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Lining – Type? 
When?

(Zoorabadi, 2023, developed based on Fernadez,1994)
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Based Schleiss (2013), vertical shaft is an optimised design (particularly when raise boring is being used to excavate the shaft) 
for hydropower and pumped storage project to avoid excessive use of steel lining in the high-pressure zones. 

• Reinforced concrete lining is generally the most optimised 
solution for pressure shafts. Exceptions apply at the upper 
and lower bends of vertical shafts, where highly turbulent 
water flow occurs and steel lining would be preferred. 

• Steel lining is only required in vertical shafts when either:

• Horizontal rock cover is inadequate due to varying 
topography (low confinement), or

• Rock mass hydraulic conductivity is sufficiently high that 
leakage exceeds acceptable criteria.

Overburden stress gradient is 
approximately 2.5 time of internal water 
pressure gradient minimizing the 
likelihood of hydraulic jacking at sub-
horizontal rock defects

Lining – Type? 
When?
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Basis of Lining Design:

1. The differential water pressure is shared between rock mass and lining.
2. Load sharing between rock mass and lining is mainly controlled by the stiffness of rock mass and lining (with some influence from 

hydraulic conductivity of lining and rock mass).

3. The primary objective is to determine the most economic thickness of the lining and the density of reinforcement, 
while also 1) ensuring that the width of cracks caused by differential water pressure remains within a specified 
limit, 2) water loss is minimal, 3) reinforcements stress way below yield. 

Lining Design Requirements
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Lining Design Requirements

Jaeger (1979) 

Schleiss (1997)
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Lining Design Requirements

Main Issues with using tensile stress/tensile Strength as crack initiation criterion:

Tensile strength of concrete is highly variable depending on compressive strength of concrete at time of loading.

AS 5100.5: 2017

fc: characteristic compressive strength of 
concrete at 28 days. 

Concrete fails as soon as induced tensile strain exceeds 0.01 to 0.15 percent (100 to 150 μs) 
irrelevant of tensile strength of concrete (Leonhardt, 1987). 

𝒇𝒄𝒕 = 𝒌(𝒇𝒄)
𝒏

Jaber et al. (2018)
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Lining Design Requirements

• Concrete fails as soon as induced tensile strain exceeds 0.01 to 0.15 percent 
irrelevant of tensile strength of concrete (Leonhardt, 1987). 

• Tensile strength of concrete is much less sensitive to the compressive strength of 
concrete.

Main Issues with using tensile stress/tensile Strength as crack initiation criterion:
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Lining Design Requirements
Crack Spacing and its impact on crack width:

• Crack width depends on the calculated crack spacing: In Schleiss (1997) method, crack spacing is calculated by try and error which is 
function of bond strength between reinforcement and concrete, crack width and the induced tensile stress in the reinforcement at 
cracked section. However, the tensile stress in the reinforcement at cracked section depends on the tensile stress of reinforcement at 
uncracked section. 
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Lining Design Requirements
Crack Spacing and its impact on crack width:

• Crack width depends on the calculated crack spacing: In Fernandez (1994) method, the crack spacing is calculated using an empirical 
equation as follows:

When crack spacing is calculated then the crack width is calculated as multiplication of induced circumferential strain and crack spacing.  

Based on this method, crack width is independent of induced stress in the reinforcement which is a critical factor for 
design of reinforced concrete lining. This assumption is arguable. 
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Lining Design Requirements
New Method:



If the text appears too small, change to the next slide layout for 2 column setup.

12

Lining Design Requirements
New Method:
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Lining Design Requirements
New Method:
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Lining Design Requirements
New Method: Example

By increasing the 
reinforcement rings to 2
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THANK YOU

mahdi.zoorabadi@smec.com
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For 75 years, SMEC has built a reputation as a 
trusted partner on major Transport, Water and 
Energy projects around the world.

SMEC is committed to positively impact the people, the 
environment and the clients and communities we 
serve. Through our network of global specialists, our 
specialist teams draw on deep expertise and systems 
thinking to simplify the complex and deliver integrated 
engineering solutions across a range of diverse 
environments.
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