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ABSTRACT: The potential fields of application of fly ash in large volumes are mainly construction of roads, embankments, 
and filling of low lands. Shear strength of fly ash is one of the important parameters required for the design of such projects. 
To study the variation of shear strength parameters of fly ash with varying composition, unconsolidated undrained triaxial 
tests have been conducted on nine fly ash samples collected from different thermal power plants of the Eastern part of India. 
This paper presents shear strength parameters of all the nine fly ash samples, compacted at optimum moisture content and 
maximum dry density obtained from standard Proctor (AASHO) compaction tests. All the fly ash specimens were tested under 
three different confining pressures of 100, 200 and 300 kPa. Effects of confining pressure, MDD and OMC on shear strength 
parameters of fly ash samples are discussed herein. The values of the shear strength parameters i.e., angle of internal friction, 
φuu and apparent cohesion, cuu of all the fly ash samples vary within the range of 29.91°–36.93° and 14.31–59.59 kPa respectively. 
As confining pressure (s 3) increases the shear strength (S) of fly ash increases, irrespective of type of fly ash. Effect of confining 
pressure (s 3) on deviator stress at failure (qƒ) is more prominent for the fly ash samples of low strength than for fly ash samples of 
high strength. The angle of internal friction of the strength of fly ash samples is more significant than apparent cohesion, 
irrespective of type of fly ash. The friction angle φuu of the fly ash was found to be a function of the type of fly ash. The post-
peak behaviour of all the fly ashes indicated brittle rupture in which axial strain values of almost all the fly ash samples are 
less than 15%.  
 
1. INTRODUCTION 

A basic knowledge of shear strength characteristics of the media 
is necessary to solve any geotechnical engineering problem. The 
maximum shearing resistance which the materials are capable 
of developing is called the shearing strength. Depending on 
the field problem the total strength parameters or the effective 
strength parameters are to be used. Triaxial testing is very much 
important since different field conditions can be simulated in 
this test. Shear strength of fly ash is one of the important para- 
meters required for the design of engineering structures where 
fly ash is used as construction material. Unconsolidated un- 
drained triaxial shear strength test takes less time and the total 
strength parameters obtained from this test may be used for the 
corresponding problem without much error. Previous re- 
searchers studied unconsolidated undrained triaxial shear 
strength characteristics of fly ash (Raymond 1961; DiGioia 
& Nuzzo 1972; Gray & Lin 1972; and Kaniraj & Gayathri 
2003, 2004). Porbaha et al. (2000) and Pandian et al. (2001) 
have studied consolidated direct shear tests of fly ash and shear 
strength characteristics of coal ash respectively. Mixtures of 
fly ash have been also tested for shear strength (Kim et al. 
2005). Unconsolidated undrained triaxial tests have been 
conducted to study the shear strength characteristics of fly 
ash stabilized with additives (Ghosh & Subbarao 2007) and 
fly ash-soil mixtures (Kaniraj & Havanagi 2001). 

From the previous studies of literature on shear strength, it is 
revealed that there is paucity of data on strength characteristics 
of varieties of fly ash which may find potential application as 
embankment material, subgrade material and fill material. To 
study the suitability of fly ash as materials for embankment, 
subgrade and land filling nine fly ash samples collected from 
different thermal power plants have been used in the present 
study. This study presents the unconsolidated undrained triaxial 
shear strength characteristics of the fly ash samples. Effects 
of confining pressure and MDD on shear strength parameters 
of fly ash samples are discussed herein. 

2. MATERIALS 

Nine numbers of class F fly ash samples have been used in 
this investigation to study the suitability of using these materials 
for construction of embankment, subgrade and land filling. 
The test results on physical properties (Table 1) and chemical 
composition (Table 2) of all the fly ash samples discussed are 
presented in this paper. The nine fly ash samples used in this 
study are designated as follows: 
KF:  Kolaghat fly ash, from Kolaghat thermal power plant 
KP-1:  Kolaghat pond ash, from Ash pond 1 of Kolaghat 

thermal power plant 
KP-2:  Kolaghat pond ash, from Ash pond 2 of Kolaghat 

thermal power plant 
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KP-3:  Kolaghat pond ash, from Ash Pond 3 of Kolaghat 
thermal power plant 

BBF:  Budge Budge fly ash, from Budge Budge thermal 
power plant 

BBB:  Budge Budge bottom ash, from Budge Budge thermal 
power plant 

BBP:  Budge Budge pond ash, from Ash pond of Budge 
Budge thermal power plant 

BAF:  Bandel fly ash, from Bandel thermal power plant  
BAB:  Bandel bottom ash, from Bandel thermal power plant. 

Table 1: Physical Properties of Fly Ash Samples 
Properties for nine numbers of 

sample Ranges 

Specific gravity 

Sand size, 4.75–0.075 mm (%) 

Silt size, 0.075–0.002 mm (%) 

Clay size, <0.002 mm (%) 

D10 mm 

D30 mm 

D60 mm 

Uniformity coefficient (Cu) 

Coefficient of curvature (Cc) 

Group symbol 

Group name 

Plasticity 

1.99–2.170 

6.930–72.940 

26.380–88.170 

0.680–6.800 

0.006–0.029 

0.009–0.084 

0.016–0.190 

2.422–16.627 

0.537–1.957 

SM or ML 

Silty sand or Sandy silt 

NP 

Table 2: Chemical Compositions and pH Values  
of Fly Ash Samples  

Constituent 
(%) Ranges 

SiO2 
Fe2O3  
Al2O3  
CaO  
MgO  
LOI  
Others  

60.50–66.10 
7.40–8.80 

11.70–18.20 
3.80–6.60 
3.10–5.30 
3.20–3.80 
0.40–1.30 

pH value 6.90–7.84 

3. EXPERIMENTAL PROGRAMME  

To study the shear strength characteristics of fly ash samples, 
unconsolidated undrained triaxial compression tests on all 
the fly ash samples compacted at OMC and MDD, obtained 
from standard Proctor compaction tests have been conducted 
in accordance with ASTM standards (ASTM D2850-03(2007)) 
and the test results are discussed. 

4.  PREPARATION OF SPECIMENS AND TEST 
METHODS 

The procedure for preparation of specimens and also the 
experimental methods of unconsolidated undrained triaxial 
compression test is described in brief in the following section. 

4.1 Unconsolidated Undrained Triaxial Compression  
Test of Fly Ash Samples 

The specimen preparation as well as testing of Unconsolidated 
Undrained (UU) triaxial compression of fly ash samples have 
been carried out in accordance with ASTM D2850-03 (2007) 
using computerized triaxial testing system (Geotechnical Digital 
Triaxial Testing System, Model No. 4958BA) (Fig. 1). The 
specimens for these tests were prepared applying energy 
corresponding to standard Proctor compaction method (ASTM 
D698-07). All the specimens have been tested under three 
different confining pressures of 100, 200 and 300 kPa. The 
values of shear strength parameters (i.e., apparent cohesion, 
cuu and angle of internal friction, φuu) and shear strength of 
fly ash samples are presented in Table 3. 

 
Fig. 1: Computerized Triaxial Testing System (GDS, Model 

No. 4958BA) for Unconsolidated Undrained Triaxial 
Compression Test 

5. RESULTS AND DISCUSSIONS 

This section presents the test results of Unconsolidated 
Undrained (UU) triaxial compression of fly ash samples. The 
compaction test results and chemical compositions of fly ash 
samples presented are utilized to explain the effects of MDD 
and OMC on shear strength. The effects of various parameters 
on shear strength of fly ash are discussed in the following 
sections.  

5.1 Experimental Results 

The unconsolidated undrained triaxial compression test 
results of fly ash samples are presented in Table 3.  

5.1.1  Unconsolidated Undrained Triaxial Compression  
 of Fly Ash Samples  

Table 3 illustrates deviator stress versus axial strain response, 
obtained from unconsolidated undrained triaxial compression  
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 Table 3: Unconsolidated Undrained Triaxial Test Results 

Standard proctor 
Sample a 

(degree) 
φuu 

(degree) 
a 

(kPa) 
cuu 

(kPa) 
s 3 

(kPa) 
qƒ = (s 1 – s 3) 

(kPa) 
e s 1 

(kPa) 

S = cuu + 
s 1 tan(φuu) 

(kPa) 

MDD 
(kN/m3) 

OMC 
(%) 

KF 
 

31.00 
 

36.93 
 

22.64 
 

28.32 
 

100 
200 
300 

401.10 
772.10 

1045.00 

0.015 
0.024 
0.027 

501.10 
972.10 

1345.00 

404.97 
758.99 

1039.28 

13.12 25.60 

KP-1 
 

28.00 
 

32.12 
 

12.12 
 

14.31 
 

100 
200 
300 

261.20 
516.30 
724.20 

0.098 
0.112 
0.150 

361.20 
716.30 

1024.20 

241.07 
463.99 
657.29 

11.68 29.85 

KP-2 
 

30.00 
 

35.26 
 

31.51 
 

38.59 
 

100 
200 
300 

456.20 
645.60 
996.40 

0.024 
0.033 
0.046 

556.20 
845.60 

1296.40 

431.82 
636.42 
955.13 

11.47 33.39 

KP-3 
 

29.00 
 

33.66 
 

28.00 
 

33.64 
 

100 
200 
300 

409.80 
589.70 
915.10 

0.027 
0.042 
0.056 

509.80 
789.70 

1215.10 

373.12 
559.51 
842.79 

12.03 28.20 

BBF 
 

26.50 
 

29.91 
 

50.40 
 

58.14 
 

100 
200 
300 

375.00 
647.30 
762.90 

0.028 
0.040 
0.114 

475.00 
847.30 

1062.90 

331.39 
545.56 
669.58 

11.52 30.65 

BBB 
 

27.00 
 

30.63 
 

20.00 
 

23.24 
 

100 
200 
300 

309.30 
479.90 
734.50 

0.032 
0.155 
0.183 

409.30 
679.90 

1034.50 

265.59 
425.81 
635.77 

10.56 36.87 

BBP 
 

28.00 
 

32.12 
 

44.85 
 

52.96 
 

100 
200 
300 

412.90 
740.90 
883.60 

0.015 
0.025 
0.113 

512.90 
940.90 

1183.60 

374.95 
643.64 
796.01 

10.93 34.08 

BAF 
 

28.00 
 

32.12 
 

14.54 
 

17.17 
 

100 
200 
300 

280.80 
530.30 
746.40 

0.018 
0.033 
0.059 

380.80 
730.30 

1046.40 

256.23 
475.64 
674.09 

12.02 28.91 

BAB 29.00 33.66 49.60 59.59 100 
200 
300 

448.40 
831.20 
936.80 

0.024 
0.036 
0.067 

548.40 
1031.20 
1236.80 

424.77 
746.28 
883.19 

11.81 28.95 

 
test of fly ash samples. From Table 3, it is revealed that the 
values of total strength parameters i.e., angle of internal friction 
(degree), φuu (= sin–1(tan a), where, a is the angle made by  
p–q curve with horizontal, in degree) and apparent cohesion 
(kPa), cuu (= a/cos φuu, where, a is the intercept with y-axis 
by p–q curve, in kPa) of all the fly ash samples are within the 
range of 29.91°–36.93° and 14.31–59.59 kPa respectively. 

5.2 Discussions on Test Results 

This section presents the discussion on the unconsolidated 
undrained triaxial compression of the fly ash samples of this 
study. The effects of important parameters on shear strength 
characteristics are presented herein, referring the relevant 
tables.  

5.2.1  Unconsolidated Undrained (UU) Ttriaxial  
 Compression of Fly Ash Samples  

This section presents the effects of confining pressure (s 3), 
deviator stress at failure (qƒ), angle of internal friction (φuu), 

apparent cohesion (cuu) and Maximum Dry Density (MDD) 
on shear strength (S), and effect of confining pressure (s 3) on 
stress-strain behaviours of fly ash samples. 

(a) Effect of Confining Pressure (s 3) and Deviator Stress at 
Failure (qƒ) on Shear Strength (S) of Fly Ash: From Table 3 
it is revealed that as confining pressure (s 3) increases, the 
shear strength (S) increases, irrespective of variety of fly ash. 
Table 3 also reveals that as s 3 increases from 100 to 300 kPa, 
the deviator stress at failure (qƒ) increases from 401.10 to 
1045.00 kPa and the shear strength increases from 404.97 to 
1039.28 kPa for Kolaghat fly ash and same trend holds good 
for all other eight fly ash samples. Table 3 further illustrates 
that the effect of confining pressure (s 3) on deviator stress at 
failure (qƒ) is more prominent for the fly ash samples of low 
strength than for fly ash samples of high strength.  

(b) Effect of Angle of Internal Friction (φuu) and Apparent 
Cohesion (cuu) on Shear Strength (S) of Fly Ash: It is evident 
from Table 3 that the angle of internal friction plays a vital 
role for strength of fly ash samples, irrespective of variety of 
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fly ash. The values of φuu are within the range of 29.91°–
36.93° and the values of S are within the range of 241.07–
1039.28 kPa. It implies from the results that the fly ash 
samples are of mostly non-cohesive in nature and shear 
strength is directly proportional to φuu of fly ash. The values 
of major principal stress (s 1) at failure are within the range of 
361.20–1345.00 kPa. The friction angle, φuu of the fly ash 
varies with the variety of fly ash. The values of φuu of fly ash 
depend primarily on the angularity of fly ash particles, which 
provides higher resistance to particle rearrangement for 
sustained shearing. For granular material, φuu results from 
interparticle friction and particle rearrangement only, and 
provides a measure of the ultimate shearing strength. Previous 
researchers studied fly ash behaviour and showed that φuu 
and cuu influenced shear strength. DiGioia & Nuzzo (1972) 
reported that fly ash achieves most of its shear strength from 
internal friction and exhibits some amount of apparent 
cohesion when moist due to surface tension in the pore water 
and dry fly ash has no cohesion. However, at intermediate 
water contents, moist fly ash exhibits measurable cohesion, 
making it a manageable construction material. From triaxial 
test, it was noted that the effective angle of shearing resistance, 
was relatively high for a material with more than 80% of its 
particle sizes smaller than the No. 200 sieve (Leonards & Balley 
1982).  

(c) Effect of Maximum Dry Density (MDD) on Shear 
Strength (S) of Fly Ash: Table 3 illustrates that in most of the 
cases, as MDD, obtained from standard Proctor compaction 
test, increases shear strength of fly ash samples also 
increases. In the present study the values of MDD are within 
the range of 10.56–13.12 kN/m3. The values of S are within 
the range of 241.07–431.82 kPa (for s 3 = 100 kPa), 425.81–
758.99 kPa (for s 3 = 200 kPa) and 635.77–1039.28 kPa (for 
s 3 = 300 kPa). Similar trend as in the present study was 
noticed by DiGioia & Nuzzo (1972) and they observed that 
compaction of fly ash was necessary to increase the shear 
strength capacity. Gray & Lin (1972) reported that strength 
was affected less by moulding water content and more by dry 
density; the undrained shear strength decreases with an 
increase in water content for all fly ash samples.  

(d) Effect of Confining Pressure (s 3) on Stress-Strain 
Behaviour of Fly Ash: From Figure 2 it is noticed that the 
deviator stress attained a peak and thereafter almost remained 
constant. The strain to attain the peak deviator stress increased 
with increase in confining pressure. As for example, the values 
of strain (e) at failure are 0.028, 0.040 and 0.114 for confining 
pressures of 100, 200 and 300 kPa respectively for BBF and 
corresponding deviator stresses are 375.00, 647.30 and 762.90 
kPa; other fly ash samples also follow similar trend. Previous 
researchers also noticed the same trend, as discussed here. 
Kaniraj & Havanagi (2001) showed that with increase in 
confining stress, deviator stress increases with little increase 
in axial strain for fly ash.  

 
Fig. 2: Deviator Stress versus Axial Strain Response of 

Budge Budge Fly Ash 

6. CONCLUSION 

Based on the results and discussions made on the un- 
consolidated undrained triaxial compression of class F fly 
ash samples, the following conclusions may be made:  
• With increase in confining pressure (s 3), the deviator 

stress at failure (qƒ) increases and the shear strength (S) 
also increases, irrespective of variety of fly ash.  

• The effect of confining pressure (s 3) on deviator stress at 
failure (qƒ) is more prominent for the fly ash samples of 
low strength than for fly ash samples of high strength.  

• Fly ash achieves most of its shear strength (S) from internal 
friction (φuu) and exhibits some amount of apparent 
cohesion (cuu). It implies that the fly ash is of mostly non-
cohesive in nature and φuu is directly proportional to the 
shear strength values of fly ash. The friction angle, φuu of 
the fly ash was found to vary with the variety of fly ash.  

• As major principal stress (s 1) increases, the shear strength 
(S) also increases.  

• In most of the cases, as MDD increases, shear strength 
of fly ash samples also increases. Maximum dry density 
of fly ash influences the shear strength parameter like, 
angle of internal friction.  

• The strain to attain the peak deviator stress increases 
with increase in confining pressure. 
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