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Lining — Type?
When? P,>13x (horl)

Or
P,>1.3x03
Hydraulic No Yes still Lining + Reinforced concrete lining
Conductivity of Rock | « » | immediately upstream of steel lining to have
mass>le-7 m/s Fos5>1.45
Tensile stress in N Plain concrete with
Yes concrete lining Yes Induced tensile strain in ° consolidation grouting (radius of
Rock mass is sound No exceeds concrete " lining>4e-4 o grouted zone must be slightly
and not erodible, < cracking stress/strain longer than tunnel radius.
And tensile strain<6e-4 ‘
No v Yes Reinforced concrete lining
» | if the induced tensile
Unreinforced concrete strain in lining>4e-4 and
Unlined/Plain lining with contact and <Ge-4
Yes concrete consolidation grouting
lining/shotcrete (if required to reduce Reinforced concrete lining
conductivity) + +waterproof membrane if
waterproofing » | the induced tensile strain
membrane in case there in lining>6e-4 and <8e-4
is water sensitive rock
No Reinforced concrete mass
——* | lining or steel lining
if required steel lining embedded
withing the concrete
lining if the induced

Developed based on Fernandez (1994) tensile strain in lining>8e-

a

(Zoorabadi, 2023, developed based on Fernadez,1994)



Lining — Type?
When?

* 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 % 1 ’
water flow occurs and steel lining would be preferred. ,-' N
;o
» Steel lining is only required in vertical shafts when either: K ,(’s i
/ 1Owily |
. Ow t.
« Horizontalrock coveris inadequate due to varying 5‘h'x"2'5'5': \
topography (low confinement), or
« Rock mass hydraulic conductivity is sufficiently high that Overburden stress gradient is

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

leakage exceeds acceptable criteria.

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.



Lining Design Requirements

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.

Legend:

- ri.internal tunnel radius

- ra..external tunnel radius

- E. and E, ...elastic modulus of the
concrete lining and the rock

- m, and m,...the inverse of Poisson ra-
tio for the concrete lining (v.) and rock
(vr)

- A...ratio of the transmitted stress to the
internal water pressure.

- pj...internal pressure inside the tunnel




Lining Design Requirements

Simplified Concrete Lining Design Flowchart

Determine the induced tensile

2r?
_ _ Ec(rg—17) _
stress (agy): Pra = Api = mpt1 (me=rd+mgta)r? (pi — Fa)
Wv_ myEyp mcEc(rﬁ—rizj
Jaeger (1979), Schleiss (1997),
Fernandez (1994),, etc.
2 2 2
- ratri —2Arg
l Oy — — Té—r? (p[ - a)

13

. . . Jaeger (1979

Op> Characteristics tensile strength ger ( )

of concrete
(2-9¢) | 1-20c¢ Ec(1+8¢)
{(pi—pa)l ('?a/zrl.)”—l F 1 e pal
- Pfa = 3 2(1-9¢) +EE(1-$—=9T)+172]9€]
No: Lining would not crack Yes: then cracks will form, (") -2 EEFO
‘ ’ design the reinforcement to
r2 s
limit the crack width, water 5 _ Cappove [N R 2
. . £ = 2 Tt 2
loss (consideration for R = e P
reinforcement fatigue due to Schleiss (1997)
transient loading)
6

O



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.

Po = 0.36 (fc)°5

AS 5100.5: 2017

fee = k(O™

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

Table 1. Values of the constant coefficients (k) and (n)

fc: characteristic compressive strength of
concrete at 28 days.

Sources k n

ACI318[4] 0.56 05

ACI 363R [5] 0.59 0.5

Gardner [6] 0.47 0.59
Nihal [7] 0.387 0.63
JCI[8] 0.13 0.85
JSCE [9] 0.23 0.67
CEB-FIB [10] 03 0.67
Raphael [11] 0313 0.667
Ahmad and Shah [12] 0.462 0.55
Oluokun et al. [13] 0.294 0.69

Jaber et al. (2018)

O



Lining Design Requirements

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

* 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.



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.

Tensile stresses in tanceete |

I
Tensile stresses in steel

Bend stresses steel -cancrets



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:

sion simplified by Hendron et al. (1987) as follows:
g
10p

where d = diameter of the reinforcing bar; and p = ratio of the area of
steel to the area of concrete.

(15)

When crack spacing is calculated then the crack width is calculated as multiplication of induced circumferential strain and crack spacing.
W = g4 LS

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.

10 O



Lining Design Requirements

New Method:

11

Step 1: Calculate the reduced groundwater pressure behind the lining prior to filling
(leakage through uncracked lining and drainage if exist any).

[ho — +] (zoorabadi, 2025)
e Ln( T ) (ﬁ)
Ln(;—?] Kr
K.=1le—8tole—9 ? (Schleiss, 1997, Fernanadez, 1994)

(Gnarat?) (55)

2nrgT) )TI

ha:ho_

Step2: t, = TL =

StepB:M:1+( /E)( Tl/)*(1+19r)

(Pi_Pa)*Vw.g) * 1+9,

Step 4: gg;[us] = ( ,

Te

Step 5: if gg;[us] = 100 then concrete cracks then go Step 5, otherwise lining would not
crack and practically plain concrete is adequate.

Step 6: Calculated crack spacing and crack width using EN 1992-1-1 2004:

dS 5T
Step 6-1: ppy = |5+ 2 ]/( )
Step 6-2: Crack Spacing= Cr; = k3Cpom + kikokads/pess
kl — 0.8, kz — 1, k3 — 3.4, k4 - 0.425

Step 6-3: Crack Width=Cr,, = £4,Cr;



Lining Design Requirements

New Method:

12

Step 7: Calculate the hydraulic conductivity of lining after cracking using cubic law

_ glry

! 12Crgd

Step 8: Check to see there would be contact between rock and lining after cracking due
to induced pore pressure at the contact

Step 8-1: A_Ln(”‘“)/L S

hi=hy

1+A(§—}{)

Step 8-2: Hydraulic Head outside the lining: h,,; = h; — [

|

Step 8-3: Ratio of pressure difference formed in the contact to the initial differential

B [1+A( )]

pressure between introduce and extrados of lining =

Step 8-4: Ratio of mechanical stress transferred to the rock mass to the initial
1

differential pressure between introduce and extrados of lining= F =
w

Step 8-5: If the induced differential pressure in the contactis less than the mechanical
stress transferred to the rock the lining remains in full contact with rock. Otherwise

if(— Br ﬁp“’l Lining remain in contact
- ﬂPu
lining gets separated from the rock=

Pr . APy .
if(——>—% meg seperates from the rock
APy T APy,



Lining Design Requirements

New Method:

13

Note 1: If the lining remains in contact with the rock after cracking, stress transfer
through the bond between the concrete and reinforcement may cause additional
cracking in the uncracked sections of the lining.

Note 2: Although theory indicates that separation of the lining from the surrounding
rock due to water pressure at the interface leads to a negligible pressure difference
between the intrados and extrados, thereby reducing lining strain and hydraulic
conductivity, design assumptions should remain conservative. Consequently,
reinforcement demands, crack widths, and lining hydraulic conductivity should be
assessed without relying on the potentially beneficial effects of gap formation, to
ensure a safe-side design. Nevertheless, it is noted that the likelihood of new crack
formation is expected to be significantly reduced, as induced strains in the lining
decrease following separation from the surrounding rock.

Step 9: Leakage through cracked lining in full contact with rock =

APy B P’wLn(i—"ﬁ') A C ARy
i

q 2m Ky (ﬂPwl)

Step 10: Induced stress in the reinforcements

Step 10-1 Stress in reinforcement at cracking stress of lining =

Str—Cr' = (Pfi) [(1 + i‘_::) pgff]

eff

Crw

Step 10-2: St, = (22) E, + 0.6 St,._c,

Crs



Lining Design Requirements

New Method: Example

Inputs

Pre-existing Groundwater head [m] 52
Excavation Radius [m] 2.7
Lining Radius [m] 2.4
Rock Mass Modulus [GPa] 2.07
Poisson Ratio -Rock Mass 0.3

Hydraulic Conductivity-Rock Mass [m/s] 1.60E-06
Lining

Elastic Modulus of Lining [GPa] 33
Poisson Ratio -Lining 0.2
Uniaxial Strenght of Lining [MPa] 30
Pre-cracking Hydraulic Conductivty of Lining [m/s] 1.00E-08
Thickness of Lining [m] 0.3
Tensile strength of Concrete [MPa] 2.9
Reinforcement

Number of Ring 2
Diameter of Rebars [mm)] 30
Rebars Spacing [m] 0.1
Elastic Modulus of Rebars [GPa] 200
Radius to Centre of Lining [m] 2.55
Concrete Cover [m] 0.15
Water

Kinematic Viscosity of Water [m2/s] 1.00E-06
Unit Weight of Water [kg/m3] 1000

Internal Water Pressure [ml 142

Water Pressure Behind the

Lining Prior Filling [m]

43.3

Water Pressure Behind the

Lining Prior Filling [m]

433

Crack Initiation Assessment

ts M 6L [pS]
0.00641 1.31552 462
Assessment of Contact between Lining and Rock After Cracking
Crack
Spacing  Crack width Contact
peff [m] [mm] KL A hwi APw1/APw  Pr/APw Remains
0.045 0.78 @ 4.92E-05 30.998854 1419 1.00 0.76 No
Leakage Through Cracked Lining When Lining - Reinforcement Stress
q [L/s/m] St_r_cr [MP] St_r [MP3
By increasing the
reinforcement rings to 2
Crack Initiation Assessment
1s M £0L [pS]
0.01281 1.63103 373
A of Ci b Lining and Rock After Cracking
Crack
Spacing  Crack width Contact
peff [m] [mm] KL A hwl APw1/APw  Pr/APw  Remains
0.090 0.65 0.24 1.76E-05 30.998854 111.7 1.00 0.61 No

Leakage Through Cracked Lining When Lining - Reinforcement Stress
q [L/s/m] St_r_cr [MP] St_r [MPa]
2.66 49.7 104.3



THANK YOU

mahdi.zoorabadi@smec.com



Nosmec

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.

engineering positive change | smec.com
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