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Abstract
This paper investigates on the mechanical characteristics (compressibility and shear strength) of fly ash/ground-granulated 
blast-furnace slag (GGBS) mixtures at various mix ratios using consolidation and direct shear tests, respectively. The consoli-
dation studies were done at a reduced duration of load increment. The compressibility behaviour has been found to improve 
with increase in GGBS content. Direct shear test results showed an increase in angle of internal friction with GGBS content. 
Microstructural studies using SEM reveal insight information about the effect of particle morphology responsible on com-
pressibility and shear strength behaviour. It is proposed from the findings of this investigation that fly ash/GGBS mixtures 
have utilisation potential in the construction of embankments or structural fill which will undergo very small settlement.
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Introduction

The demand of power has increased tremendously with the 
rise in population and industrial development. This has led 
to the installation of many power plants to cope up with 
the present need. Majority of these power plants are run by 
burning coal, diesel, gas etc. known as thermal power plants 
(TPPs). In India, about 70% of the total power generation 
comes from TPPs out of which the power plants that burn 
coal accounts for 84% of the power produced [1]. Coal-
based plants produce by-products commonly known as fly 
ash which consist oxides of various elements such as silica, 
aluminium, calcium, iron, magnesium etc. As per estimate, 
the fly ash production per year in India has reached 170 mil-
lion tonnes (MT) in 2011–2012 [2]. The huge production of 
fly ash has created disposal and environmental problems. 
The present practice of disposal of fly ash is to dump on 
ash ponds, lagoons etc. which affects thousands of hectares 
of valuable land area [3]. As the environmental concerns 
gain importance, government and companies are looking for 

sustainable solutions. Although the use of fly ash in various 
applications such as concrete, brick making, soil-stabilisa-
tion treatment is well-recognised, still a large percentage of 
fly ash remain unutilised. Some applications that involve 
bulk usage of fly ash, include embankment construction [4], 
structural filling [5], construction of road sub base [6] etc. If 
properly designed and constructed, the material can function 
successfully in the above applications.

Compressibility is one of the important engineering prop-
erties that need to be considered during the construction 
of embankments, structural earth fills, for building sites 
etc. Low compressibility is desirable in embankments and 
similar constructions so that total or differential settlements 
between structures and adjacent approaches remain within 
acceptable limits. The stiffness of fly ash is comparable to 
hard clay and coefficient of volume compressibility (mv) 
value ranges between 0.1 and 0.2 MN/m2 [7]. Usually, set-
tlements in compacted fly ash are very fast under the appli-
cation of load [8]. Porbaha et al. [9] found that as the time 
elapses, hardening process continues because of pozzolanic 
reaction and prohibits any additional settlement. A study 
by Kaniraj and Gayathri [10] revealed that the coefficient 
of consolidation of the fly ash samples is similar to those 
of non-plastic silts. The compressibility of fly ash is found 
to be less than that of both pond ash and bottom ash [11]. 
Mishra and Das [12] have tried out to bring out the applica-
bility of pond ash as an alternate material to river sand for 
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stowing of mined out area in underground mines by studying 
the compressibility behaviour. The coefficient of secondary 
compression obtained from the oedometers tests performed 
by Tu et al. [13] on fly ash was found to be very small. The 
study concluded that settlement occurring due to secondary 
consolidation would not be of great concern for the struc-
tures founded in reclaimed fly ash. In some of the engineer-
ing problems such as design of foundation, retaining walls, 
embankments etc., angle of internal friction and cohesion 
are important shear strength parameters that are required 
for the design. Direct shear tests are used to predict these 
parameters very quickly. Fly ash is cohesionless and contains 
particles ranging from sand to silt size. Shear strength in 
fly ash is mainly attained through internal but also exhib-
its small amount of apparent cohesion [14]. It should be 
noted that in addition to the particle resistance, fly ashes 
also exhibit pozzolanic reactivity in the presence of water 
which makes them harden with time [4]. Kim and Prezzi 
[15] studied the shear strength properties of various US fly 
ashes using direct shear test and CD triaxial tests. They dem-
onstrated that the fly ashes have shear strength properties 
similar to sandy soils. The test results further indicated that 
fly ashes not only have higher peak friction angles but also 
show apparent cohesion due to the development of negative 
pore pressures (capillary suction) in unsaturated samples. 
However, the saturated samples did not show any cohesion 
due to disappearance of capillary suction.

Potential use of fly ash is due to its pozzolanic and self-
hardening properties. Still, the utilisation rate of low-lime fly 
ash is less due to its slow reaction rate and lower pozzolanic 
potential. However, this drawback can be overcome by acti-
vating it with several techniques out of which chemical acti-
vation is the most common [16, 17]. Fly ash is usually mixed 
with lime or cement to enhance its pozzolanic properties in 
various geotechnical applications. Due to the environmental 
concerns and increasing cost of lime and cement, other alter-
natives are being tried which involves replacement of lime 
and cement with industrial wastes such as blast-furnace slag-
like GGBS. GGBS, a by-product of the steel manufacturing 
industry, is latent hydraulic cement which can be effectively 
used as an alternative to cement. Fly ash is found to be more 
effective when combined with other industrial products such 
as slag, silica fume etc. [18]. Binary and ternary combina-
tions of fly ash with other industrial by-products provide 
a more promising way of utilisation than alkaline activa-
tion [19]. Several studies have been done in which various 
industrial wastes have been incorporated to produce materi-
als as an alternate to Portland cement [20–23]. This would 
be a creative solution to save our depleting resources such 
as lime stone that is required for manufacture of cement and 
hydrated lime.

When fly ash and GGBS mixtures has to be promoted as 
construction materials, evaluation of consolidation and shear 

strength properties are of great importance. In this paper, it 
is proposed to study the compressibility and shear strength 
behaviour of mixtures of fly ash and GGBS for their pos-
sible utilisation in embankments, surcharge fills etc. among 
various geotechnical applications. This will help in under-
standing the optimised amount of both the materials for its 
beneficial and economical utilisation.

Materials and Methodology

Raw Materials

The materials used in the present investigation were fly ash 
and GGBS. Fly ash was collected from Raichur thermal 
power plant which is situated in Raichur district of Karna-
taka state, India. GGBS was provided by a ready mix con-
crete plant owned by L&T in Bangalore. They are using 
GGBS as partial replacement for cement in the ready mix 
concrete. The physical properties of fly ash and GGBS were 
determined and are presented in Table 1. It is noticed from 
the particle size distribution curves that GGBS includes 
mainly silt sized particles; whereas, fly ash is comprised of 
particles ranging between fine sand and silt.

The elemental composition and morphology of fly ash 
and GGBS were studied by SEM/EDAX analysis using FEI 
ESEM Quanta 200. The SEM micrograph shows that fly 
ash particles exhibiting a smooth spherical surface while 
the corresponding EDAX spectra indicate the presence of 
O, Al and Si atoms in majority with minor portion of Ca 
atoms (Fig. 1). Fly ash is usually composed of spherical-
shaped particles known as cenospheres [24]. GGBS parti-
cles are angular in shape with sharp edges and the EDAX 
spectra reveal the presence of Ca atoms in majority (Fig. 2). 
Ca/Si ratio of fly ash and GGBS was found to be 0.09 and 
2.40, respectively, through EDAX analysis. It indicates that 

Table 1   Physical properties of fly ash and GGBS

Properties Materials

Fly ash GGBS

Colour Grey Whitish
Specific gravity 2.15 2.84
Particle size distribution
 Sand fraction (%) 24 –
 Silt fraction (%) 74 99.7
 Clay fraction (%) 2 0.3
 Liquid limit (%) 32 40
 Plastic limit (%) Non-plastic Non-plastic
 Plasticity index (%) Non-plastic Non-plastic

Optimum moisture content (OMC, %) 22 22
Maximum dry unit weight (MDU, kN/m3) 12.46 15.80
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calcium content in fly is very low but contains sufficient 
amount of silica which is just opposite in case of GGBS. 
These materials, if utilised in combination with each other, 
can be more productive than used individually since each 
material can supply adequate lime or silica to encourage the 
pozzolanic reactions.

Experimental Methodology

One‑Dimensional Consolidation Tests

The consolidation characteristics of the mixture of fly ash 
and GGBS at different proportions were determined using 
one-dimensional consolidation tests as per IS:2720 (part-15)

[25]. The amount of GGBS content was ranged between 10 
and 40% of the dry weight of the mix. The samples were 
compacted in the consolidation rings at respective values 
of OMC (optimum moisture content) and MDU (maximum 
dry unit weight) of mixes. The OMC and MDU of the mixes 
were obtained from mini compaction test developed by Srid-
haran and Sivapullaiah [26]. The compaction characteristics 
of different fly ash/GGBS mixes are given in Table 2.

The requisite quantity of water was added to the dry 
mass of the mix to achieve optimum conditions and then 
transferred into consolidation rings of 60 mm diameter and 
20 mm thickness after proper mixing. The samples were then 
remoulded inside the ring by statically pressing with a 5-mm 
thick spacer disc to maintain the thickness of the specimen 
as 15 mm. The specimen was covered with filter papers from 

Fig. 1   SEM/EDAX analysis of 
fly ash

Fig. 2   SEM/EDAX analysis of 
GGBS
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both sides and then placed between two porous stones. After 
assembling the consolidometer, it was placed in the loading 
device and pressure was applied. A seating load of 6.25 kPa 
was initially applied and inundated with water to make it 
saturate. After saturation, loading of the samples started at 
load increment ratio of unity till it reached 800 kPa. At first, 
fly ash and GGBS samples were subjected to two different 
duration of load increment i.e. 24 h and 30 min. Having 
found that the difference of the vertical stress–strain behav-
iour was very minimal, the fly ash/GGBS mixture samples, 
henceforth, were tested for 30 min load duration only.

Minimum Duration for Load Increment

To minimise the duration of testing, it is proposed to estab-
lish the minimum duration for each load increment. Almost 
all the standard methodology generally adopts 24 h interval 
for load increment in consolidation test which is considered 
as sufficient enough for the completion of the primary con-
solidation [25, 27, 28]. But for non-plastic materials such as 
fly ash, the consolidation process is very fast as compared to 
natural soils and requires very less time period for the incre-
ment of higher loads. For compressibility studies of soils, 
Sridharan et al. [29, 30] suggested rapid method of consoli-
dation test in which load can be applied just after the desired 
percentage of consolidation is attained. They also found that 
reactivity of lime in montmorillonite soils was higher that 
resulted in the increased compression index values than 
that of kaolinite soils. Fly ash and GGBS are pozzolanic 
materials and strength may develop due to development of 
cementitious compounds if the conventional approach of 
24 h load increment is applied. Hence, actual behaviour and 
the consolidation properties will not be reflected at this dura-
tion (i.e. 24 h) of load increment [31]. Minimising the dura-
tion of load increment could save time and produce faster 
results. The consolidation parameters such as coefficient of 
consolidation (cv), the coefficient of volume compressibility 
(mv) and the coefficient of permeability (k) can be obtained 
easily and would help the geotechnical engineers to predict 
the settlement behaviour of such materials used in the con-
struction of fills, embankments etc.

Direct Shear Tests

The direct shear test has been carried out as per Indian 
standard code IS:2720 (Part-13) [32] under unsaturated 
conditions. The direct shear test apparatus consists of a 
square box split into two halves. The dimension of the 
direct shear mould was measured and the amount of mate-
rial required for each test was calculated based on the 
maximum dry unit weights. The dry mass of sample was 
thoroughly mixed with predetermined amount of water 
with the help of spatula. The wet mix of the soil samples 
was then transferred to the shear mould in smooth lay-
ers. A constant normal load was applied vertically on the 
sample through inside the mould. Horizontal load was then 
increased at constant rate to the upper half of the mould 
till the shear failure started to begin along the intersec-
tion. The applied lateral load and the induced strain were 
recorded at given internals. The test was usually continued 
till a shear strain of 10% is reached. The graph of shear 
stress vs. shear strain at different normal stress was plot-
ted using the recorded readings. In addition, plotting was 
done with normal stress values on the x-axis with their 
respective peak shear stresses on the x-axis. After the lin-
ear curve fitting of the plot, cohesion was taken as the 
intercept of the trend line on y-axis; whereas, the slope of 
the trend line gave peak friction angle.

In this study, the tested samples were designated as per 
the following: FA symbol is used for fly ash and GGBS 
refers to ground granulated blast-furnace slag. The number 
preceding the symbols represents their respective percent-
ages. For example, 70FA30GGBS denotes sample with 
70% fly ash and 30% GGBS content.

Results and Discussions

Effect of Duration of Load Increment on Stress–
Strain Relationship

Figures 3 and 4 show the one-dimensional compressibility 
plots of fly ash and GGBS, respectively, at duration of 
load increment of 24 h and 30 min. It is noticed that one-
dimensional compression curves with different duration 
of load increment does not show much difference in the 
compressibility characteristics of both the materials. If the 
small difference is neglected, the duration of 30 min for 
each load increment is sufficient to establish the consoli-
dation behaviour of fly ash and/or GGBS. Hence, all the 
compressibility studies of the fly ash/GGBS mixtures have 
been carried out at duration of load increment of 30 min.

Table 2   OMC and MDU of fly ash/GGBS mixtures

GGBS (%) OMC (%) MDU (kN/m3)

0 22 12.46
10 21 12.75
20 21 13.15
30 22 13.44
40 23 13.83
100 22 15.79
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One‑Dimensional Consolidation Behaviour of Fly 
Ash/GGBS Mixtures

Strain–Stress Relationships of Fly Ash/GGBS Mixtures

The one-dimensional compressibility plots of different 
combination of fly ash/GGBS mixtures are shown in Fig. 5 
at load increment duration of 30 min. It can be seen that 
only GGBS sample shows more compressibility than pure 
fly ash sample. Fly ash and GGBS contain particles that 
differ both in shape and size. GGBS particles are angular 
(non-spherical) consisting of mainly silt-sized particles; 

whereas, shape of majority of fly ash particles are spheri-
cal in shape. The degree of particle slippage and rear-
rangement of the particles which takes place during com-
pression is found to increase as the particle size decreases 
[33]. This phenomenon is predominant which are com-
posed of non-spherical particles.

Particles arrangement and interlocking in soils are the 
main factors that control the void ratio [34]. Hence, GGBS 
show higher compression than fly ash due to more slippage 
occurring in GGBS. But with the addition of GGBS con-
tent, the mixture becomes well-graded and shows lesser 
compressibility.

Compression Index (Cc) and Recompression Index (Cr)

Compression index (Cc) is the slope of the linear portion 
of compressibility plot, void ratio (e) versus effective 
stress plotted in logarithmic scale that shows the variation 
of the void ratio (e) with respect to effective stress. The 
recompression index (Cr) is obtained from the same plot 
of void ratio and effective stress, but evaluated for unload-
ing–reloading sequence. Table 3 shows the compression 
and recompression indices of fly ash–GGBS mix samples 
for 30 min duration of loading. The values of compres-
sion and recompression indices were very low for all the 
combination of fly ash–GGBS mix samples. It suggests 
that settlements on the embankments and fills (and the 
structures built upon these) will be immediate and mini-
mal. Also, it reduces the time for placement of successive 
lifts during construction of embankment or structural fill 
which makes it more practically applicable in the field.

Fig. 3   One-dimensional compression curves of fly ash at different 
duration of load increment

Fig. 4   One-dimensional compression curves of GGBS at different 
duration of load increment

Fig. 5   One-dimensional compression curves of fly ash/GGBS mix-
tures
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Constrained Modulus

If fly ash/GGBS mixture has to be utilised as fill material, 
the compression of layer may be estimated by elasticity the-
ory. Since the vertical loads applied on the embankment is of 
large lateral extent, the compression behaviour can be con-
sidered as one dimensional. Most commonly used parameter 
for the determination of settlement under one dimensional 
compression is the constrained modulus [15, 35, 36]. Con-
strained modulus (denoted as ‘D’) is defined as the ratio of 
axial stress to axial strain under confined compression [37]. 
It is expressed as D = d�∕d� ; where d� and d� is change in 
vertical stress and vertical strain, respectively. Constrained 
modulus (D) is also the reciprocal of mv.

To determine the tangent-constrained modulus at differ-
ent stress level, curve fitting was first done to stress–strain 
curves of all the samples through power functions [38]. 
Power functions were then differentiated to obtain the rela-
tionship between constrained modulus and vertical stress. 
The relationships between one-dimensional vertical strain 
and vertical stress for fly ash/GGBS mix samples is shown 
in Table 4; whereas, relationship between vertical stress and 
tangent-constrained modulus is presented in Table 5.

Figure 6 shows the tangent-constrained modulus values of 
fly ash/GGBS mix samples on a range from zero to 200 kPa 
(expected stress level for highway embankments), respec-
tively. These figures indicate how the modulus change with 
increase in applied vertical stress (depth of backfill). It is 

found that tangent-constrained modulus tends to increase 
with increase in vertical stresses. The range of constrained 
modulus value suggests that the compression behaviour of 
fly ash/GGBS mixtures is comparable to sand. Since con-
strained modulus is inversely proportional to settlement, it 
means that the fly ash/GGBS mixtures will lead to lesser set-
tlement when used as embankment material or structural fill.

Shear Strength

The results of direct shear tests carried out on fly ash/GGBS 
mix samples are presented in this section. The objective of 
these tests was to check the influence of GGBS amount 
on the shear strength characteristics of compacted fly ash/
GGBS mixtures since these materials have different parti-
cle shapes and sizes. Size and morphological characteris-
tics of sand-like particles significantly affect the shear and 
interfacial shear strength [39]. It has been observed that the 
shear strength of dry fly ash is largely because of frictional 
component since it is a cohesionless, non-plastic material. 

Table 3   Compression and recompression indices of fly ash/GGBS 
mixtures

Sample Compression index (Cc) Recompres-
sion index 
(Cr)

Fly ash 0.054 0.017
90FA10GGBS 0.071 0.019
80FA20GGBS 0.054 0.015
70FA30GGBS 0.051 0.017
60FA40GGBS 0.047 0.013
GGBS 0.069 0.016

Table 4   Stress–strain relationship of fly ash/GGBS mixtures

Sample Stress–strain relationship R2 coef-
ficient

Fly ash ε = 0.071σ0.633 0.983
90FA10GGBS ε = 0.322σ0.456 0.993
80FA20GGBS ε = 0.115σ0.592 0.980
70FA30GGBS ε = 0.322σ0.415 0.995
60FA40GGBS ε = 0.022σ0.826 0.964
GGBS ε = 0.143σ0.591 0.960

Table 5   Stress–tangent-constrained modulus relationship of fly ash/
GGBS mixtures

Sample Constrained 
modulus relation-
ship

Fly ash D = 2.225 σ0.367

90FA10GGBS D = 0.681 σ0.544

80FA20GGBS D = 1.469 σ0.408

70FA30GGBS D = 0.748 σ0.585

60FA40GGBS D = 5.503 σ0.174

GGBS D = 1.183 σ0.409

Fig. 6   Tangent-constrained moduli of fly ash/GGBS mixtures



International Journal of Geosynthetics and Ground Engineering (2021) 7:21	

1 3

Page 7 of 10  21

Apparent cohesion is also present in the compacted unsatu-
rated state but reduces to zero upon saturation [15]. Figure 7 
shows the failure envelop curves of different combinations 
of fly ash/GGBS mixtures. Table 6 shows the shear strength 
parameters (c–φ) obtained from direct shear test of fly ash/
GGBS mixtures at different proportion. The cohesion com-
ponent is determined from the intercept of the line fitting the 
points in the shear stress versus normal stress plot.

The relatively higher values of the cohesion intercept 
are observed for most of the combinations of fly ash/GGBS 
mix samples. It could be attributed that the observed cohe-
sion is actually the apparent cohesion arising out of capil-
lary stresses. Angle of internal friction is found to increase 
with GGBS content which reveals that shear strength is also 
increased. In general, the capillary suction (i.e., negative 
pore pressure) helps to the increase the effective stress due 
to increase in the inter-particle contact forces.

The capillary suction increases due to decrease in the 
water content and particle size for unsaturated sandy soils 
[40]. The particle size in the fly ash/GGBS mixtures sam-
ples decreases with the increase in GGBS content since the 
GGBS is finer than fly ash. But the optimum water contents 
in the fly ash/GGBS mixtures more or less the same. Hence, 

as a result the angle of internal friction increases due to the 
development of higher capillary suction and higher strength 
is observed. Sridharan et al. [41] have conducted direct shear 
test on some of the Indian fly ashes and observed that shear 
strength of loose dry fly ash is mainly due to the frictional 
component, with negligible cohesive component. They also 
mentioned that the frictional component is dependent on 
the size of the particles. However, under partially saturated 
and compacted conditions, fly ash also exhibits apparent 
cohesion in addition to the frictional component. Awang 

Fig. 7   Failure envelope curves of direct shear tests on fly ash/GGBS mixtures

Table 6   Shear strength parameters results

Sample Cohesion (c), kPa Friction 
angle 
(φ), °

Fly ash 6 23.30
90FA10GGBS 11 30.03
80FA20GGBS 2 35.52
70FA30GGBS 14 34.00
60FA40GGBS 1 38.02
GGBS 17 38.23
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et al. [42] studied the shear strength behaviour of fly ash 
and bottom ash mixtures using direct shear test. They have 
demonstrated the increase in angle of internal friction of 
the mixtures as a result of increase in bottom ash content. 
They found that the angularity of the bottom ash as the main 
reason for the higher resistance to shearing loads.

Microstructural Investigation

Figure  8 shows the SEM images of the different mix 
proportions of fly ash and GGBS mixture for the sam-
ple obtained from consolidation test. The SEM images 
in Fig. 8a show that with the addition of 10% GGBS, the 
majority of particles are fly ash which are smooth sur-
face spheres while the presence of GGBS particles are 
not clearly seen. The smoother fly ash particles can easily 

roll over each under the action of load [43]. The contact 
between the particles is found to increase with the increase 
in GGBS content which results in the increase of the fric-
tional resistance (Fig. 8b, c). With the addition of 40% 
GGBS content, an aggregated microstructure is seen which 
is also found to be denser (Fig. 8d). Agglomeration of 
the fine GGBS particles and sticking to coarser fly ash 
particles are noticed in the SEM image. The agglomera-
tion of fly ash and GGBS particles improves the overall 
microstructure offers more resistance to compression. The 
addition of GGBS to fly ash obviously reduces the particle 
slippage and assist in the proper arrangement of the mix-
ture. Hence, very dense mix combination may be achieved 
upon compaction by incorporating fly ash and GGBS 
which will reduce settlement-related problems when used 
for the construction of the embankments.

Fig. 8   SEM image of fly ash/GGBS mix samples from consolidation test a 10% GGBS, b 20% GGBS, c 30% GGBS, d 40% GGBS
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Conclusions

Based on the experimental programme carried out in this 
study as well as on the reported results from the literature, 
the following conclusions can be made:

(a)	 The difference between compressibility behaviours of 
fly ash at two different duration of load increment i.e. 
24 h and 30 min has been found to be minimal and 
thereafter compressibility studies of fly ash/GGBS mix-
tures were determined with 30 min duration of load 
increment.

(b)	 The compressibility characteristics of the fly ash and 
GGBS are governed by the shape and size of the mate-
rials. The degree of particle slippage and rearrangement 
is predominant in GGBS samples during compression 
due to its smaller size when compared to fly ash sam-
ples. Lower values of compression and recompression 
values indicate that the settlement of embankments, 
structural fill constructed from these materials will be 
very less and immediate.

(c)	 Higher values of the cohesion for most of the com-
binations of fly ash/GGBS mix samples might indi-
cate apparent cohesion due to capillary stresses. The 
angle of internal friction is appeared to increase with 
GGBS content which confirms that shear strength is 
also increased.

(d)	 The microstructural study using SEM confirms the 
development of a dense matrix resulting in reduced 
compressibility but increased shear strength. Use of 
combination of fly ash/GGBS can be more advan-
tageous over using fly ash alone in construction of 
embankments, stowing of mines, structural fills etc.

One of the advantages of this proposed method of rapid 
testing is that these can give faster results and the chances 
of occurrence of errors are also minimised compared to tra-
ditional loading pattern (24 h load increment). For sand and 
silt sized materials such as fly ash and GGBS, the settlement 
is relatively faster than soils and there won’t be much effect 
on the consolidation parameters. This will not only save time 
and effort but will also help the geotechnical engineers to 
predict the amount of settlement occurring in the embank-
ment, fills etc. constructed with such materials. More accu-
rate strength tests such as triaxial tests need to be done which 
will better specify the materials shear strength properties. 
The dynamic behaviour of material mixtures also needs to be 
studied by performing dynamic tests such as cyclic triaxial 
tests etc. Moreover, evaluating the properties of such mate-
rials which will assess their performance in the actual field 
conditions is required which will guarantee the materials 
ability to perform under actual service conditions.
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