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Foamed concrete has a good energy absorption capability and can be used as seismic isolation material
for tunnels. This study aims to investigate the mechanical properties and associated seismic isolation
effects of foamed concrete layer in rock tunnel. For this, a series of uniaxial/triaxial compression tests was
conducted to understand the effects of concrete density, conﬁning stress and strain rate on the mechanical properties of foamed concrete. The direct shear tests were also performed to investigate the
effects of concrete density and normal stress on the nonlinear behaviors of foamed concrete layer-lining
interface. The test results showed that the mechanical properties of foamed concrete are signiﬁcantly
inﬂuenced by the concrete density. The foamed concrete also has high volumetric compressibility and
strain-rate dependence. The peak stress, residual stress, shear stiffness and residual friction coefﬁcient of
the foamed concrete layer-lining interface are inﬂuenced by the foamed concrete density and normal
stress applied. Then, a crushable foam constitutive model was constructed using ABAQUS software and a
composite exponential model was also established to study the relationship between shear stress and
shear displacement of the interface, in which their parameters were ﬁtted based on the experimental
results. Finally, a parametric analysis using the ﬁnite element method (FEM) was conducted to understand the inﬂuence of foamed concrete layer properties on the seismic isolation effect, including the
density and thickness of the layer as well as the shear stiffness and residual friction coefﬁcient of the
interface. It was revealed that lower density and greater thickness in addition to smaller shear stiffness or
residual friction coefﬁcient of the foamed concrete layer could yield better seismic isolation effect, and
the inﬂuences of the ﬁrst two tend to be more signiﬁcant.
Ó 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction
Tunnels and other underground works may suffer from severe
damage under seismic loads, as evidenced by several investigations
during the 1995 Kobe earthquake (Huo et al., 2005), the 1999
Turkey earthquake (Kontoe et al., 2008), the 1999 Chi-Chi earthquake (Wang et al., 2001), and the 2008 Wenchuan earthquake (Li,
2012), etc. Apart from these investigations, Dowding and Rozan
(1978) examined the seismic responses of 71 rock tunnels and
noted that 42 rock tunnels suffered from damage to different degrees. Sharma and Judd (1991) investigated the responses of 192
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tunnels subjected to earthquakes and suggested that the tunnels
with structural damage accounted for a large proportion. The
seismic response and failure mechanism of tunnels attracted much
attention worldwide (e.g. Konagai et al., 2009) with respect to
associated seismic isolation measures.
Coating the tunnel with a seismic isolation layer is a popular and
effective means to mitigate the tunnel damage (Konagai and Kim,
2001), which can reduce stress concentration between surrounding rock and tunnel lining and absorb the energy released by
seismic wave.
Seismic isolation materials for rock tunnels mainly include the
hyperelastic composites and foamed products (Kim and Konagai,
2000), such as asphalt, silicone, aerated concrete, and foamed
concrete (Takeuchi et al., 2000). Amongst the seismic isolation
materials, the foamed concrete is considered as desirable, which
can provide sound deformation behavior, good energy absorption
property and construction performance.
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The existing studies of foamed concrete layer basically fall into
the following three aspects.

Table 1
Foamed concrete mixture composition.
No.

Target density (kg/m3)

(1) Physico-mechanical properties of foamed concrete
Various uniaxial compression tests were performed on foamed
concrete to investigate its stressestrain characteristics, compressive strength and elastic modulus (Hamad, 2014). Also, many
triaxial compression tests were conducted to understand the
strain-hardening phenomenon of foamed material observed under
various conﬁning stresses (Amran et al., 2015). Studies exploring
the effects of cement type, ﬂy ash and perlite on the physicomechanical properties of foamed concrete are also reported
(Nambiar and Ramamurthy, 2006). Zhao et al. (2013) experimentally studied foamed concrete and obtained the most inﬂuencing
factors such as the optimum mixture ratio. The positive relationship between the foamed concrete strength and density was obtained (Kearsley and Wainwright, 2002), and the strain-rate
dependence and energy absorption properties were found (Viot
et al., 2005). In addition, other factors including high temperature, freezing-thawing cycle, and specimen size have been studied
(e.g. Mydin and Wang, 2012).
There are at present two types of foamed concrete layer-lining
interfaces: uncemented and cemented (Tian et al., 2015). The mechanical properties of uncemented interface can be evaluated from
the typical rock-rock or rock-concrete interfaces theoretically and
empirically (Barton and Bandis, 1991). The behavior of cemented
interface, however, cannot be investigated in such ways when
considering the bond strength of the cohesive interface
(Bahaaddini et al., 2013).
(2) Seismic isolation mechanism of tunnel layer
The dynamic stresses of cylindrical, cylindrically lined and
lining-layer combined tunnels were theoretically studied using the
Fourier-Bessel series expansion. The results showed that the stress
concentration would be alleviated effectively when an isolation
layer was applied (Davis et al., 2001). The seismic isolation effects of
the tunnel layers were theoretically and numerically analyzed with
respect to polyethylene foam, rubber, asphalt, aerated concrete and
foamed concrete. Also, the inﬂuence of layer thickness on the
seismic isolation effect was demonstrated in combination with the
optimum layer thickness (Wang et al., 2015). Besides, application of
longitudinal isolation layers was proposed, in which the factors
including material type, thickness and spacing were analyzed (Cui
et al., 2013).

M1
M2
M3
M4

300
450
600
800

Component (kg)
Cement

Water

Foaming agent

250
375
500
666.67

125
168.75
225
300

1.41
1.26
1.09
0.86

frequencies as well as incidence directions (Huang et al., 2017).
Other factors such as surrounding rock properties, lining stiffness,
transverse section shape and tunnel depth were considered (Chen
et al., 2012; Bao et al., 2017). Using ﬁnite difference method (FDM)
or ﬁnite element method (FEM) to study the dynamic stress,
displacement and plastic deformation zone of layer-coated tunnels
in comparison with conventional ones, Zhao et al. (2013) suggested
that an appropriate isolation layer can signiﬁcantly reduce the
seismic damage to the tunnels.
As for the foamed concrete layer, although the abovementioned
achievements have been made, the following issues remain
unaddressed:
(1) The triaxial compressive behavior of foamed concrete under
the earthquake-induced strain rates is not investigated;
(2) In the existing numerical and experimental studies, the shear
behavior of foamed concrete layer-lining interface remains
unknown, especially when the interface is subjected to low
normal stress;
(3) The mechanical parameters employed in numerical simulation are not strictly derived from the laboratory test results;
(4) The inﬂuence of isolation layer properties (especially foamed
concrete layer-lining interface properties) on the seismic
isolation effect is rarely reported.
In this context, we try to experimentally and numerically
investigate the problems as mentioned above.

2. Mechanical properties of foamed concrete and foamed
concrete layer-lining interface
2.1. Sample preparation and test procedure
2.1.1. Preparation of cylindrical foamed concrete specimens
The following materials were used to prepare foamed concrete:

(3) Seismic responses of layer-coated tunnels
The seismic responses can be examined when the tunnel is
subjected to seismic waves with different intensities, durations,

(1) Portland cement #425 with density of 3100 kg/m3 (GB1752007, 2007),
(2) Tap water, and

Fig. 1. Images of the specimens: (a) Cylindrical foamed concrete specimens, (b) Cellular structure of the foamed concrete, and (c) Cubic foamed concrete-concrete specimen.
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(3) A type of composite foaming agent produced by the Huatai
Building Material Co., Ltd., China.
Four foamed concrete mixtures with different densities (300 kg/
m3, 450 kg/m3, 600 kg/m3 and 800 kg/m3) were cast, as listed in
Table 1.
Eight steps were followed to prepare the cylindrical specimen
(Tan et al., 2014):
(1) Pretreatment: The cement was ﬁltered by a 0.08 mm mesh
sieve to remove the coarse particles;
(2) Measurement: The cement, tap water and foaming agent
were prepared in weight as listed in Table 1;
(3) Slurry production: The cement and tap water were poured
into a blender, and then the vibrator was operated at a low
speed (approximately 30e40 revolutions per minute (rpm));
(4) Foam preparation: The foaming agent and tap water with a
proportion of 1:20 in weight were put together into a foam
generator to make the small dry foam, and then the volume
of the foam was recorded by a measuring glass in real time
during slurry production;
(5) Foam slurry production: The dry foam was mixed with the
slurry. Then, the blender was adjusted to a relatively higher
speed (approximately 60e120 rpm) with mixing duration of
2e3 min;
(6) Casting: The foam slurry was poured into the standard cubic
molds with side length of 150 mm;
(7) Curing: The specimens were removed from the molds after
24 h of casting, and then they were cured in a tank for 28 d;
(8) Coring: The cylindrical specimens were removed from the
tank and then artiﬁcially polished to a sample size of
50 mm  100 mm (diameter  length) as per ASTM C39/
C39M-01 (2001).
The image of the cylindrical specimens is presented in Fig. 1a.
The foamed concrete falls in the category of cellular concrete, in
which air-voids are entrapped in the mortar matrix by means of a
suitable aerating agent. A large number of small closed cells exist in
the foamed concrete, and their wall thickness range from tens of
microns to hundreds of microns. The schematic diagram of the
cellular structure is shown in Fig. 1b.
2.1.2. Preparation of cubic foamed concrete-concrete specimens
The cubic foamed concrete-concrete specimen consists of two
parts: the foamed concrete and concrete, which are cemented
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Table 2
Concrete mixture composition.
Ingredient

Value (kg/m3)

Cement
Tap water
Sand
Crushed stone

461
175
512
1252

together by the interface, as shown in Fig. 1c. The concrete materials used are composed of high-performance cement, sand,
crushed stone and water, as listed in Table 2. This concrete could
provide a standard strength up to 40 MPa.
The concrete with dimensions of 150 mm  150 mm  75 mm
(length  width  height) was polished artiﬁcially using abrasive
papers on the surfaces until the roughness coefﬁcient value was less
than 2 (Tian et al., 2015). Then the specimen was prepared by pouring
the foamed concrete upon the concrete to produce a cube sample
with side length of 150 mm. To achieve good adhesion on the concrete interface, it was cleaned carefully using tap water before
pouring the foamed concrete. Prior to the direct shear tests, the cubic
foamed concrete-concrete specimens were cured for 28 d.
2.1.3. Test procedure
All the uniaxial/triaxial compression tests and the direct shear
tests were performed on the rock mechanics testing system RMT150 developed by Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences, China (Zhang et al., 2016). Such a multipurpose testing system is equipped with an operation platform
(Fig. 2a), on which different accessories can be included for the
purpose of different mechanical tests, such as compression tests
(Fig. 2b) and direct shear tests (Fig. 2c).
For the foamed concrete, the density is the most signiﬁcant
factor in terms of physico-mechanical properties. In tunnel engineering, various densities of the foamed concrete layer might be
screened owing to different geological conditions. In the uniaxial
compression tests, four representative densities of the foamed
concrete specimens were chosen, e.g. 300 kg/m3 (low density),
450 kg/m3 (medium density), 600 kg/m3 (medium density), and
800 kg/m3 (high density).
The foamed concrete layer is generally set between primary and
secondary linings, in this case it would be subjected to conﬁning
stress more or less. In this paper, the triaxial compression tests
were conducted under four levels of conﬁning stresses (e.g. 0 MPa,
0.25 MPa, 0.5 MPa, and 1 MPa). In particular, 0 MPa, 0.25 MPa and
0.5 MPa conﬁning stresses were applied to the specimens with

Fig. 2. Rock mechanics testing system RMT-150: (a) Operation platform, (b) Layout of compression tests, and (c) Layout of direct shear tests.
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densities of 300 kg/m3 and 450 kg/m3, and 0 MPa, 0.5 MPa and
1 MPa to the specimens with densities of 600 kg/m3 and 800 kg/m3.
In the tests, four strain rates (105 s1 (pseudo-static), 104 s1,
103 s1 and 102 s1) were used (Huang et al., 2009; Zhao et al.,
2013), which are usually considered as the common strain rate
range of the geotechnical materials subjected to seismic loads.
On the other hand, for the direct shear tests, three levels of
normal stresses were chosen. Speciﬁcally, the stresses of 0.1 MPa,
0.2 MPa and 0.3 MPa were applied to the specimens with density of
300 kg/m3, the stresses of 0.3 MPa, 0.5 MPa and 0.8 MPa to the
specimens with density of 450 kg/m3, the stresses of 0.5 MPa,
0.8 MPa and 1 MPa to the specimens with density of 600 kg/m3, and
the stresses of 0.5 MPa, 1 MPa and 2 MPa to the specimens with
density of 800 kg/m3. During the tests, the normal force was applied
at a rate of 0.5 kN/s, and the shear displacement was controlled at a
rate of 0.005 mm/s. Three tests were repeated for each case.
2.2. Test results and discussion
The experimental results of the uniaxial and triaxial compression tests are listed in Table 3.

2.2.1. Mechanical properties of foamed concrete
(1) Conﬁning stress
Fig. 3 represents the typical static stressestrain curves of
foamed concrete under different conﬁning stresses. It shows that
the stressestrain curve under uniaxial compression can be basically
divided into three stages of straight lines. The ﬁrst stage is the
linearly elastic stage, where the compressive stress increases linearly with increasing strain, and the deformation is elastic and
recoverable. The second stage is the initiation of collapse of the
cellular structure, which can result in decrease of compressive
stress with elapsed time. The ﬁnal stage is the change in residual
stress due to continuous collapse of cellular structure, where the
stress remains constant but the strain continues to increase (Zhao
et al., 2018a). As the conﬁning stress increases, the compressive
strength exhibits a signiﬁcant increase. The stress drop at the second stage decreases, which leads to a larger residual stress.
Furthermore, the foamed concrete gradually hardens during the
ﬁnal stage, and the stress increases slowly due to local

Table 3
Experimental results for uniaxial and triaxial compression tests (average values).
Test
No.

Conﬁning
stress
(MPa)

Density
(kg/m3)

Strain rate
(s1)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

0
0.25
0.5
1
0
0.25
0.5
1
0
0.25
0.5
1
0
0.25
0.5
1
0
0
0
0
0
0
0
0
0
0
0
0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
Hydrostatic
Hydrostatic
Hydrostatic
Hydrostatic

300
300
300
300
450
450
450
450
600
600
600
600
800
800
800
800
300
300
300
450
450
450
600
600
600
800
800
800
300
300
300
450
450
450
600
600
600
800
800
800
300
450
600
800

10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e5
10e4
10e3
10e2
10e4
10e3
10e2
10e4
10e3
10e2
10e4
10e3
10e2
10e4
10e3
10e2
10e4
10e3
10e2
10e4
10e3
10e2
10e4
10e3
10e2
10e5
10e5
10e5
10e5

Compressive
strength
(MPa)

Elastic
modulus
(MPa)

0.43
0.99
1.54

44.72

1.25
2.68
3.83

183.21

2.38

318.61

4.76
6.29
4.94

344.09

7.87
9.68
0.43
0.44
0.44
1.28
1.3
1.33
2.45
2.5
2.58
5.09
5.28
5.43
1.66
1.75
1.85
4.4
4.98
5.44
5.66
6.43
7.19
9.53
11.18
12.65
0.9
2.63
5.01
10.37

960.48

48.29

192.37

916.34

45.14
45.7
45.84
185.04
188.71
189.71
328.07
328.16
331.34
943.83
948.83
971.32
49.74
50.46
52.64
202.91
207.76
221.23
368.18
393.82
409.47
1066.71
1114.16
1219.81

Fig. 3. Typical static stressestrain curves of foamed concrete specimens with densities
of (a) 300 kg/m3 and (b) 600 kg/m3 under different conﬁning stresses.
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densiﬁcation, while the strain-hardening rate also increases with
increasing conﬁning stress (Amran et al., 2015; Zhao et al., 2018a).
Herein, the stress drop represents the stress difference between the
peak and residual stress of foamed concrete when fractured under
compression (Kurz et al., 2006).
In Fig. 4, it is clear that the compressive stress of foamed concrete continuously increases with increasing conﬁning stress. The
conﬁning stress can suppress the internal microcrack propagation
and prevent the initiation of failure surface (Zhao et al., 2018b).
Additionally, due to the nature of cellular structure, the foamed
concrete is prone to volumetric compressibility. The conﬁning
stress can further hold the cylindrical specimen circumferentially,
reduce the tendency of volume increase once the strength is
reached, and then facilitate the densiﬁcation of foamed concrete
(Park and Paulay, 1975). All of these would result in a strength
enhancement of foamed concrete.
(2) Foamed concrete density
In Figs. 3 and 5, it is observed that as the foamed concrete
density increases, the strength of foamed concrete increases. The
stress drop during the second stage increases and the strainhardening rate during the ﬁnal stage decreases under a given
conﬁning stress. The strength enhancement is caused by the
foamed concrete strength which is directly proportional to its
densiﬁcation (Zhao et al., 2018a). As the foamed concrete density
increases, the densiﬁcation improves and the aggregate skeleton
accounts for a greater proportion of loads, leading to an improvement in strength. Furthermore, for the high-density foamed concrete, before it is fractured under the compression, there are less
deformations (especially the plastic deformations) compared with
those of the low-density foamed concrete. Based on the deﬁnition
of the brittleness, i.e. “the property by virtue of which a material is
fractured without appreciable deformation by the application of load”,
it is concluded that as the density increases, the foamed concrete
tends to show high brittleness (Kim et al., 2012).
(3) Strain rate
Fig. 6 shows the typical dynamic stressestrain curves of the
foamed concrete with density of 300 kg/m3 under different
conﬁning stresses. The strain-hardening behavior is more evident
with higher strain rate under dynamic compression. Moreover, as

Fig. 4. Variations of compressive strength with conﬁning stress.

Fig. 5. Variations of compressive strength with density.

the conﬁning stress increases, the post-peak curves differ signiﬁcantly and the strain-rate dependence becomes more apparent
(Zhao et al., 2018b).
In Fig. 7, the strength growth ratio (SGR) is deﬁned as the ratio of
the foamed concrete strength at an increasing strain rate to that at
the pseudo-static strain rate (105 s1). When the strain rate increases, the SGR shows a linear growth approximately in the logarithmic coordinate system. This conﬁrms that under the pseudostatic compression, the strength of foamed concrete is controlled
by the cellular structure and the bond strength of the failure surface. However, at the increasing strain rate under dynamic
compression, there is no enough time for crack propagation and
initiation of failure surface; and the strength of foamed concrete, to
some extent, is dominated by the bearing capacity of the aggregate
skeleton. Considering that the bearing capacity of the aggregate
skeleton is much greater than the bond strength of the failure
surface, the SGR grows consequently (Xiao and Zhang, 2010).
Additionally, it is observed that the strength increment rate of
foamed concrete tends to increase when the foamed concrete has a
higher density or is subjected to a higher conﬁning stress, suggesting that the strain-rate dependence is signiﬁcant. This is
because increase in foamed concrete density can improve the
densiﬁcation and lead to the growth of aggregate skeleton proportion (as demonstrated in Section 2.2.1), which is the same trend
as the increased conﬁning stress is applied with respect to the high
volumetric compressibility (as illustrated in Section 2.2.1). In this
scenario, the dynamic strength of foamed concrete would increase
quickly when the aggregate skeleton proportion increases, and
consequently the bearing capacity becomes greater, showing signiﬁcant strain-rate dependence (Zhao et al., 2013).
2.2.2. Nonlinear behavior of foamed concrete layer-lining interface
The direct shear test results are listed in Table 4. Fig. 8 plots the
two typical shear stress-shear displacement curves of foamed
concrete layer-lining interface. One can see from Fig. 8 that, under
the lower normal stress (0.3 MPa), the shear stress increases
sharply before the occurrence of sudden bond failure. After bond
failure, the shear stress drops quickly to a certain value and the
cohesive interface is completely destroyed. Thereafter, the relative
displacement of the interface occurs and the specimen enters the
stage of frictional sliding, where the post-peak residual stress is
provided by the interfacial friction (Tian et al., 2015). On the other
hand, under the higher normal stress (0.8 MPa), the shear stress
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increases up to the peak; after that, it drops gradually to the residual stress. This means that the frictional sliding stage and constant post-peak residual stress stage also occur. All the curves
before the peak show a good linearity and the corresponding shear
stiffness is easily determined (Park and Song, 2009).
The effects of normal stress and foamed concrete density are
plotted in Fig. 9. We can see from Fig. 9a and b that the peak stress
changes apparently with the increasing normal stress. At low
density of foamed concrete, the peak stress grows fast at ﬁrst and
then slowly with the increase in normal stress. The drop in growth
rate is mainly due to the occurrence of internal damage or failure
when the foamed concrete is subjected to the increased normal
stress which is greater than its yield stress (Zhao et al., 2018c).
When the foamed concrete density increases, on the other hand,
the peak stress increases with the growth of normal stress at a
steady rate. In this case, the bond strength of cohesive interface is
much smaller than that of foamed concrete, and the specimen
failure would always occur on the cemented interface. The consistency in the variations of mechanical properties and interface
failure pattern leads to the aforementioned steady increment in the

Fig. 6. Typical dynamic stressestrain curves of foamed concrete with density of
300 kg/m3 under conﬁning stresses of (a) 0 MPa, (b) 0.25 MPa, and (c) 0.5 MPa.
Fig. 7. Variations of strength growth ratio with strain rate under (a) uniaxial
compression (0 MPa) and (b) triaxial compression (0.5 MPa).
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Table 4
Experimental results for direct shear tests (average values).
Density
(kg/m3)

Normal
stress
(MPa)

Peak stress
(MPa)

Residual
stress
(MPa)

Residual
friction
coefﬁcient

Shear
stiffness
(MPa/mm)

300

0.1
0.2
0.3
0.3
0.5
0.8
0.5
0.8
1
0.5
1
2

0.25
0.31
0.35
0.45
0.58
0.73
0.75
0.97
1.09
0.94
1.32
1.9

0.11
0.21
0.29
0.31
0.48
0.67
0.51
0.79
0.94
0.53
0.98
1.72

1.1
1.05
0.97
1.03
0.96
0.84
1.02
0.99
0.94
1.06
0.98
0.86

0.2
0.22
0.33
0.41
0.46
0.55
0.58
0.64
0.79
0.64
0.79
0.82

450

600

800

peak stress. In addition, the stress increment with the growing
density maintains steady, with a slight change in a global sense (Xu
et al., 2011).
We can see from Fig. 9c and d that, with the increases in normal
stress and density, the residual stress changes in a way similar to
that of peak stress, but it increases rapidly with the increase in
normal stress. It is also suggested that as the normal stress continues to increase, the stress drop becomes smaller gradually after
the peak. This shows that when the specimen enters the frictional
sliding stage, most surface asperities on the failure surfaces have
become ﬂattening. As a result, the residual stress is mainly
controlled by the normal stress, rather than the density of foamed
concrete (Zhao et al., 2018a). Fig. 9e and f demonstrates that the
residual friction coefﬁcient decreases slightly with the normal
stress applied and increases slightly with the density. It is apparent
that both the normal stress and the density have minor effects on
the residual friction coefﬁcient (Bahaaddini et al., 2013).
As shown in Fig. 9g and h, the shear stiffness increases with the
density of the foamed concrete as higher density tends to improve
the local densiﬁcation of foamed concrete material and increase the
proportion of aggregate skeleton within the region close to the
cemented interface, leading to a larger effective contact area of the
interface. Considering the fact that the cohesive force on the unit
effective contact area would maintain relatively constant under a
given normal stress, larger total cohesive force would lead to higher
shear stiffness (Zhao et al., 2018c). However, it is observed that
when the density exceeds a certain threshold, further density increase can no longer bring about growth of the shear stiffness,
suggesting that local cellular space is generally ﬁlled and effective
contact of the interface remains constant subsequently. Additionally, the shear stiffness tends to increase with the normal stress as
higher normal stress contributes to the improvement of the cohesive force on the unit effective contact area of the cemented
interface, leading to an increment in shear stiffness (Barton and
Choubey, 1977).

3. Numerical models
3.1. Foamed concrete modeling
Considering that the foamed concrete has high volumetric
compressibility and strain-rate dependence, the crushable foam
model in ABAQUS software (Hibbitt, 2002) was used.
(1) Yield criterion
As shown in Fig. 10, the elliptical yield surface in the p-q stress
plane was chosen and written as follows:

Fig. 8. Shear stress-shear displacement curves of the cemented specimens with density of 450 kg/m3 under (a) low normal stress (0.3 MPa) and (b) high normal stress
(0.8 MPa).

F ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q2 þ a2 ðp  p0 Þ2  B ¼ 0

(1)

where

p ¼ skk =3
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

q ¼ 3Sij Sij 2
p0 ¼ ðpc  pt Þ=2

9
>
>
>
>
>
>
>
>
=

>
>
>
>
>
>
3k
>
a ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ >
;
ð3kt þ kÞð3  kÞ

(2)

where p is the conﬁning stress; q is the von Mises stress; B is the
minor axis of the elliptical yield surface; pt and pc are the threedimensional uniform tensile and compressive yield stresses,
respectively, and pt ¼ 0:05pc ; skk is the principal stress tensor; Sij
is the deviatoric stress tensor; k ¼ s0c =p0c and kt ¼ pt =p0c , in which
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Fig. 9. Effects of normal stress and foamed concrete density.
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Table 6
Cases and ﬁtting parameters for foamed concrete layer-lining interfaces.

Fig. 10. Yield surface in the p-q stress plane.

s0c and p0c are the initial yield stresses under uniaxial compression

Density
(kg/m3)

Residual
friction
coefﬁcient

Shear
stiffness
(MPa/mm)

a

b

c

k

l

300
450
600
800
450
450
450
450
450
450

1
1
1
1
0.85
0.9
0.95
1
1
1

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.4
0.45
0.55

0.52
0.49
0.50
0.49
0.49
0.49
0.49
0.39
0.44
0.54

0.19
0.5
0.8
1
0.42
0.45
0.47
0.5
0.5
0.5

3.364
0.011
2.377
1.057
0.002
0.006
0.01
0.0002
0.001
0.03

1.06
1.01
1.02
1.02
1.04
1.03
1.03
1.03
1.01
0.99

6.83
12.18
15.52
12.42
15.56
13.21
12.09
14.44
15.39
12.06

and hydrostatic pressure, respectively.
3.2. Foamed concrete layer-lining interface modeling

(2) Flow rule

A composite exponential model was introduced to evaluate the
foamed concrete layer-lining interface. This model describes the
shear stress-shear displacement relationship as follows:

The ﬂow potential can be explained as follows:

G ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9
q2 þ p2
2

(3)









s ¼ adk  b exp cdl þ b

The plastic strain rate is written as follows:
pl vG
ε_ pl ¼ ε_
vs

(4)

where ε_ pl is the equivalent plastic strain rate, G is the plastic ﬂow
pl
pl
potential function, and ε_ p¼
ﬃﬃﬃﬃﬃﬃﬃﬃ spl:_ε =G. Under pl the uniaxial
pl
_
compression, we have ε ¼
2=3ε_ axial , in which ε_ axial is the axial
plastic strain rate.
(3) Hardening criterion

(7)

where s is the shear stress; d is the shear displacement; and a, b, c, k
and l are the ﬁtting parameters.
Based on the experimental results listed in Table 4, we used four
residual friction coefﬁcients in combination with four shear stiffnesses to set up ten cases, as listed in Table 6.
4. Parametric analysis of seismic isolation layer
4.1. FEM model for tunnel portal

pl

In the crushable foam model, the plastic volumetric strain (εvol )
was chosen in the strain-hardening criterion as follows:


h 


i
pt
1
1


sc εpl
sc εpl
a2 þ 9 þ 3
vol
vol
pl
pc εvol ¼
sc ðεpl Þ
pt þ 3vol

(5)

where sc is the uniaxial compressive strength (UCS).
(4) Strain-rate dependence
The quasi-static strain rate was determined as 105 s1, and the
relationship between strength and strain rate was given as follows:

Based on the Galongla tunnel project in China, as well as the
surrounding geological and geotechnical conditions (Tan et al.,
2011), a two-dimensional tunnel portal model was established
using the ABAQUS software, as shown in Fig. 11.
The average width and height of the model are 1030 m and
357 m, respectively. The depth of the tunnel portal is 152 m and the
proﬁle is horseshoe-shaped. Furthermore, the primary and secondary linings were applied, and their thicknesses are 24 cm and
50 cm, respectively. A foamed concrete layer was employed between the two tunnel linings. The 3-node linear elements were
used in the core zone, the 4-node bilinear elements were employed
in the outer region, and the inﬁnite elements were set up as the
boundary condition.

 

sc ð_εÞ
ε_
¼ m log10
þn
sc ð_ε0 Þ
ε_ 0

(6)

where ε_ 0 is the initial strain rate treated as 105 s1, and m and n are
the ﬁtting parameters.
Based on the experimental results listed in Table 3, the input
parameters for the foamed concrete model are presented in Table 5.
Table 5
Input parameters for foamed concrete model.
Density
(kg/m3)

UCS (MPa)

Elastic
modulus
(MPa)

Poisson’s
ratio

kt

k

m

n

300
450
600
800

0.43
1.25
2.38
4.94

44.72
183.21
318.6
916.34

0.14
0.16
0.18
0.2

0.027
0.008
0.003
0.001

0.37
0.31
0.18
0.09

0.011
0.031
0.032
0.036

1.055
1.134
1.139
1.159

Fig. 11. FEM model for Galongla tunnel portal.
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Table 7
Mechanical parameters for surrounding rock and tunnel linings.
Type

Elastic
modulus
(GPa)

Surrounding rock 1
Primary lining
25.2
Secondary lining 30

Poisson’s Cohesion
ratio
(MPa)

Friction
angle ( )

Density
(kg/m3)

0.3
0.2
0.2

39
51
58.7

2040
2500
2500

0.7
0.96
1.43

The surrounding rock and tunnel linings were assumed to be
elastic-perfectly plastic using the Mohr-Coulomb failure criterion
(Dassault Systèmes, 2007). The physico-mechanical parameters of
rock stratum and linings as the input parameters in modeling are
given in Table 7. The foamed concrete layer was evaluated using the
crushable foam model, and the foamed concrete layer-lining
interface was considered using the composite exponential model
as described in Section 3.2.
The enlarged El-Centro wave was adopted as the input acceleration wave, with the peak value 0.33 g (the exceedance probability of 10% in 50 years), where g is the gravitational acceleration.
The wave was vertically input at the base, as shown in Fig. 12.
Finally, eight positions on the secondary lining including the
vault, spandrels, haunches, arch springings and intrados were
chosen, and the corresponding maximum principal stresses were
monitored.
4.2. Computational cases
Fourteen computational cases were presented in Table 8. Among
them, cases 1e4 aim to investigate the inﬂuence of layer density on
the seismic isolation effect, cases 2 and 5e7 for the impact of layer
thickness, cases 2 and 8e10 for the effect of residual friction coefﬁcient on the foamed concrete layer-lining interface, and cases 2
and 11e13 for the inﬂuence of shear stiffness on the interface. Besides, case 14 was taken as the benchmark where no seismic
isolation layer was applied.
4.3. Results and discussion
4.3.1. Effect of layer density
The maximum principal stresses in the secondary lining
decrease apparently when the layer density decreases and their

variations tend to be similar, as shown in Fig. 13. Taking the point 4
for example, as the layer density decreases from 800 kg/m3 to
600 kg/m3, 450 kg/m3 and 300 kg/m3, the stress reduces by 8.6%,
22.2%, 28.4% and 42.4%, respectively, compared with the case with
no seismic isolation layer. The reduction rate of the maximum
principal stress varies at different stages. For example, it declines at
ﬁrst rapidly, and then smoothly within the medium densities and
ﬁnally swiftly again. On the whole, the lower the layer density is,
the more the seismic loads absorbed are, and the better the seismic
isolation effect is (Wang and Gao, 2016). For the Galongla tunnel
project, the secondary lining was built using the reinforced concrete of grade C30 with tensile strength of 2.05 MPa approximately.
The foamed concrete layer with density of 800 kg/m3 cannot
guarantee the structural safety, especially when the tunnel is subjected to strong earthquakes. Thus the lower-density foamed concrete layer would be a good choice, for example, 300 kg/m3 is the
optimum density.
4.3.2. Effect of layer thickness
As shown in Fig. 14, with the increase in layer thickness, the
maximum principal stresses in the secondary lining tend to decline
in the similar way. Taking the point 4 for example, compared with
the case without the seismic isolation layer, the stress decreases by
19.8%, 28.4%, 34.2% and 36.6% when the layer thickness changes
from 100 mm to 150 mm, 200 mm and 250 mm, respectively. It is
worth noting that when the layer thickness increases from 200 mm
to 250 mm, the stress changes slightly. This means that when the
layer thickness reaches a certain value, further increase in layer
thickness would not have marked effect on the seismic response of
the secondary lining and the seismic isolation (Huang et al., 2009).
For the Galongla tunnel project, considering the construction costs
and material consumption, an optimum layer thickness of 200 mm
is recommended.
4.3.3. Effect of residual friction coefﬁcient on foamed concrete
layer-lining interface
Fig. 15 shows the variations of the maximum principal stresses
with the residual friction coefﬁcients. From point 4, it shows that
when the residual friction coefﬁcient decreases from 1 to 0.95, 0.9
and 0.85, the stress drops from 1.74 MPa to 1.65 MPa, 1.56 MPa and
1.45 MPa, respectively, reduced by 4.1% on average for each level.
This is because, with the decrease in residual friction coefﬁcient,
the tangential seismic loads, which are transmitted from the surrounding rock through the seismic isolation layer to the secondary
lining, decline slightly and consequentially the tangential deformation of the secondary lining decreases. This leads to a reduction

Table 8
Computational cases.

Fig. 12. Input acceleration wave.

Case

Density
(kg/m3)

Thickness
(mm)

Residual friction
coefﬁcient

Shear stiffness
(MPa/mm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

300
450
600
800
450
450
450
450
450
450
450
450
450
e

150
150
150
150
100
200
250
150
150
150
150
150
150
e

1
1
1
1
1
1
1
0.85
0.9
0.95
1
1
1
e

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.4
0.45
0.55
e
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Fig. 13. Variations of the maximum principal stresses in the secondary lining under different layer densities.

Fig. 14. Variations of the maximum principal stresses in the secondary lining under different layer thicknesses.

Fig. 15. Variations of the maximum principal stresses in the secondary lining under different residual friction coefﬁcients.
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Fig. 16. Variations of the maximum principal stresses in the secondary lining under different shear stiffnesses.

in the maximum principal stresses in the secondary lining (Chen
and Shen, 2014). On the other hand, it is revealed that the amplitude of stress drop tends to be slight and the amplitude reduction
rate maintains relatively steady. Thus, for the Galongla tunnel
project, any method and technique that can be used to reduce the
residual friction coefﬁcient on the foamed concrete layer-lining
interface would beneﬁt the seismic isolation effect, and thereafter
residual friction coefﬁcient of 0.85 or lower is suggested.

4.3.4. Effect of shear stiffness on foamed concrete layer-lining
interface
We can see from Fig. 16 that the maximum principal stresses
obtained from each point reduce slightly when the shear stiffness
decreases. Taking the point 4 for example, when the shear stiffness
decreases from 0.55 MPa/mm to 0.5 MPa/mm, 0.45 MPa/mm and
0.4 MPa/mm, the stress drops by 5.4%, 5.3% and 5%, respectively.
Similar to the residual friction coefﬁcient, the decrease in shear
stiffness is also conducive to reduction in transmission of the
tangential seismic loads and alleviation of the internal stress and
plastic strain for the secondary lining (Zhao et al., 2018b). In a
similar fashion, lowering the shear stiffness on the foamed concrete
layer-lining interface can improve the seismic isolation effect, and
herein shear stiffness of 0.4 MPa/mm or lower is suggested.

5. Conclusions
The main conclusions in this paper are drawn as follows:
(1) The foamed concrete is strain-rate dependent and highly
inﬂuenced by its density, and it also has a high volumetric
compressibility. To be speciﬁc, the strength of foamed concrete increases with the increasing density or conﬁning
stress, and rises with the increasing strain rate logarithmically. Under conﬁning stresses, the foamed concrete appears
strain-hardening, and tends to be obvious within the medium range of strain rate.
(2) The mechanical properties of foamed concrete layer-lining
interface are inﬂuenced by the layer density and normal
stress, in terms of the peak stress, residual stress, shear
stiffness and residual friction coefﬁcient. Speciﬁcally, the ﬁrst
three variables grow with the increasing density or normal
stress, and the last one changes slightly with the density in a

positive fashion, and with the normal stress in a negative
one.
(3) The crushable foam model and the composite exponential
model can well characterize the stressestrain relationship of
foamed concrete material and the shear stress-shear
displacement relationship of foamed concrete layer-lining
interface, respectively. For the two models, their parameters are derived from experimental investigations and can be
used in the subsequent numerical analysis.
(4) The seismic isolation effect is mainly determined by the
tunnel layer properties including the layer density, thickness,
residual friction coefﬁcient, and shear stiffness on the
foamed concrete layer-lining interface. In particular, the
seismic isolation effect would be better at lower density,
greater thickness, and smaller residual friction coefﬁcient or
shear stiffness. Among them, the inﬂuence of the ﬁrst two
factors tends to be more signiﬁcant.
(5) For the Galongla tunnel project, coating the tunnel with the
foamed concrete layer having density of 300 kg/m3 and
thickness of 200 mm is suggested in combination with
lowering the residual friction coefﬁcient and shear stiffness
on the foamed concrete layer-lining interface to 0.85 and
0.4 MPa/mm, respectively.
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