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1  Introduction

Completely decomposed granite (CDG) is widely 
distributed in South China (Xu et al., 2022; Wang et al., 
2023). The parent granite rock mass gradually loses 
features during the weathering process, and thus needs 
to be reinforced when used (Lan et al., 2003; Dassekpo 
et al., 2017; Alamanis et al., 2021). On the other hand, 
considering the huge demand for construction materi‐
als and limited natural resources, it is increasingly im‐
portant to fully utilize solid waste (Gruhler et al., 2019; 
Anagnostopoulos et al., 2020; Jiang et al., 2022, 2023a, 
2023b). With high strength and environment-friendly 
characteristics, incineration bottom ash (IBA) seems to 
be a suitable reinforcement material for CDG (Ahmed 
and Khalid, 2011; Alhassan and Tankó, 2012; Toraldo 
et al., 2013; Lynn et al., 2017; Xuan et al., 2018; Tang 
et al., 2020). Both reinforcement and environmental 
issues should be addressed when considering treat‐
ment of CDG with IBA.

To date, investigations of soil treatment with IBA 
have been widely reported. For example, Gupta et al. 
(2021) showed that IBA has better shear resistance 

and compressibility behaviour than soft soils. When 
IBA content is increased from 10% to 30%, the uncon‐
fined compressive strength of the expansive soil-IBA 
mixture significantly increases (Melese, 2022; Rand‐
hawa and Chauhan, 2022). However, the effect of the 
compaction degree of the matrix soil was not considered 
in most previous studies, although it was a significant 
indicator for soil reinforcement. Furthermore, the mech‐
anism by which IBA reinforces soil has not yet been 
comprehensively interpreted.

To evaluate the feasibility of applying IBA for 
soil reinforcement, we examined the monotonic me‐
chanical behaviour of a CDG-IBA mixture by a series 
of monotonic triaxial tests. Various volumetric amounts 
of IBA were added to the CDG, followed by compac‐
tion to different compaction degrees. The monotonic 
mechanical behaviours of the samples were analysed 
from the testing results. The investigation revealed the 
strengthening mechanism of the IBA in the compacted 
mixture.

2 Materials and methods 

2.1 Testing materials

The natural CDG soil was extracted from a high‐
way construction site in Tai Wai, Hong Kong, China 
(Xu et al., 2022; Wang et al., 2023). It was grinded and 
passed through a 2 mm sieve for testing. The grain-size 
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distribution curve is shown in Fig. 1. The main min‐
erals contained in the CDG were quartz, albite, illite, 
kaolinite, calcite, and muscovite, according to the X-ray 
diffraction (XRD) test. The main chemical components 
were obtained by X-ray fluorescence (XRF), and were 
found to be SiO2 (61.12%) and Al2O3 (30.19%). The 
specific gravity Gs of the CDG was 2.59. The content 
of particles smaller than 0.075 mm was 54%, and the 
plastic limit and liquid limit were 15.3% and 33.5%, 
respectively. The soil could be classified as lean clay 
(CL) (ASTM, 2017). We conducted the standard Proctor 
compaction test (ASTM, 2012), and the result is shown 
in Fig. 2. The optimum water content wopt-C was 14.5% 
and the maximum dry density ρdmax-C was 1.83 Mg/m3.

The IBA was collected from a waste-to-energy 
plant in Hangzhou, China (Xuan et al., 2018; Tang et al., 
2020). IBA particles ranging from 0.1 to 2.0 mm were 
used after screening and crushing cycles; the particle-size 

distribution is shown in Fig. 1. IBA is a coarse-grained 
material with a rough surface texture, porous micro‐
structure, and irregularly shaped particles. The IBA par‐
ticles in this study primarily consisted of quartz and 
calcite, as determined by an XRD test (Lynn et al., 2017). 
The chemical components of IBA are relatively inac‐
tive, with a negligible effect on the physical properties 
of soil. The dry unit mass of IBA ρs-I was 2.60 Mg/m3.

2.2 Definition of volumetric content of IBA

To quantify the composition and clearly illus‐
trate the soil structure, we introduced the volumetric 
content of IBA fv (Fig. 3), representing the ratio of the 
IBA particle volume VI to the total volume of the sam‐
ple V total (Seif El Dine et al., 2010; Wang et al., 2017, 
2018a, 2018b):

fv =
VI

V total

. (1)

To better demonstrate the volumetric content of 
IBA particles (Fig. 3), it is assumed that air and water 
only exist in the CDG soil, while the IBA contains only 
solid particles (following the definitions from Wang 
et al. (2018a)). The chemical activity of the IBA is 
relatively stable, with negligible chemical effects on soil 
strength. The total volume of the sample V total can be 
calculated by the size of the sample (diameter: 50 mm; 
height: 100 mm). If fv is given, the VI can be determined 
accordingly using Eq. (1). Using ρs-I= 2.60 Mg/m3, the 
mass of the IBA ms-I can be obtained as:

ms-I = ρs-IVI. (2)

As shown in Fig. 3, the volume VC of the CDG 
can be calculated as:

VC =V total -VI = Vs-C + Va-C + Vw-C, (3)

where Vs-C, Vw-C, and Va-C are the volumes of soil solids, 
water, and air in CDG, respectively.

During sample preparation, the water content of 
the CDG was controlled to the optimum water con‐
tent wopt-C. Three compaction degrees DC of the CDG 
were adopted to the values used by Chen et al. (2019), 
defined as the ratio of the dry density of the CDG to its 
maximum dry density. Using the compaction parameters, 
the mass of the solid ms-C and the mass of water mw-C 
in the CDG can be determined as:

Fig. 2  Compaction curve of CDG. Sr is the degree of 
saturation

Fig. 1  Grain size distribution curves of CDG and IBA
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ms-C = ρdmax-C DCVC (4)
mw-C = ms-Cwopt-C. (5)

2.3 Testing procedures

We selected different values for the volumetric 
contents of IBA, as listed in Table 1. For sample prep‐
aration, we mixed the oven-dried CDG soil with water 
to achieve its optimum water content wopt-C. The mixed 
soil was stored in a sealed container for 24 h for 

moisture homogenization. Then, the soil was mixed with 
predetermined masses of dry IBA particles, followed 
by uniform compaction in a mould in three layers to 
achieve the target compaction degree of the CDG 
(Table 1).

After sample preparation, monotonic triaxial tests 
were conducted with the drainage valve open and an 
axial shear rate of 0.1 mm/min (Wang et al., 2018a). 
No saturation program was applied after mounting the 
samples, so that all samples remained unsaturated 
during the test. The tests were terminated when the axial 
strain of samples reached 18%, at which point they 
were considered to have entered the ultimate state.

3 Testing results 

Figs. 4–6 present photographs of the samples after 
the monotonic triaxial test. It can be observed that the 
IBA was distributed evenly in the samples, which con‐
firmed the thoroughness of sample preparation. On the 
whole, the samples exhibited compression failure at a 
low fv of IBA (such as 0%), without a distinct shear 
band. As fv increased, more IBA was observed on the 

Fig. 3  Definitions for soil constituents

Table 1  Basic and mechanical properties of samples

Sample

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

XIII

XIV

XV

Dc (%)

85

85

85

85

85

90

90

90

90

90

95

95

95

95

95

f v (%)

0

10

20

30

40

0

10

20

30

40

0

10

20

30

40

wopt-C (%)

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

ρdmax-C (Mg/m3)

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

Sr-C (%)

56.5

65.6

75.6

ms-C (g)

305.4

274.9

244.3

213.8

183.3

323.4

291.0

258.7

226.4

194.0

339.7

305.7

271.7

237.8

203.8

ms-I (g)

0.0

51.1

102.2

153.2

204.4

0.0

51.1

102.2

153.2

204.4

0.0

51.1

102.2

153.2

204.4

e

0.66

0.59

0.53

0.47

0.41

0.57

0.52

0.46

0.41

0.37

0.50

0.45

0.41

0.37

0.33

cps (kPa)

46.7

62.4

94.7

132.6

196.4

66.4

70.1

100.2

129.7

162.7

61.8

81.3

110.4

132.8

131.7

φps (°)

23.4

29.3

32.7

39.4

43.5

25.3

31.5

37.2

42.8

45.3

26.0

33.0

40.7

46.9

49.2

Dc is the compaction degree of CDG; fv is the volumetric content of IBA; wopt-C, Sr-C, and ρdmax-C are the optimum water content, degree of 
saturation, and maximum dry density for CDG, respectively; ms-C and ms-I are dry masses of CDG and IBA, respectively; e is the initial void 
ratio; cps and φps are the cohesion and internal friction angle at peak state, respectively
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Fig. 4  Visual views of samples after shearing with Dc=85%. The stresses in this figure represent the confining pressures

Fig. 5  Visual views of samples after shearing with Dc=90%. The stresses in this figure represent the confining pressures
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surfaces and the shear bands became more obvious. 
The effect of IBA, however, was difficult to discern 
visually.

Figs. 7–9 present the stress–strain curves of sam‐
ples under different confining pressures (σ3), with the 
deviator stress q and volumetric strain εv plotted against 
the axial strain εa. The stresses in the legends repre‐
sent the confining pressures (Figs. 7–9). For the varia‐
tion of the volumetric strain, a negative value indi‐
cates dilatancy and a positive value indicates contrac‐
tion (Wang et al., 2018a). With a given confining pres‐
sure and compaction degree, the peak deviator stress 
qmax increases with the increase of fv. Under the same 

confining pressure, the curve generally moves up with 
the increase of compaction degree, except for the case 
of fv = 40%. In general, samples exhibited contraction 

followed by dilatancy. With an increasing fv value, the 

dilatancy became more pronounced. Under a given 

confining pressure, the effect of the compaction degree 
on the volumetric variation of the samples was not 
significant. For clarity, the initial/elastic modulus, 
cohesion, and internal friction angle at peak state, as 
well as Poisson’s ratio and dilatancy angle, were also 
calculated for reference, as shown in Table 2.

4 Discussion 

Fig. 10 shows the variation of the peak deviator 
stress qmax versus the volumetric content of IBA fv, at 

different confining pressures and compaction degrees. 
At a specific compaction degree, we observe the bi-
linear increasing trends of qmax with fv. An intersection 

point can be identified by the two fitting lines with a 
given confining pressure and compaction degree. For 
all confining pressures, the intersection points fall in a 

Fig. 6  Visual views of samples after shearing with Dc=95%. The stresses in this figure represent the confining pressures
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Fig. 7  Stress–strain behavior of all samples at σ3=30 kPa: (a‒c) relationship between deviator stress and axial strain; 
(d–f) relationship between volumetric strain and axial strain

Fig. 8  Stress–strain behavior of all samples at σ3=60 kPa: (a–c) relationship between deviator stress and axial strain; 
(d–f) relationship between volumetric strain and axial strain
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Fig. 9  Stress–strain behavior of all samples at σ3=120 kPa: (a–c) relationship between deviator stress and axial strain; 
(d–f) relationship between volumetric strain and axial strain

Table 2  Mechanical properties of samples

Sample

I

II

III

IV

V

VI

VII

VIII

Dc (%)

85
85
85
85
85
85
85
85
85
85
85
85
85
85
85
90
90
90
90
90
90
90
90
90

fv (%)

0
0
0

10
10
10
20
20
20
30
30
30
40
40
40
0
0
0

10
10
10
20
20
20

σ3 (kPa)

30
60

120
30
60

120
30
60

120
30
60

120
30
60

120
30
60

120
30
60

120
30
60

120

E0 (MPa)

17.0
15.8
20.0
23.9
28.5
30.1
29.8
30.1
48.9
38.4
44.2
55.9
39.8
56.4
65.7
17.1
17.3
25.0
25.1
27.2
34.0
31.5
37.0
47.5

ν

0.18
0.16
0.09
0.20
0.19
0.17
0.23
0.18
0.11
0.18
0.10
0.12
0.14
0.06
0.14
0.22
0.20
0.17
0.20
0.23
0.18
0.23
0.10
0.16

ψ (°)

2.8
N.A.
N.A.

12.7
3.7
N.A.

21.1
12.9
6.0

27.4
22.3
16.1
32.4
29.1
24.2
4.1
N.A.
N.A.

10.3
6.2
2.7

16.6
15.5
9.5

Sample

IX

X

XI

XII

XIII

XIV

XV

Dc (%)

90
90
90
90
90
90
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95

fv (%)

30
30
30
40
40
40
0
0
0

10
10
10
20
20
20
30
30
30
40
40
40

σ3 (kPa)

30
60

120
30
60

120
30
60

120
30
60

120
30
60

120
30
60

120
30
60

120

E0 (MPa)

38.1
40.4
53.2
44.0
55.3
70.7
15.3
19.9
23.9
24.4
28.3
30.4
28.9
31.4
43.3
36.8
40.6
50.6
53.9
54.2
68.1

ν

0.17
0.17
0.13
0.12
0.11
0.07
0.32
0.29
0.24
0.19
0.21
0.18
0.15
0.14
0.11
0.14
0.11
0.09
0.07
0.07
0.18

ψ (°)

26.7
21.4
17.0
31.7
24.5
23.0
2.8
1.9
N.A.

12.7
8.8
3.5

21.1
16.5
12.1
27.4
25.0
19.7
32.4
27.3
22.4

Dc is the compaction degree of CDG; fv is the volumetric content of IBA; σ3 is the confining pressure; E0, ν, and ψ are the initial/elastic modulus, 
Poisson’s ratio, and dilatancy angle, respectively; N.A.=not applicable
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narrow range for the volumetric content of IBA fv, 
namely the characteristic volumetric content of IBA 
fv-cha. In other words, at a given compaction degree, 
qmax increases slowly with the increase of fv before fv 
reaches its characteristic value, regardless of the con‐
fining pressure. In this case, the CDG-CDG contacts 
control the mechanical behaviour of the samples. How‐
ever, a dramatic increase of qmax appears with the in‐
crease of fv beyond the characteristic value, with the 
CDG-IBA and IBA-IBA contacts dominating the me‐
chanical behaviour. On the other hand, it is evident 
from Fig. 10 that as the compaction degree increases, the 
characteristic volumetric content of IBA fv-cha decreases. 
By analyzing the cross-section of the sample mixed 
with IBA and the triaxial testing results, this observa‐
tion can be explained as follows.

Fig. 11 plots the mechanism for the reinforce‐
ment of the CDG soil by the inclusion of IBA parti‐
cles at two volumetric content levels. The coordina‐
tion number Nci is defined as the number of other par‐
ticles closest to a single particle, to demonstrate the 
contacts of particles quantitatively. Taking the marked 
IBA particle enlarged in Fig. 11 as an example, the Nci 
of this particle equals 2, 4, and 6. For the whole slice, 
the coordination number Nc is determined as the mean 
value of Nci for all the inclusion particles (Jouannot-
Chesney et al., 2006; Wang et al., 2018b):

Nc =
∑Nci

Q
 (6)

where Nci is the coordination number for each IBA 
particle and Q is the quantity of IBA particles in a slice.

When fv = fv1 and the compaction degree is 85%, 
90%, and 95%, the coordination number Nc is approxi‐
mately equal to 0.28, 0.37, and 0.48, respectively. As 
the volumetric content of IBA approaches fv2 ( fv2 < fv1 ), 
the coordination number Nc is approximately 0.19, 
0.28, and 0.30 for the compaction degrees of 85%, 90%, 
and 95%, respectively. With greater compaction, the 
coordination number increases for a given volumetric 
content of IBA. At a given compaction degree, the coor‐
dination number also increases with the increase of 
volumetric content of IBA. The larger the coordination 

Fig. 11  Mechanism for reinforcement of CDG soil by the 
inclusion of IBA particles at two volumetric IBA contents

Fig. 10  Variations of peak deviator stress with fv at compaction degrees of (a) 85%, (b) 90%, and (c) 95%
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number, the larger the proportion of contact points of 
IBA. It can be seen from this example that the coor‐
dination number is the same for 85% compaction de‐
gree (fv = fv1) and 90% compaction degree (fv = fv2). 
This means that the same soil strength can be achieved 
by increasing either the compaction degree of the CDG 
or the volumetric content of IBA. In other words, in‐
creasing the compaction of the CDG can strengthen the 
controlling effect of the IBA contacts on the soil me‐
chanical behaviour. This provides a direct verification 
that the characteristic volumetric content of IBA de‐
creases with greater compaction of CDG soil (Fig. 10).

5 Conclusions 

In this study, we investigated the mechanical be‐
haviour of a CDG-IBA mixture by performing a series 
of monotonic triaxial tests, with various volumetric 
contents of IBA and with different confining pressures 
and compaction degrees of the CDG soil. The CDG 
soil was kept in the same state for a given compaction 
degree, characterized by its optimum water content 
and designated dry density. Our findings, determined 
with the appropriate method, can serve as a reference 
for relevant studies on soil reinforcement using solid 
waste. The main conclusions are as follows.

(1) The test results show that adding more IBA 
particles leads to more significant dilatancy. Moreover, 
the maximum deviator stress increases with the volu‐
metric content of IBA (a bi-linear increasing trend can 
be observed).

(2) Identification of the characteristic volumetric 
content of IBA allows the separation of two zones with 
different IBA effects. The higher the proportion of 
IBA contacts, the greater the influence on the soil, and 
the stronger the shear strength. When the volumetric 
content of IBA is smaller than the characteristic value, 
the mechanical behaviour is dominated by CDG-CDG 
contacts. By contrast, when the volumetric content of 
IBA increases beyond the characteristic value, the CDG-
IBA and IBA-IBA contacts become the dominant mech‐
anism for the mechanical behaviour.

(3) As the compaction degree of the CDG in‐
creases, the coordination number of IBA increases, 
which strengthens the controlling effect of CDG-IBA 
and IBA-IBA contacts on the mechanical behaviour 
of the soil. As a result, the characteristic volumetric 
content of IBA decreases accordingly. In summary, 

similar soil reinforcement can be achieved by increas‐
ing either the compaction degree of the matrix soil or 
the inclusion content of IBA.
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