in each condition of 
sea water exposure, for C1 it was observed that 
there is no particular trend when it comes to the 
changes in the value of ultimate deviator stress. On 
the other hand for C2, it was observed that S3 had 
the smallest values. Knowing the values of 
ultimate deviator stress can serve as the upper limit 
or maximum strength of the ash mixtures. There 
was no consistent trend observed in the result of 
the ultimate deviator stress. This can be due to the 
method of sample preparation since preparing the 
exact replica of the relative compaction is 
somewhat difficult.  For the result of initial tangent 
modulus, there is also no definite trend. This 
parameter is highly dependent on the behavior of 
the stress-strain results. When strain hardening is 

more pronounced prior to failure the value of 
initial tangent modulus is smaller. This occurred in 
C2-S2 at 50 kPa confining pressure. For the failure 
ratio, it can be observed that almost all the failure 
ratio is within its acceptable range which except 
the result from C1-S2. Its value is 0.5335. It was 
observed that for this ash mixture, the ultimate 
deviator stress is high and its deviator stress at 
failure is almost half of its value. This means that 
for its transformed plot the slope is very steep. A 
steep plot indicates that strain hardening was 
present in the stress-strain diagram. Once the 
hyperbolic parameters are established, prediction 
can now be performed using Eq. (6). The typical 
results are shown in Fig. 3a-c and 4a-c. Three 
trends were observed from the results. First, the 
prediction seemed less accurate as the confining 
pressure is increasing as seen in Fig. 3a-c. This 
trend was observed for all results in C1. Second, 
the prediction was in good agreement with some 
parts of the stress-strain plot such as the strain 
hardening portion and the behavior of the plot until 
it reaches the ultimate shear strength as seen in Fig.  
4a-c. Third, the model cannot predict the post peak 
strain behavior of the ash mixtures. 
 
Table 5 Hyperbolic parameters for C1 
 

Ash 
Mixture 

σ3 
(kPa) 

(σ1-σ3)f  
(kPa) 

(σ1-σ3)ult 
(kPa) 

Ei 
(kPa) Rf 

S1 50 191.93 192.31 217.39 0.9980 
100 398.15 400.00 625.00 0.9954 
200 619.39 625.00 1000.00 0.9910 

S2 50 238.04 238.10 277.78 0.9998 
100 274.24 294.12 181.82 0.9324 
200 666.87 1250.00 90.09 0.5335 

S3 50 207.25 208.33 769.23 0.9948 

100 470.41 476.19 102.04 0.9877 
200 688.77 909.09 136.99 0.7577 

 
Table 6 Hyperbolic parameters for C2 
 

Ash 
Mixture 

σ3 
(kPa) 

(σ1-σ3)f  
(kPa) 

(σ1-σ3)ult 
(kPa) 

Ei 
(kPa) Rf 

S1 50 239.77 256.41 416.67 0.9351 
100 305.66 344.83 126.58 0.8864 
200 579.76 666.67 185.19 0.8696 

S2 50 244.62 270.27 86.21 0.9051 
100 320.07 344.83 250 0.9282 
200 553.92 666.67 149.25 0.8309 

S3 50 181.76 181.82 370.37 0.9997 

100 287.47 333.33 116.28 0.8624 

200 474.37 476.19 526.32 0.9962 
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Table 7 Hyperbolic parameters for C3 
Ash 

Mixture 
σ3 

(kPa) 
(σ1-σ3)f  
(kPa) 

(σ1-σ3)ult 
(kPa) 

Ei 
(kPa) Rf 

S2 50 187.66 188.68 185.19 0.9946 

100 248.44 270.27 129.87 0.9192 

200 586.24 714.29 153.85 0.8207 

 
Table 8 Primary loading modulus and exponent 
number for ash mixtures 
 
Seawater 
Exposure 

Ash Mixture K n 

C1 S1 461.42 5.57 
S2 5.99 1.34 
S3 25.99 4.50 

C2 S1 10.75 1.65 
S2 5.99 1.34 
S3 37.19 1.11 

C3 S1 - - 

S2 4.66 0.22 

S3 - - 

 

 
Fig.3a Hyperbolic prediction for C1-S2 
 

 
Fig.3b Hyperbolic prediction for C1-S2 
 
 

 
Fig.3c Hyperbolic prediction for C1-S2 
 

 
Fig.4a Hyperbolic prediction for C2-S2 
 

 
Fig.4b Hyperbolic prediction for C2-S2 
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Fig.4c Hyperbolic prediction for C2-S2 
 
7. CONCLUSION 

 
 Ash mixtures were tested under Consolidated 
Drained test. Three ash mixtures were considered 
namely, 100% fly ash (S1), 100% bottom ash (S2) 
and 50% fly ash 50% bottom ash (S3). These ash 
mixtures were exposed to sea water during the 
triaxial test. This was done to determine the effect 
of sea water towards the strength of ash mixtures. 
Three exposures to sea water conditions were 
simulated in the experiment namely, no exposure 
(C1), immediate exposure (C2) and prolonged 
exposure (C3). Based on the results, the shear 
strength of the ash mixtures are all within the 
typical values and are considered to have sufficient 
strength. For the exposure of sea water, it 
decreased the strength but the values are still 
within the acceptable limit. Among all the ash 
mixtures, S1 had the highest strength. When 50% 
of S1 was mixed with 50% of S2 to form S3 it 
showed an improvement in the strength of S3. 
Furthermore, it was observed that the exposure of 
sea water had an effect towards the values of the 
deviator stress at failure and ultimate deviator 
stress of the ash mixtures. For the C2 condition, 
both values for S2 and S3 mixtures are smaller 
compared to C1 and C3 condition. For the 
hyperbolic parameters, it can be seen that C1-S2 
had the highest ultimate deviator stress at 200kPa. 
The value of the initial tangent modulus ranged 
from 86.21 to 1000 kPa. The hyperbolic 
parameters were used in predicting the stress-strain 
behavior of the ash mixtures. The prediction shows 
that the material can still handle higher stresses. 
The limitation of the model is that it cannot predict 
the post peak strain behavior.  Based on the results 
from the Consoldiated Drained test and Hyperbolic 
model, they showed that the ash mixtures has a 
potential to be used as a construction material for a 
road embankment.  
 It is suggested that other percentages of ash 
mixtures be tested in order to determine the most 

suitable ash mixture. It can be noted that the fly 
ash specimen has a larger strength, increasing it 
might improve the strength of the ash mixture.   
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