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installed. They were found to be bowed/distorted such that the crown of the adjoining culvert 
faces were not square/aligned resulting in gaps of up to 15 mm. This wider gap had the potential 
to compromise the effectiveness of the hydrophilic waterstop. In some locations it proved 
necessary to repack the bases to decrease the gap and maintain the design crown alignment. In 
locations where the gap was greater than 10 mm the waterproof membrane was reinforced by a 
second layer at the joint location. 

A further challenge was the exposed edge risks due to the necessity to work from the top of the 
culverts. This resulted in changes to the staging of waterproofing, drainage and backfilling around 
the culverts. When backfilling either side of the adit the waterproofing layers on the top were 
initially left off to avoid damage. The crown waterproofing was subsequently installed then 
protected by a 100 mm to 200 mm layer of CLSM.  

The final challenge was connecting the culverts to the egress shaft structure. Due to the inability 
to adjust the overall length of the culverts the final culvert could not be positioned at the 
nominated design interface location with the shaft, and this resulted in modification to the shaft 
structure. 

Some of the challenges with the culvert tolerances may have been managed by further changes 
to the standard culvert joint detail. A stepped/lapped detail such as employed in spigot and 
socketed concrete pipes could have provided the means to adjust the position of the culvert units. 

6 CONCLUSIONS 

The construction of the RA1 permanent emergency egress adit within the existing RTA1 
temporary access adit provided an efficient and cost-effective solution to repurpose the 
excavation. Bespoke precast culvert units, designed to meet stringent project-specific 
requirements, ensured the required structural performance and durability, despite the challenges 
posed by dimensional tolerances and structural interfaces.  

The application of CLSM for backfilling the void around the permanent lining proved 
advantageous, as its flowability made it easier to place in complex areas and helped maintain the 
construction schedule. 
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1 INTRODUCTION  

Hydropower and pumped hydro projects are a highly relevant sources of renewable energy and 
play a crucial role in the provision of sustainable energy supply and storage. The design of pres-
sure tunnels is one of the most critical technical challenges of this type of projects.  
If the intrados of a pressure tunnel has higher water pressure compared to the extrados, the support 
of the differential water pressure will be split between the lining and the surrounding rock mass. 
The distribution of the load between the lining and the rock mass depends on the stiffness and 
hydraulic conductivity of both. Structural cracking of the lining occurs when the stresses in the 
concrete exceed its tensile strength. In general, stiffer rock masses will absorb a larger portion of 
the differential water pressure, reducing the likelihood of lining cracks. When designing a rein-
forced lining, the primary objective is to determine the most economic thickness of the lining and 
the density of reinforcement, while also ensuring that the width of cracks caused by differential 
water pressure remains within a specified limit. 

Commonly used analytical methods, such those proposed by Fernandez (1994) and Schleiss 
(1986, 1997), assume that the water pressure on the extrados of the lining just before first filling 
is equal to the height of the existing groundwater level. However, this assumption does not accu-
rately reflect the actual changes in groundwater pressure caused by tunnel excavation. In reality, 
the water pressure on the extrados of the lining can be significantly lower than the initial ground-
water pressure due to active drainage during the construction. Therefore, the differential pressure 
between intrados and extrados of the lining can be higher than the assumption made in the ana-
lytical methods. This paper examines this issue in greater detail using a numerical model of a 
typical pressure tunnel. The findings offer additional insights into the safe design of reinforced 
concrete linings for pressure tunnels and shafts. 

Impact of construction phase on the interaction between lining 
and rock mass in pressure tunnel and shafts 
 
M. Zoorabadi 
SMEC Australia, Melbourne, UNSW, Sydney 

ABSTRACT: Designing the lining of pressure tunnels is a complex engineering task, requiring 
careful consideration of both hydraulic and mechanical factors and the complex reaction between 
the lining and the surrounding rock mass. The design must minimise head losses, prevent exces-
sive leakage, eliminate the risk of hydraulic fracturing or displacement of the rock, and ensure 
long-term structural integrity during filling, commissioning, operation, and de-watering phases. 
In reinforced concrete-lined pressure tunnels or shafts, when the internal water pressure exceeds 
the external groundwater pressure, the differential pressure in distributed between the lining and 
the surrounding rock mass. The load distribution depends on the stiffness and hydraulic conduc-
tivity of both the undisturbed and disturbed rock mass zones, as well as the properties and behav-
iour of the lining. Commonly used analytical methods, such those proposed by Fernandez (1994) 
and Schleiss (1986, 1997), assume that the water pressure on the extrados of the lining just before 
first filling is equal to the height of the existing groundwater level. However, this assumption does 
not accurately reflect the actual changes in groundwater pressure caused by tunnel excavation. In 
reality, the water pressure on the extrados of the lining can be significantly lower than the initial 
groundwater pressure. This discrepancy between the real groundwater pressure and the assumed 
value in these analytical methods can lead to unsafe lining design for pressure tunnels.  
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2 ANALYTICAL FORMULATIONS 

Jaeger (1979) used thick elastic cylinder theory to calculate the magnitude of the stress transmitted 
from the concrete lining to the rock surface (𝑃𝑃𝑓𝑓𝑓𝑓) due to the water pressure (𝑝𝑝𝑖𝑖) acting to the 
intrados of a pressure tunnel/shaft (Figure 1).  

 
Figure 1. Schematic of boundary conditions considered in Jaeger’s (1979) formulation.  

Legend: 
- ri…internal tunnel radius 
- ra…external tunnel radius 
- 𝐸𝐸𝑐𝑐 and 𝐸𝐸𝑟𝑟 …elastic modulus of the concrete lining and the rock 
- 𝑚𝑚𝑐𝑐 and 𝑚𝑚𝑟𝑟…the inverse of Poisson ratio for the concrete lining (𝜈𝜈𝑐𝑐) and rock (𝜈𝜈𝑟𝑟) 
- 𝜆𝜆 …ratio of the transmitted stress to the internal water pressure.  
- 𝑝𝑝𝑖𝑖…internal pressure inside the tunnel 

The formula to calculate the stress transmitted from the concrete lining to the rock surface, 
applicable for a pressure tunnel/shaft below the groundwater (wet rock) with no consideration of 
a disturbed zone around the tunnel is presented in Equation (1). 

𝑃𝑃𝑓𝑓𝑓𝑓 = λ𝑝𝑝𝑖𝑖 =
2𝑟𝑟𝑖𝑖

2

𝐸𝐸𝑐𝑐(𝑟𝑟𝑎𝑎2−𝑟𝑟𝑖𝑖
2)

𝑚𝑚𝑟𝑟+1
𝑚𝑚𝑟𝑟𝐸𝐸𝑟𝑟

+
(𝑚𝑚c−1)𝑟𝑟𝑎𝑎2+(𝑚𝑚𝑐𝑐+1)𝑟𝑟𝑖𝑖

2

𝑚𝑚𝑐𝑐𝐸𝐸𝑐𝑐(𝑟𝑟𝑎𝑎2−𝑟𝑟𝑖𝑖
2)

(𝑝𝑝𝑖𝑖 − 𝑃𝑃𝑎𝑎)                          (1) 

where 𝑝𝑝𝑎𝑎 is the groundwater pressure acting on the extrados of lining which is assumed to be 
equal with the original groundwater pressure. Jaeger (1979) also proposed the following equation 
to calculate the tensile stress developed in the lining: 

𝜎𝜎𝑡𝑡 = − 𝑟𝑟𝑎𝑎2+𝑟𝑟𝑖𝑖2−2𝜆𝜆𝑟𝑟𝑎𝑎2
𝑟𝑟𝑎𝑎2−𝑟𝑟𝑖𝑖2

(𝑝𝑝𝑖𝑖 − 𝑃𝑃𝑎𝑎)                                           (2) 
Fernandez (1994) developed his method by establishing analytical formulations to determine 

the pore pressure changes in the rock mass due to the water pressure difference (∆𝑝𝑝𝑤𝑤 = 𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑎𝑎) 
between intrados and extrados (caused initially by the existing groundwater head) of the concrete 
lining as follows: 
𝑃𝑃𝑓𝑓𝑓𝑓 = λΔ𝑃𝑃𝑤𝑤 = Δ𝑃𝑃𝑤𝑤

1+ 𝐸𝐸𝑐𝑐 𝑡𝑡𝑐𝑐
𝐸𝐸𝑟𝑟 (𝑟𝑟𝑖𝑖+

𝑡𝑡𝑐𝑐 2⁄ )
 (1+𝜈𝜈𝑟𝑟)

                                       (3) 

The design method proposed by Fernandez (1994) relies on the tensile strain developed in the 
lining. Following formulation can be developed to calculate the induced tensile stress by combin-
ing the formulation presented in Fernandez (1994) and stress-strain relationships in cylindrical 
coordinate.  

𝜎𝜎𝑡𝑡 = 𝐸𝐸𝐶𝐶 ∗

[
 
 
 
 

∆𝑃𝑃𝑤𝑤

(1+𝐸𝐸𝑐𝑐
𝐸𝐸𝑟𝑟

∗ 𝑡𝑡𝑐𝑐
(𝑟𝑟𝑖𝑖+

𝑡𝑡𝑐𝑐 2⁄ )
 (1+𝜗𝜗𝑐𝑐))

 (1+𝜗𝜗𝑟𝑟)
𝐸𝐸𝑟𝑟

]
 
 
 
 
+ 𝜗𝜗𝑐𝑐∆𝑃𝑃𝑤𝑤              (4) 
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Schleiss (1986, 1997) used the porous thick elastic cylinder theory to formulate the magnitude 
of stress transmitted to the rock surface. Schleiss assumed that the internal hydrostatic pressure 
(𝑝𝑝𝑖𝑖) generates an excessive pore pressure at the lining extrados and in the rock mass and proposed 
the following equation to calculate the transmitted stress to the rock surface.   

𝑃𝑃𝑓𝑓𝑓𝑓 =
{(𝑝𝑝𝑖𝑖−𝑝𝑝𝑎𝑎)[ 2(2−𝜗𝜗𝑐𝑐)

(𝑟𝑟𝑎𝑎 𝑟𝑟𝑖𝑖⁄ )
2

−1
+ 1−2𝜗𝜗𝑐𝑐

1−𝑟𝑟𝑖𝑖 𝑟𝑟𝑎𝑎⁄
]−3(𝐸𝐸𝑐𝑐(1+𝜗𝜗𝑐𝑐)

𝐸𝐸𝑟𝑟(1+𝜗𝜗𝑐𝑐))𝑝𝑝𝑎𝑎}

3[ 2(1−𝜗𝜗𝑐𝑐)

(𝑟𝑟𝑎𝑎 𝑟𝑟𝑖𝑖⁄ )
2

−1
+𝐸𝐸𝑐𝑐(1+𝜗𝜗𝑟𝑟)

𝐸𝐸𝑟𝑟(1+𝜗𝜗𝑐𝑐)+1−2𝜗𝜗𝑐𝑐]
                            (5)         

Schleiss (1997) also proposed the following formulation to calculate the magnitude of tensile 
stress developed in the lining: 

𝜎𝜎𝑡𝑡 = (𝑝𝑝𝑎𝑎−𝑝𝑝𝑖𝑖)(2−𝜐𝜐𝑐𝑐)
3(1−𝜐𝜐𝑐𝑐) [

1+𝑟𝑟𝑎𝑎2

𝑟𝑟𝑖𝑖
2

𝑟𝑟𝑎𝑎2

𝑟𝑟𝑖𝑖
2−1

+
1− 𝑟𝑟𝑖𝑖(1+𝜐𝜐𝑐𝑐)

𝑟𝑟𝑎𝑎(2−𝜐𝜐𝑐𝑐)
1− 𝑟𝑟𝑖𝑖

𝑟𝑟𝑎𝑎
] + 2𝑃𝑃𝑓𝑓𝑓𝑓

1−𝑟𝑟𝑖𝑖
2

𝑟𝑟𝑎𝑎2

                             (6)    

It should be noted that in Equation (6), the term (𝑝𝑝𝑖𝑖) denotes the differential water pressure 
between the intrados and extrados of the lining, which is equal to (𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑎𝑎). 

All the analytical methods mentioned above assume that, just prior to the first filling, the 
groundwater pressure (𝑝𝑝𝑎𝑎) acting on the extrados of the lining remains equal to the pre-excavation 
groundwater pressure and is unaffected by the construction process. 

3 DEPRESSURISATION OF GROUNDWATER DURING CONSTRUCTION 

In the most cases, the pressure tunnels and shafts are constructed by drained excavation tech-
niques. In drained tunnelling, the groundwater pressure at the excavation boundary drops to at-
mospheric pressure, creating a hydraulic gradient toward the tunnel and extending groundwater 
depressurisation beyond the excavation boundary.  

The following equation is derived by rearranging the formulation proposed by Fernandez 
(1994) to calculate the groundwater pressure distribution (depressurisation) along the springline 
of a circular tunnel lined with concrete, assuming a lining hydraulic conductivity of 𝐾𝐾𝑐𝑐 (𝐾𝐾𝑐𝑐 =
1𝑒𝑒 − 9 𝑚𝑚/𝑠𝑠 was used in this paper based on Fernandez, 1994) and atmospheric pressure at the 
intrados: 

𝑃𝑃𝑤𝑤(𝑟𝑟) = ℎ0 − [(ℎ0 − ℎ𝑙𝑙) ∗
𝐿𝐿𝐿𝐿 (1+𝐿𝐿2

𝑟𝑟2)

𝐿𝐿𝐿𝐿(1+𝐿𝐿2
𝑟𝑟𝑎𝑎2

)
 ]                 (7)    

where 𝑟𝑟 is the radial distance from the tunnel center, ℎ0 is the initial groundwater pressure at 
the tunnel boundary prior to excavation, and ℎ𝑙𝑙 represents the groundwater pressure immediately 
behind the lining, resulting from head loss through the lining. This pressure is a function of the 
hydraulic conductivities of both the lining and the surrounding rock mass (𝐾𝐾𝑟𝑟), as expressed be-
low: 
ℎ𝑙𝑙 = ℎ0

1+(
𝐿𝐿𝐿𝐿(2∗ℎ0

𝑟𝑟𝑖𝑖
)

𝐿𝐿𝐿𝐿(𝑟𝑟𝑎𝑎
𝑟𝑟𝑖𝑖

)
)∗(𝐾𝐾𝑐𝑐

𝐾𝐾𝑟𝑟
)
                       (8) 

Equations (7) and (8) were used to calculate the groundwater pressure gradient behind the lin-
ing just prior to the first filling (Figure 2) for a tunnel with an intrados radius of 4.93 m and a 
lining thickness of 0.42 m (resulting in an excavation radius of 5.35 m). It is important to note 
that the analysis assumes all drainage holes are closed, allowing groundwater pressure to build up 
behind the lining prior to the filling. In addition to the results from the analytical equations, the 
plot (Figure 2) also presents results from a simplified numerical model using RS2 (Rocscience©). 
In this analysis and modelling, the hydraulic conductivity of the rock mass is assumed to be 1e-8 
m/s, with an initial groundwater head of 584 m at tunnel level prior to excavation. 
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Figure 2. Groundwater pressure distribution behind the lining before first filling 

As shown in Figure 2, there is excellent agreement between the results of the analytical equa-
tion and the numerical modelling. The results indicate that, when the drainage holes are closed 
prior to the first filling, groundwater pressure behind the lining reaches approximately 76 m and 
gradually increases with distance from the tunnel boundary into the surrounding rock mass. 

4 INDUCED TENSILE STRESS IN LINING 

As previously mentioned, when the internal water pressure in the pressure tunnel or shaft in-
creases during filling and exceeds the external pressure acting on the lining extrados, the resulting 
differential pressure is distributed between the rock mass and the lining, depending on their rela-
tive stiffness and hydraulic conductivity. The commonly used analytical framework for designing 
linings in pressure tunnels and shafts (Equations 1 to 6) does not account for groundwater depres-
surisation caused by excavation. To evaluate the impact of this depressurisation on the induced 
resulting tensile stresses in the lining, numerical modelling was employed. The model considered 
both the rock mass and the lining as a continuum elastic material with uniform and isotropic 
properties. Figure 3 illustrates the geometry of the numerical models employed in the comparative 
investigation presented in this paper. It is important to notice that the consideration of an elastic 
constitutive model for the rock mass is a conservative approach for the assessment of cracking 
pressure of linings in pressure tunnels. For the purposes of this study, the rock mass is assumed 
to have a deformability modulus of 13 GPa (𝐸𝐸𝑟𝑟 = 13 𝐺𝐺𝐺𝐺𝐺𝐺) and a relatively low hydraulic con-
ductivity of 1×10−8 m/s (𝐾𝐾𝑟𝑟 = 1𝑒𝑒 − 8 𝑚𝑚/𝑠𝑠). The initial groundwater head is 584 m, while the 
hydrostatic water head inside the tunnel at the end of filling is assumed to be 668 m. 
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Figure 2. Groundwater pressure distribution behind the lining before first filling 

As shown in Figure 2, there is excellent agreement between the results of the analytical equa-
tion and the numerical modelling. The results indicate that, when the drainage holes are closed 
prior to the first filling, groundwater pressure behind the lining reaches approximately 76 m and 
gradually increases with distance from the tunnel boundary into the surrounding rock mass. 
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Figure 3. RS2 model used for a typical pressure tunnel. 

It should be noted that the filling rate for each pressure tunnel or shaft is determined based on 
the critical requirement of avoiding significant differential water pressure acting on the lining. 
This consideration is especially important in lower-quality rock masses, where lower stiffness and 
higher hydraulic conductivity increase the risk of significant cracking. Consequently, monitoring 
groundwater pressure in the rock mass behind the lining is essential for designing a safe first-
filling strategy, including appropriate filling rates and pauses. Assessing the impact of the filling 
rate requires more advanced numerical modelling, including an elastic-plastic constitutive model 
and simulation of the evolution of the lining’s hydraulic conductivity. As such, the effect of filling 
rate is not evaluated in this study. A filling rate of 2 m/h which is common in commissioning of 
most pressure tunnels was used in this study to avoid unreasonable boundary conditions.  

Table 1 presents the results from analytical methods assuming groundwater depressurisation 
prior to filling. Numerical modelling was used to evaluate both boundary conditions: with and 
without groundwater depressurisation. 
 
Table 1. Comparison between analytical formulation and RS2 model for full groundwater head acting to 
the extrados of lining. 

Parameter Without depressurisation With de-
pressurisation 

Method 

Jaeger 
(1979) 

Fernandez 
(1994) 

Schleiss 
(1997) 

RS2 Model RS2 Model 

Tensile 
stress in lining 
[MPa] 

-2.13 -2.18 -2.74 -2.3 -6.2 

 
As shown in Table 1, there is a relatively close agreement between the results from the RS2 

model and all analytical formulations when the full initial groundwater pressure is assumed to act 
on the extrados of the lining. Similar consistency between analytical and numerical results was 
also reported by Zoorabadi et al. (2023). 

The induced tensile stress obtained from the numerical model that accounts for groundwater 
depressurisation prior to filling is approximately three times greater than that from the model 
which neglects the depressurisation effect. In real cases, when the induced tensile stress exceeds 
the tensile strength of the lining, cracks may form, leading to an increase in the lining's hydraulic 
conductivity and allowing greater water leakage. This leakage raises the groundwater pressure at 
the interface between the rock and the lining. If the pore pressure at this interface exceeds the 
mechanical pressure transferred to the rock, separation can occur, creating a void that allows pres-
sure equalisation between the intrados and extrados of the lining. This mechanism helps to limit 
the development of further excessive tensile stress in the lining. Therefore, the induced tensile 
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stress value presented in the last column of Table 1 should be viewed as illustrative only and are 
unlikely to develop in the lining under real-world conditions. 

5 DISCUSSIONS AND CONCLUSIONS 

The primary design philosophy for linings in pressure tunnels and shafts is not to prevent cracking 
altogether, but to control crack width through appropriate reinforcement design. Therefore, it is 
important to assess the initial cracking stress with adequate accuracy. Tensile stress develops 
when the internal water pressure exceeds the groundwater pressure acting on the extrados of the 
lining. Depressurisation caused by water inflow during excavation lowers the groundwater pres-
sure near the tunnel boundary and, in highly permeable rock masses, can even reduce the regional 
groundwater level. Despite the dynamic nature of groundwater pressure around pressure tunnels, 
existing analytical design methods for tunnel and shaft linings do not account for the effects of 
depressurisation. This oversight effectively assumes that the lining acts as an impermeable barrier, 
which is not accurate. This paper presents an illustrative numerical model to highlight this limi-
tation in existing analytical formulations, aiming to prevent unsafe design of linings for pressure 
tunnels.  

An analytical formulation based on the method proposed by Fernandez (1994) was first devel-
oped to calculate the depressurisation profile resulting from drained excavation. The results from 
this formulation showed excellent agreement with those obtained from seepage analysis using 
RS2. 

Subsequently, the numerical model was extended to evaluate the induced tensile stress in the 
lining for an illustrative case. While there was strong agreement between the numerical model 
and the analytical methods proposed by Jaeger (1997), Fernandez (1994), and Schleiss (1997) 
under conditions without groundwater depressurisation, a significant difference in tensile stress 
was observed when the effect of groundwater depressurisation was included. These results under-
score that neglecting excavation-induced groundwater depressurisation can lead to unsafe designs 
of concrete linings for pressure tunnels and shafts. 

Further investigation into the effects of filling rate, the evolution of the lining’s hydraulic con-
ductivity, and potential gap formation during filling requires more advanced coupled hydro-me-
chanical numerical modelling. This will be the focus of the author's ongoing research and will be 
presented in future publications. 
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