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1 INTRODUCTION

Typically, waterproofing conventionally 
excavated tunnels has been done by installing a
pre-fabricated sheet membrane, which is 
installed between the primary (outer) lining and 
the secondary (inner) lining. The membrane acts 
as a separation or sliding layer between the 
linings. However, sheet membranes are 
complicated to install in sections with complex 
geometries and, despite being subjected to 
quality tests in the factory, the installed 
membrane often exhibits leakages due to the 
high amount of welding seams, damage caused 
during installation of reinforcement or by 
overstretching as well as by poorly installed 
secondary concrete linings.

During the last two decades, significant 
improvement has been made in sprayed 
concrete technology, with advanced admixtures, 
as well as in the application of the sprayed 
concrete with sophisticated spraying robots. The
latest developments in mix designs, admixture
technologies and alkali free accelerators have 
enabled designers to use sprayed concrete as a 

permanent lining with the required service life 
of more than 100 years.

When using the double bonded sprayed 
waterproof membrane in combination with
permanent sprayed concrete as primary and 
secondary linings, due to the composite 
behaviour between the two lining layers, the 
primary and secondary lining can be considered 
as a single composite structure. Thus, the total
lining thickness can be reduced since the
permanent design load is shared between the
two linings.

In this paper, firstly, by applying laminate 
glass theory, a new design chart is proposed that 
allows a designer to estimate the thickness of 
secondary lining when composite action is 
considered. The design chart is verified from a 
numerical analysis with the use of interface 
parameters that are calibrated from a series of 
laboratory tests. Secondly, this paper presents 
the potential benefits in both cost and carbon 
footprint that can be gained from the use of 
composite lining in SCL tunnels in a
quantitative manner.

Composite tunnel linings, allowing a more cost effective and 
sustainable tunnel design.
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ABSTRACT: Spray applied waterproof membranes allow composite action between the concrete 
and the membrane in a tunnel lining. This paper proposes a design chart for the determination of the 
secondary lining thickness that will allow designers to reduce the lining thickness when composite 
action is considered. This paper also presents potential savings in materials and carbon footprint in a 
quantified manner. 
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2 APPLICATION OF LAMINATE GLASS 
THEORY TO COMPOSITE SHELL 
LINING DESIGN OF TUNNELS

2.1 General
In the laminated glass industry, the equations
proposed by Bennison (2008) are widely used to 
evaluate the equivalent monolithic thickness of 
laminated glass. This approach is adopted in 
ASTM E1300 (2016), thus this approach can be 
considered as a verified theory. Similar to
laminated glass, composite shell linings use the 
same material for both layers (i.e. concrete) to 
make a sandwiched beam with the use of a bond 
material (i.e. sprayed membrane) between the 
concrete layers. Thus, the application of 
Bennison’s theory to composite shell lining 
design is considered feasible, and its 
applicability to composite shell lining design 
has been investigated in this paper.

2.2 Application of the laminate glass theory to 
composite shell lining

Bennison’s approach provides a simple closed 
form solution that can estimate a monolithic 
equivalent thickness of the composite beam. 
The key parameters considered in the solution 
are the thicknesses and Young’s moduli of the 
main material layers, in addition to the bond 
layer’s shear stiffness as shown in the below 
equations. It should be noted that Bennison’s 
equations provide three equivalent monolithic 
thicknesses – one for deflection equivalent, and 
the other two stress equivalence for each of the
main material layers.

The deflection equivalent thickness of beam 
(h ) can be expressed as Equation 1 (See 
together with Figure 1). 

The stress equivalent thickness of beam for 
each layer (h and h ) are expressed as 

per Equation 5 and Equation 6. 
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important role in estimating 
the equivalent monolithic thickness of the 
composite layers, as a weighting factor that 
captures the degree of load transfer between the 
two main material layers. In Equation 
calculated from a bending moment and shear 
stress equilibrium condition in a simply 
supported composite beam by applying virtual 
work theory for a given loading condition. In 

span. For tunnels, it can be assumed that the 
tunnel lining is loaded close to the uniformly 

m. In tunnels, by 
assuming the tunnel is deforming in an elliptical 

to the ¼ of the perimeter length of a circular 
tunnel (see Figure 2).

In SCL tunnel design practice, designers 

Figure 1. Laminated simply supported beam
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normally determine the primary lining thickness 
for the temporary loading only – i.e. 
independent from the composite action. For the 
permanent loading condition, designers can 
determine a target total lining thickness as a 
monolithic concrete layer using a conventional 
tunnel design method – let’s say this is a target 
monolithic lining thickness.  Designers can 
therefore now estimate the secondary lining 
thickness which gives the composite shell lining 
the same structural capacity as the target 
monolithic lining thickness using Bennison’s 
equations. (see Figure 3 and Figure 4).

3 VERIFICATION OF THE LAMINATE 
GLASS THEORY APPLICATION TO 
COMPOSITE SHELL LINING DESIGN 

3.1 Laboratory testing
To verify the applicability of the laminate glass 
theory to the tunnel composite shell lining 
design, a series of laboratory testing was carried 
out to investigate the shear behaviour at the 

bond interface of a composite shell lining (refer 
to Pillai et al (2017) for testing and analysis 
detail). Two types of tests were carried out; a) 
cylindrical cores with the waterproof membrane 
orientated at various angles to the vertical (45°, 
55° and 70°) to test in compression to 
understand shear behaviour at the membrane 
interface, and b) beam samples with the 
waterproof membrane layer in the centre to test 
in bending to understand flexural behaviour.

3.2 Interpretation of results

3.2.1 Core test data interpretation
As proposed by Pillai et al (2017), a ‘failure 
zone’ concept is adopted for the interpretation 
of the interface strength parameters (Figure 5). 

The core test data set was used to determine 
the failure envelope of the interface zone, 
according to Mohr-Coulomb strength 

well as the shear modulus G. 

Figure 3. Equivalence between composite lining and a monolithic lining

Figure 4. Flow chart of application of Bennison’s 
equation to tunnel composite shell lining design

Figure 2. Approximation of for the application of 
laminate beam theory to a circular tunnel
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The Mohr-Coulomb strength parameters 
, of 12.12° and 

cohesion, c, of 1.56MPa (Figure 6).

Figure 5. Single failure zone at the interface schematic 
(Pillai et al, 2017)

Figure 6. Interface strength parameters from core test 
results

The shear modulus of the samples was found 
by plotting shear stress against shear 
displacement; the gradient of the plots gave the 
shear modulus. The values of shear modulus, G, 
obtained from the core tests showed F-
distribution. To calculate an average value of G, 
the ‘reliable’ data limit was set to 15MPa by 
engineering judgment not to overestimate the G 
value at the interface. This gave a result of 
average G=7.0MPa. 

The values described in this section were
inputted into an LS-DYNA analysis model for 
the verification of the laminate theory 
application to the composite shell lining design 
described in Section 3.4.

3.3 Interface analysis model and calibration
The double bond interface between the primary 
and secondary lining is considered as a single 
failure zone, and the interface is modelled using 
thin meshes with the Mohr-Coulomb shear 
strength parameters applied in the LS-DYNA 
software. To calibrate the numerical model, 
both core and beam tests are repeated using LS-
DYNA, and the analysis results were compared 
to the lab test results for the verification of the 
LS-DYNA model.

Figure 7. Calibration analysis model for core test

Figure 8. Composite core test calibration analysis results -
45°

Figure 9. Composite core test calibration analysis results -
55°

Waterproof membrane failure zone properties
c’ = 1.56MPa, ’ = 12.12°
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Figure 10.Composite core test calibration analysis results 
Verification from numerical analysis

Figure 11. Calibration analysis model for notched beam 

Figure 12. Composite beam test calibration analysis 
results

The calibration analysis results are shown in 
Figure 7 to Figure 12 which presents a 
reasonable match between the analysis and the 
lab test results. This indicates that the concept of 
a single failure zone at the interface with the use 
of Mohr-Coulomb strength parameter is 
practically acceptable.

3.4 Verification from numerical analysis 
To verify the application of the laminate beam 
theory to the composite shell lining deign, 
verification analysis are conducted using LS-
DYNA, varying the thickness of the linings for 
both composite shell lining (hsecondary) and 
monolithic lining (heq) cases. For the analysis 
details, see Table 1. The LS-DYNA mesh of the 
verification analysis is also shown in Figure 13.

Table 1. Verification analysis cases

Parameters Values
Tunnel dia. 6m (external)

hprimary 250mm (fixed)
hsecondary 125mm to 375mm (50mm interval)
Interface G=7MPa

Thickness = 5mm
Concrete E = 35GPA

heq 300mm to 500mm (50mm interval)

From the LS-DYNA analysis, crown vertical 
deflection vs hsecondary/hprimary and heq/hprimary
relationships were obtained from the laminate 
and monolithic analyses respectively. The best-
fit exponential curves for each were then 
calculated (Figure 14). The two equations 
obtained from Figure 14 were then combined to
derive a direct relationship between 
hsecondary/hprimary and heq/hprimary, then 
superimposed to a theoretical curve chart. The 
result is illustrated in Figure 15, which shows a
good match between the theory and the analysis. 
Thus, it can be concluded that the application of 
the laminated glass theory to the tunnel 
composite shell lining design is feasible using 
assumptions proposed in Section 2.2.

It should be noted that Figure 15 is 
developed for the equivalent deformation only 
i.e. using Equation 1. It is found from this 
research that developing a stress equivalent 
design chart using the laminate glass theory is 
difficult because the stress distribution at a 
section of the primary and secondary lining is 
non-uniform, although the laminate theory 
assumes uniform stress within the upper and 
lower layer. 

-
LS-DYNA beam after failure
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Figure 13. Verification analysis model LS-DYNA

Figure 14. Deflection vs normalized lining thickness
relationship from verification analysis

Figure 15. Laminate theory verification analysis results

4 PROPOSED DESIGN CHART FOR THE 
ESTIMATION OF SECONDARY LINING 
THICKNESS

4.1 Design chart
Using the equations (1) to (4), a design chart has 
been produced by placing heq and hsecondary on 
the x and y axes with both axes normalized by 
hprimary. Figure 16 illustrates design curves that 
have been developed under certain parameters
summarised in Table 2.

Table 2. Parameters used for design chart development 

Parameters Values
Excavation diameter 6.0m

Concrete grade C30/40
Waterproof membrane thickness 5mm

Shear modulus G at interface 5, 10, 15MPa

As illustrated in Figure 4, a designer can 
calculate hprimary and heq from the conventional 
tunnel analysis techniques such as close form 
solution or bedded beam-spring model. Then,
from the proposed design chart, designers can 
estimate hsecondary that provides equivalent 
structural capacity to the target monolithic heq
when hsecondary is composite with hprimary.

The design chart shown in Figure 16 can 
easily be expanded by designers for other tunnel 
diameters and interface thicknesses using 
Equations 1 to 4 with the assumptions detailed 
in Section 2.2. This paper presents one design 
chart only (as per the conditions in Table 2) due 
to limited space. 

The laminate theory does not consider the 
excavation sequence of sprayed concrete lined 
tunnels. The primary lining is always loaded 
before the tunnel lining becomes a composite 
member. This is a key challenge for the 
application of the laminate glass theory to the 
composite shell lining design. However, 
because the primary lining takes some part of 
the permanent load before the secondary lining 
is placed, the load transfer from the primary 
lining to the secondary lining would be less 
significant than when the primary and 
secondary composite shell is assumed to be first 
loaded at the same time (Pillai et.al., 2017). So, 
it is deemed that the proposed design chart gives 
conservative design, but it is considered that 
further study is required on this topic.

4.2 Example of the design chart use
Let’s assume 6m diameter circular tunnel is 
designed to have a composite shell lining. The 
composite shell lining is assumed to have Grade 
C40/50 concrete, 5mm thick interface layer with 
5MPa shear modulus. 

The required primary lining thickness 
(hprimary) is calculated as 225mm for a temporary 
ULS loading condition. For a permanent long 
term ULS loading condition, a beam spring 
model result indicates that the required 
minimum permanent lining thickness is 325mm, 
i.e. heq = 325mm. Thus heq/hprimary = 325/225 = 
1.44.
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In Figure 16, from the design curve for 
G=5MPa and hprimary=225mm, the 
hsecondary/hprimary is read as 0.71 which calculates 
hsecondary=0.71×225mm=159.75mm, say 160mm,
although, in design practice, designers are likely 
to make it to 175mm - in the order of one inch.
This means that when 225mm primary lining 
and 160mm secondary lining is working as a 
composite shell with the interface shear stiffness 
of 5MPa and 5mm thickness, then the 
composite shell provides the same stiffness to 
the 325mm monolithic lining.

On the contrary, when the structural 
contribution from the primary lining is 
completely ignored, as it is assumed for the 
traditional double shell design concept, then the 
permanent lining thickness will need to be 
325mm as secondary lining needs to take all the 
permanent load. This makes the total lining 
thickness as 225mm + 325mm = 550mm. 

The total lining thickness of composite shell 
lining is 225mm + 160mm = 385mm, which 
30% less than the total lining thickness of 
traditional double shell lining design. The 30% 
reduction of the lining thickness is only from 
one example thus cannot be generalized, but 
parametric exercise using the design chart 
indicates that 20% saving of the total lining 
thickness would be practically achievable in 
typical tunnel design cases. 

In Section 5, a quantitative study presents the 
potential savings in construction induced from 
the reduction of the total lining thickness.

5 POTENTIAL SAVINGS IN
CONSTRUCTION

5.1 Material savings
As an example on possible savings by using 
composite shell lining versus traditional sheet 
membrane tunnel linings, details given in Table 
3 is assumed. This means that the total lining 
thickness is reduced by 20%.

If the savings in excavation volume are 
considered, the savings are calculated by 
considering the reduction of the outer diameter. 
Per 1000m length the traditional method would 
require mucking out 95033m³ of soil. Compared 
to the composite shell lining which would be 
91609m³, the reduction is 3424m³. This will 
result in less excavation time and less transport 
costs for removing and disposal of the muck. If 
it is assumed that a truck contains 15m³ per load 
and drives approx. 60km for the disposal, 
13696km of transport costs and fuel is saved. 
This could save 4000 to 5000 liters of fuel and 
emissions assuming an average fuel 
consumption of 30 to 35 liter per 100km. 

Figure 16. Design chart for tunnel diameter =6m, interface thickness=5mm, concrete E=35GPa
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Additional savings include reduced labour 
costs and, taking into account that tunnels are 
often constructed in an urban area, traffic jam 
reduction will contribute to these savings.
The second saving is the amount of materials 
used. Table 4 summarizes the total quantity of 
key materials. In order to simplify this 
assessment, the regulating layer for the PVC or 
composite shell lining is not considered in this 
equation.

The total amount of concrete is reduced by 
3424m³ of concrete; not only reducing the total 
cost of concrete but also the production and 
transportation, approximated as the same 
magnitude of 20%. For example, if it is 
considered that a truck mixer contains 9m³ of 
concrete, 380 truckloads can be eliminated, 
again resulting in time, labor and fuel savings.

Although a spray applied membrane is more 
expensive than a conventional system, the speed 
of application will compensate the higher 
product costs. Application up to 70 to 100m² per 
hour can be reached using simple dry spraying 
equipment. Recent projects at Hindhead and 
Lausanne metro (Balfour Beatty, Olivier Tappy 
and BASF) have confirmed considerable 
time savings when using spray applied 
membranes.

Carbon footprint reduction
A carbon footprint is defined as: the 
total amount of greenhouse gases 
produced to directly and indirectly support 
human activities, usually expressed in 
equivalent tons of carbon dioxide (CO2). 
Besides CO2, these greenhouse gases are 
also methane and nitrous oxide, among 
others.

In other words, when you drive a car, the 
engine burns fuel which creates a certain 
amount of CO2, depending on its fuel 

consumption and the driving distance. When 
you construct a tunnel using materials and 
goods, the production of these goods or 
materials also contributes quantities of CO2 and 
other greenhouse gases. These gases have a 
different climate change impact but their overall 
effect is expressed in terms of CO2 equivalents 
to allow comparison of their impact.

The carbon footprint is the sum of all 
greenhouse gas emissions expressed as CO2-
equivalents, which were induced by the 
activities in a given time frame

For the example of the fuel saved by trucking 
and muck disposal, it was estimated that 4000 to 
5000 liters of fuel was saved which corresponds
to 10800 to 13500 kg of CO2 emitted (1 liter of 
diesel is approx. 2.7 kg of CO2).

The impact on the carbon footprint by 
reducing the lining thickness is a complex 
calculation. In order to simplify, the calculation
of the impact on the CO2 eq., will only be based 
on the reduction of the lining thickness and the 
use of a spray applied membrane instead of the 
traditional geotextile and PVC membrane. 

The simplified input parameters shown in 
Table 5 are used. Based on these input 
parameters, the CO2 impact can be calculated 
using standardised CO2 parameters. The 
estimation as shown in Figure 17 is that approx. 
9 % of the kgCO2 eq. can be reduced by using 
composite shell lining and spray applied 
membranes.

Of course, in some cases a cast in situ 
secondary lining could be used, however in that 
case a composite shell lining can also be 
considered and another savings on the carbon 
footprint can be calculated.

Table 3. Example for the savings study exercise

Double shell no load sharing Composite shell lining
Internal dia. 10m 10 m

Primary Lining 200 mm Temporary sprayed concrete 200 mm Permanent sprayed concrete lining
Waterproofing 500 gr/m² geotextile + 2 mm PVC membrane 3 kg/m² MasterSeal 345

Secondary Lining 300 mm Cast in situ concrete lining 200 mm Permanent sprayed concrete lining
External dia. 11 m 10.8 m

Table 4. Material savings comparison

Double shell no load sharing Composite shell lining
Primary Lining 6 786 m³ 6 660 m³

Waterproofing system 33 300 m² 32 670 m²
Secondary Lining 9 708 m³ 6 409 m³

Total concrete volume 16 494 m³ 13 069 m³ ( -21%)
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Table 5. Inputs used for carbon footprint comparison.

Double shell 
no load 
sharing

Composite 
Shell 

Lining
Primary lining (m3) 6 786 6 660

Cement (kg/m3) 450 450
Water (kg/m3) 220 220
Sand (kg/m3) 1 150 1 150

Gravel (kg/m3) 500 500
Admixture (kg/m3) 4 4
Accelerator (kg/m3) 25 25

Waterproofing system
PP geotextile 500 grams(m2) 33 300

PVC 2mm (m2) 33 300
MasterSeal 345 

(3kg per m2)
32 670 m2

98 010 kg

Secondary Lining (m3)
Cement (kg/m3) 350 450
Water (kg/m3) 160 220
Sand (kg/m3) 900 1 150

Gravel (kg/m3) 980 500
Admixture (kg/m3) 4 4
Accelerator (kg/m3) 20

Figure 17. Carbon footprint savings

Most of the impact comes from the reduction 
of the amount of the concrete. Also, the 
contribution of the sprayed membrane to the 
carbon footprint is lower compared to the 
conventional system.

Based on this calculation the authors expect 
10 to 12% reduction in other environmental 
impact categories considered in Life Cycle 
Assessments (LCA), including human toxicity, 
photochemical ozone creation and acidification 
potential.

In addition, there will be savings in 
excavation time and labour costs during 
construction since less soil has to be excavated,
transported and disposed of (more than 3000m³ 
in this example). Experience around the globe 
also confirms that the application of a spray 
applied membrane can be considered less labour 
intensive with increased productivity.

The use of a spray applied membrane and the 
consideration of composite shell lining behavior 
reduces not only the carbon footprint but allows 
a more efficient tunneling method compared to 
conventional lining designs.

6 CONCLUSION

In this study, the sprayed waterproof membrane 
interface is considered as a single failure zone 
which is expressed using Mohr-Coulomb shear 
strength parameters and a traditional shear 
stiffness parameter G. The strength and stiffness 
parameters of the interface were obtained from a 
series of core test results, and calibration 
numerical analysis was carried out by repeating
the core and beam test in LS-DYNA software 
with the use of the Mohr-Coulomb shear 
strength parameters and G value. The 
calibration analysis results gave a reasonable 
match with the test results.

The application of laminate glass theory to 
the composite lining shell design is studied by 
making simple assumptions such as the beam 
span and parameter . The study results shows a
very good match between the theoretical and the 
numerical analysis results. 

A design chart that will allow tunnel 
designers to quantify the secondary lining 
thickness of a composite shell lining is proposed 
in this paper by adopting laminate glass theory. 
Since the initial stress condition of the primary 
lining is different from what is assumed in 
laminate glass theory, further work is required 
to verify whether the design approach proposed 
in this paper gives conservative results.

From the proposed design chart, 
approximately 20%-30% reduction of the total 
thickness of the lining is expected feasible for a 
typical circular tunnel condition. A quantitative 
study on the potential savings of both materials 
and carbon footprint based on the reduced lining 
thickness is also presented. The quantitative 
study results show that the reduced lining 
thickness saves not just concrete materials cost 
but also same magnitude of production and 
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transportation costs. Furthermore, from the 
study case in this paper, it was expected that 9 
% of the kgCO2 eq. can be reduced by using 
composite shell lining and spray applied 
membranes. 
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