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Abstract. The shortage of traditional quality materials for road works, on the
one hand, and the management of large -scale coal ash production from thermal
plants on the other side, are the present significant challenges for the construc-
tion industry. Therefore, using pond ash as pavement material can provide a
sustainable alternative to the problems mentioned above. Nonetheless, use ash
alone cannot demonstrate desirable engineering behavior and requires proper
modification with suitable additives to improve performance. In this regard, the
engineering properties of pond ash mixed with lime (8%), fiber (1%), and their
two combinations have been investigated for the strength (CBR) and stiffness
(MR) properties to be used as a subbase layer in flexible pavements. The indi-
vidual and combined effects of additives on CBR and Mr of pond ash, as well
as the impact of various stress levels on Mr have been observed. Based on re-
sults obtained, it was concluded that there was a significant improvement in
CBR and Mg with the addition of additives. Furthermore, the experimental re-
silient modulus values were validated with four stress-dependent models avail-
able in the literature.
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1 Introduction

For the development of a country socially and economically, road infrastructure plays
a vital role by connecting each part of the country through the road network. There-
fore, the Government of India has initiated several road construction projects under
various schemes, and thousands of kilometers have been constructed and also sched-
uled for the future. However, to construct these roads, many workplaces still rely on
traditional paving materials include natural sand, crushed aggregates, and gravel [1-
2]; a few worksites are being used alternative recycled materials but in a limited por-
tion. One of such recycled materials is pond ash generated from thermal power plants
(TPPs) as a waste by-product. The quantity of coal ash generation is about 200 MMTs
[3]. Out of this vast quantity, only a small portion is being used in distinct applica-
tions, and the remaining is being disposed on valuable land, causing contamination
problems in soil and water bodies, which further leads the problem to the public
health and ecology system [4].
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Apart from the above, pond ash is pozzolanic, slightly cementitious, and possess
favourable engineering properties [5]. Because of these characteristics, pond ash
could be converted into a viable wealthy resource for civil works and bring new pos-
sibilities for high volume usage for sustainable infrastructure growth. Previous re-
searches [6-8] have reported enhanced strength characteristics, and its failure behav-
iour upon modification of soils with ashes in road construction works. Researchers
like [9-12] have studied the geotechnical behaviour of coal fly ash modified with
various cementitious binders like cement, lime, gypsum, GGBS, silica fume, etc., and
found improvement in strength, stiffness as well as its durability nature under adverse
conditions. Some researchers [13-18] have examined the effect of fiber inclusions of
either natural or synthetic in discrete form as reinforcement in soil, coal ash and & or
soil-coal ash mixtures. These studies have shown the beneficial effects in terms of
increased strength properties (i.e., UCS, CBR, and shear strength) and the change of
failure behaviour from brittle nature to ductile on the use of fly ash mixtures for road
constructions.

Although most of the literature was focused on the beneficial effects of cementi-
tious stabilization and fiber reinforcement in fly ashes individual basis, their com-
bined effect on the performance of coal ashes was reported minimal. Furthermore,
many research studies have been reported on stabilized/modified coal ash as pave-
ment material on strength basis for road structures, their resilient behaviour in terms
of stiffness (resilient modulus, Mg) is not well addressed under repeated loading con-
ditions. Researchers [1, 19-21] have found that the strength-based parameters like
CBR, could only use to guide the selection of material because the evaluation of these
parameters cannot represent the actual mechanistic (traffic loading) behaviour. As a
result, the design based on mechanistic-empirical (M-E) methods like AASHTO
(2000) and NCHRP (2004) [22-23] have proposed resilient modulus (Mg) as a fun-
damental property in the characterization pavement analysis and design, particularly
for coal ash-based pavements [24].

The aim of the paper is, therefore, to study strength (CBR) and stiffness (Mg) proper-
ties of pond ash modified with lime, fiber, and both, and investigate the feasibility for
pavement subbase application.

2 Experimental Program

2.1 Materials

Pond ash was collected from Kakatiya thermal power plant, Telangana, India. The
properties of pond ash are shown in Table 1. As per ASTM C 618-89 [25] specifica-
tions, the percentage of lime in pond ash is <15%; hence, it is categorized into Class
F. Lime used in the study was quicklime (CaO) of purity 72.13%. The fiber used is
polypropylene monofilament type having a length of 12 mm.
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Table 1. Properties of Pond ash

Properties Value
Specific Gravity 1.9
Plasticity Index Non-Plastic
Grain Size Distribution

1) % Gravel 0

ii) % Sand 69

iii) % Fines 31
Maximum Dry Density, MDD (kN/m?®)  11.21
Optimum Moisture Content, OMC (%) 34.01
Permeability, k (cm/sec) 6.7x 10*
Angle of Internal Friction(¢®) 32.1
Soaked CBR (%) 42

2.2 Mix proportions

In the study, pond ash was mixed both individually and in combination with 8% lime
content and 1% fiber content. The proposed additive contents were chosen based on
the previous experimental studies performed [12, 18] and the designation of mix pro-
portions are shown in Table 2.

Table 2. Mix combinations and its designation

Mix combination Designation
Pond ash P
Pondash + 8% Lime PLg
Pond ash + 1% Fiber PF,
Pond ash + 8% Lime+ 1% Fiber PLsF,;

2.3 Test Conducted

CBR is a key parameter used to select materials, evaluate pavements, and design them
(IRC 37-2012) [26]. Hence, CBR specimens of proposed mixtures were prepared in
the standard mold and cured for 7 and 28 days in plastic bags at a room temperature
of 27 £ 1°C. The specimens were subsequently immersed in water for 4-days and
performed CBR tests as per IS 2720-16 (1987) [27].

Mg is a stress-based parameter used in mechanistic-empirical pavement design, which
determine how the pavement system response to traffic load. Cyclic triaxial test is one
of the effective experiment to compute the Mr. Specimens of size 75 mm X 150 mm
(diameter to height) were prepared, cured for 7 and 28 days, and performed tests on
repeated load triaxial (RLT) apparatus [22] (AASTHO T-307). During the test, cyclic
loads were applied as a haversine function (0.1 sec load time and 1.0 Hz frequency),
and the sample was subjected to repeated deviatoric (c4) and static confining stresses
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(oc). The test procedure and load sequence applied during test was followed as per
AASTHO T-307 (shown in Table 3). Eventually, the modulus at each stress level was
determined by taking an average value of moduli of the last five-cycles for each se-
quence using equation (1).

Mg =064/ & (1

MR = resilient modulus
64 = cyclic deviatric stress
& = resilient deformation at a given load pulse

Table 3. Cyclic load sequence

Sequence  Confining Deviatoric Total load
No. Stress, o¢ Stress, 64 cycles
(kPa) (kPa)
0 103.4 103.4 500
1 20.6 20.6 100
2 41.3 100
3 62.1 100
4 344 344 100
5 68.9 100
6 103.4 100
7 68.9 68.9 100
8 137.9 100
9 206.8 100
10 103.4 68.9 100
11 103.4 100
12 206.8 100
13 137.9 103.4 100
14 137.9 100
15 275.8 100

3 Results and Discussions

3.1 California Bearing Ratio (CBR)

The CBR behaviour of both untreated and treated pond ash of various proportions
cured for 7 and 28 days under the soaking condition are shown in Fig. 1. It can be
seen that the CBR of untreated pond ash is 4.2. The addition of 8% lime caused to
increase CBR of pond ash to 27.2 (548%) and 39.7 (845%) for both curing periods.
This is because of the development of pozzolanic reactions that produce cementitious
products (CSH, CASH) which bind the ash particles effectively and thus lead to an
increase in bearing capacity [2]. Likewise, the Inclusion of fiber caused a considera-
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ble increase in CBR of pond ash up to 10.52 (150%) due to development resistance
forces against applied loads that enhance frictional characteristics between fiber and
ash particles [18]. After incorporating both additives in pond ash, CBR values in-
creased furthermore to 32.1 (664%) and 45.6 (986%) at 7 and 28 days due to im-
provement in effective frictional surface area by bonding between ash particles and
fiber [28]. Previous studies [15-17] also stated that the addition of fiber in cemented
soil/ash compounds could change the failure behaviour from brittle to ductile by in-
creased failure strain rate and reduced loss of post-peak stresses. Hence, the rein-
forcement inclusion would prevent the pavement structures from failing due to the
impact of wheel loads.

As per the IRC: 37 specifications, the minimum bearing ratio required for subbase
material is 30%. Results of the present study show that the addition of both lime and
fiber meets the required strength at seven days curing period.

50
07 days

35 @28 days

P PLS8 PF1 PL8F1
Mix Proportion

Fig. 1. CBR of untreated and treated pond ash under the soaked condition

3.3 Resilient Modulus (Mg)
Effect of additives on Mr of Pond ash

RLT tests were performed to evaluate the resilient modulus (Mg) behaviour of un-
treated and treated pond ash under various stress levels (o. and 64) for 28 days curing
period (Fig. 2). The Mg values of untreated pond ash do not show considerable varia-
tion with increased stress levels (13 MPa to 25 MPa) (Fig. 2a). Whereas treated pond
ash exhibits a significant change in Mg in an incremental way with increased stress
levels, i.e., 59 MPa to 143 MPa for lime treated, and 28 MPa to 63 MPa fiber-
reinforced pond ash (Fig. 2b). The cause of increment is due to the formation of ce-
mentitious bonds in lime treated pond ash, which exhibits strain hardening nature in
the specimen and affects its behaviour for the stresses acting on it [21]. Similarly,

Theme 5 10



Mogili Sudhakar, Mudavath Heeralal, Gonavaram Kalyan Kumar

fiber-reinforced pond ash showed an increased Mr values in a considerable manner
due to mobilization of tensile strength in fibers, which allows a significant contribu-
tion to the rigidity of the composite (Fig. 2¢) [16]. With the addition of both additives,
Mg values of pond ash further increased (82 MPa to 196 MPa) with stress levels (Fig.
2d).
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£ . 103.4 kPa £100
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Fig. 2. Mk of a) untreated and b) 8% lime c) 1% fiber d) lime-fiber treated pond ash at various o
and oq stress levels (28 days)

Effect of confining and deviatoric stress on Mgr

Fig 3 and 4 show the effect of o, and oq stresses acting on the pond ash specimens.
For a typical flexible pavement, the base/subbase layers in general experience confin-
ing and deviatoric stresses of 34.5 kPa and 103.4 kPa, respectively [23] (NCHRP
2004). Therefore, these stresses were considered as a reference for comparing Mg in
the following section.

From Fig 3, it can be observed that with an increase of confining stresses, Mg val-
ues were increased. This is due to an increase of confinement around the specimen,
resulting in the reduction of lateral strain deformation and which leads to improving
bearing capacity under given deviatoric stress level. The same can be observed for all
specimen combinations. For instance, at a constant 64 of 103.4 kPa, Mg values of PLg
specimen increased by 42% with an increase of o, from 34.4 kPa to 137.9 kPa. In a
similar way, except for untreated pond ash, Mr values were observed to be increased
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with the increase of deviatoric stresses (Fig 4). For instance, at 6. of 34.4 kPa, with an
increase of o4 from 34.4 kPa t0103.4 kPa, Mg values of PLg specimen increased by
30% due to strain hardening nature of the sample. Whereas for reinforced pond ash
14% increase in Mg was observed due to enhanced pond ash-fiber interface mecha-
nism [29]. Nevertheless, the increment rate of Mg with o4 is lower at high o, condi-
tions compared to lower o, stresses.

200 Eoc=344kPa
Boc=103.4kPa
150 Bgc=1379kPa
_—
[=~]
g 100
50
, LmAN
P PL FF PLF

Combinations

Fig. 3. Mr of a) untreated and b) 8% lime c) 1% fiber d) lime-fiber treated pond ash at constant
od = 103.4 kPa (28 days)

200 Bod =344 kPa

Egd =689 kPa
Egd =103.4kPa
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combination

Fig. 4. MR of a) untreated and b) lime treated c) fiber-reinforced d) lime-fiber treated pond ash
at constant o. = 34.4 kPa (28 days)

3.4  Modelling studies of Mr

To validate the experimental Mg values, several stress-dependent models are available
in the literature for the pavement materials. From which four stress-dependent models
have been chosen.
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Model 1: Bulk stress model, Uzan (1985)
Mg=k,* g%z
Model 2: Power model, Witczak & Uzan (1988)
Mg,= k;+0ay by
Model 3: NCHRP model, suggested by Patel and Shahu 2016.
g ke ok
My =i+ (52) + 72)

o a

Model 4: Octahedral shear stress model, AASTHO (2008)-MEPDG.

kg

8 | kg
Me= k() + (32+1)

T o

Where,

@

3)

“4)

)

Model 1, 2, and Model 3, 4 are referred to as Two-parameter and Three-parameter

based models.

o3 = confining stress; 4 = deviator stress (cyclic); P, = atmospheric pressure (101.4
kPa); 6= bulk stress (64 + 303); T ot = octahedral shear stress 1/3 {(61-62)? + (62-63)* +

(63-61)*}2; ki—k10 = model constants.

Table 4. Regression analysis constants of resilient modulus

P PLg PF, PLgF,;
ki 15824  9.1682 4946  16.154
Model 1 ks 0.001 04195 0387 0386
R? 0.415 0.893 0.781 0.88
ks 14728  17.559  10.808  34.269
Model 2 ks 0.065 0.38 0309 0315
R? 0056  0.864  0.693 0.713
ks 0.528 1039 0.743 1.237
ke 0.371 0.199 0291 0.273
Model 3 ks 20213 0231 0.091 0.11
R? 0.928 0977 098  0.968
ks 0.488 0.795 0.591 0.989
ko 0.448 0.323 0424 0431
Model 4 k1o 0724 0267  -0.104  -0.125
R? 0769 0975 0.985 0.975

The regression constants ki to kio, and corresponding correlation coefficient (R?) of
models obtained from the statistical analysis are presented in Table 4. It can be seen
that the R? values for two-parameter models (Model 1 and Model 2) are less than 0.9
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compared to three-parameter models (Model 3 and Model 4). This is due to considera-
tion of the effect of only confining stress (in Model 1) and deviatoric stress (in Model
2), and ignoring the combined effect all stresses acting on the specimen during load-
ing. Whereas, the three-parameter models (Model 3 and 4) considered the combined
stress effects acting on the specimen and showed good correlation values (R? > 0.9),
indicate the better fitting with experimental results. Besides, the advantage of these
three-parameter models is lies in the separation of individual stress effect on Mg val-
ues.

4 Conclusions

Based on the present investigation on the strength and resilient properties of modified
pond ash for pavement application, the following conclusions can be drawn.

1. Untreated pond ash does not show desirable CBR-strength for road subbase ap-
plications. The addition of additives (lime, fiber, and lime-fiber) improved the
CBR of pond ash significantly. As per IRC: 37, the subbase material should
have a minimum CBR value of 30%. The CBR value of PLsF; specimen was
found up to 32.1 even after seven days and satisfied the criteria compared to PLg
and PF; combinations.

2. Compared to treated pond ash, the variation in M values of untreated pond ash
show less significant with increased stress levels. Mr values vary from 59 MPa-
143 MPa for lime treated, 28 MPa -63 MPa for fiber-reinforced, and 82 MPa-
196 MPa for lime-fiber treated pond ash compared to compacted pond ash of 13
MPa-25 MPa at 28 days curing period, respectively.

3. With increased deviatoric stress, the rate improvement in Mg values is higher at
lower confining stresses than at higher confining stresses.

4. Based on model studies, three-parameter models (M3 and M4) provide a good
correlation coefficient (R? > 0.9) for the experimental results of resilient modu-
lus.
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