


















3D1 Examination 2026 - Q3 & Q4 Solutions Dr. Sam Stanier (sas229)

Q.3.(a) - Pore pressure isochrones [25%]

The problem describes drainage at the base only (upper surface impermeable due to capping layer), so the drainage
path length is L = 12 m. The early phase ends when the consolidation front reaches the impermeable boundary.
This occurs at:

ttransition =
L2

12cv

=
122

12× 2.5

= 4.8 years

[5%]
At t = 0:

– Uniform excess pore pressure u′ = u′
i = 80 kPa throughout the layer

– No consolidation has occurred

[5%]
At t = 4 years:

T̃ =
cvt

L2
=

2.5× 4

144
= 0.069

Since T̃ < 1/12, we are in the early phase. Depth of consolidation front:

ℓ =
√
12cvt

=
√
12× 2.5× 4

= 10.95 m

The pore pressure distribution is:

– Parabolic from u′ = 0 at z = 0 to u′ = u′
i = 80 kPa at z = ℓ = 10.95 m

– Constant u′ = u′
i = 80 kPa from z = 10.95 m to z = L = 12 m

[5%]
At t = 12 years:

T̃ =
cvt

L2
=

2.5× 12

144
= 0.208

Since T̃ > 1/12, we are in the late phase. Maximum pore pressure (at impermeable boundary):

u′
L = u′

i exp
(
−3cv(t− t1)/L

2
)

= 80 exp (−3× 2.5× (12− 4.8)/144)

= 80 exp(−0.375)

= 80× 0.687

= 55.0 kPa

The pore pressure distribution is parabolic from u′ = 0 at z = 0 to u′ = u′
L = 55 kPa at z = L = 12 m. [5%]
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Sketch of all three isochrones:

[5%]

[Total 25%]

Q.3.(b) - Degree of consolidation and settlement [25%]

At t = 4 years, we established that T̃ = 0.069 (early phase) with consolidation front at ℓ = 10.95 m. The degree of
consolidation equals the ratio of dissipated to initial excess pore pressure area:

Ainitial = u′
i × L = 80× 12 = 960 kPa·m

[5%]

The area remaining comprises the parabolic region below the consolidation front plus the rectangular region of
constant excess pore pressure above it:

Aremaining =
2

3
ℓ u′

i + (L− ℓ)u′
i

=
2

3
× 10.95× 80 + (12− 10.95)× 80

= 584 + 84 = 668 kPa·m

[5%]
Therefore:

S̃ =
Ainitial −Aremaining

Ainitial
=

960− 668

960
= 0.304

[5%]
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The ultimate settlement corresponds to full dissipation of the 80 kPa excess pore pressure:

s∞ = mv∆σ′L

= 0.25× 10−3 × 80× 12

= 0.24 m

= 240 mm

[5%]

Settlement at t = 4 years:

s = S̃ × s∞

= 0.304× 240

= 73 mm

[5%]

[Total 25%]

Q.3.(c) - Swelling and permanent settlement [30%]

When pumping stops, the aquifer pressure recovers rapidly (the aquifer is permeable). The pore pressure at the base
of the clay layer returns to its original value.

[5%]

At this instant, the clay near the base has consolidated - it has reduced void ratio and is now at a higher effective
stress than the equilibrium condition. Relative to the new (recovered) boundary condition, the clay has negative
excess pore pressure. Water is drawn back into the clay from the aquifer, pore pressures rise, effective stresses fall,
and the clay swells.

[5%]

The clay is normally consolidated, meaning it was on the virgin compression line (λ-line) during loading. On
unloading, the clay follows the much stiffer swelling line (κ-line).

[5%]

For a given change in effective stress ∆σ′:

– Settlement (loading on λ-line): δs = mv∆σ′L

– Heave (unloading on κ-line): δh = (κ/λ)×mv∆σ′L

Since κ/λ = 0.2, the heave is only 20% of the settlement for the same stress change. [5%]

The settlement at t = 4 years was 73 mm, achieved by consolidation on the λ-line.
When the aquifer recovers, the clay swells on the κ-line. The maximum heave (as t → ∞) is:

h∞ =
κ

λ
× s(t = 4)

= 0.2× 73

= 15 mm

[5%]
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Therefore the permanent settlement is:

spermanent = s(t = 4)− h∞

= 73− 15

= 58 mm

[5%]

[Total 30%]

Q.3.(d) - Settlement-time response [20%]

The settlement-time curve should show:

– Rapid increase from t = 0, curving as rate decreases (
√
t behaviour in early phase)

– Settlement reaches 73 mm at t = 4 years

[10%]

– After t = 4 years: settlement decreases (heave) as clay swells

– Swelling is rapid initially then slows, asymptotic behaviour towards a permanent settlement of 58 mm

– Swelling completes faster than consolidation due to higher cv,swell

[10%]

The curve shows a clear peak at t = 4 years followed by partial recovery. The permanent settlement of 58 mm
represents the irrecoverable plastic strain from loading on the virgin compression line.

[Total 20%]
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Q.4.(a) - Uniaxial capacities [40%]

From the databook, the ultimate vertical bearing capacity for undrained loading of a surface foundation is:

qf = Nc · sc · su

Bearing capacity factor:

Nc = 5.14

Shape factor:

sc = 1 + 0.2
B

L

= 1 + 0.2× 12

20
= 1.12

[5%]
Ultimate bearing pressure:

qf = 5.14× 1.12× 40

= 230 kPa

Ultimate vertical capacity:

Vult = qf ×B × L

= 230× 12× 20

= 55200 kN

= 55.2 MN

[5%]
Horizontal capacity, Hult:

The horizontal capacity is governed by sliding at the soil-foundation interface, assuming full adhesion:

Hult = B × L× su

= 12× 20× 40

= 9600 kN

= 9.6 MN

[5%]
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Moment capacity, Mult:

Consider a scoop mechanism rotating about an axis along the long edge of the foundation. The scoop has half-angle
α and radius r = B/(2 sinα): [5%]

For a virtual rotation δθ about the scoop centre:
Arc length of slip surface:

Larc = 2α · r =
αB

sinα

Displacement along the arc:

δs = r · δθ =
B

2 sinα
· δθ

Energy dissipated along the slip surface:

δWint = su × Larc × L× δs

= su × αB

sinα
× L× B

2 sinα
· δθ

=
suB

2Lα

2 sin2 α
· δθ

[5%]
External work done by the moment:

δWext = M · δθ

Equating internal and external work:

Mult =
suB

2Lα

2 sin2 α

[5%]
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To find the optimal mechanism, minimise Mult with respect to α:

d

dα

(
α

sin2 α

)
= 0

sin2 α− 2α sinα cosα

sin4 α
= 0

sinα = 2α cosα

tanα = 2α

Solving numerically gives α = 67◦ (1.17 rad). Substituting:

α

2 sin2 α
=

1.17

2× 0.9212
=

1.17

1.70
= 0.69

Therefore:

Mult = 0.69 ·B2L · su Q.E.D.

[5%]
Numerical value:

Mult = 0.69× 122 × 20× 40

= 79500 kN·m
= 79.5 MN·m

[5%]

[Total 40%]

Q.4.(b) - Design earthquake check [40%]

Vertical load (unchanged):

V = mg = 19 MN

[5%]
Horizontal load:

H = ma =
V

g
· a = V · a

g

[5%]
Overturning moment about foundation level:

M = ma · h = V · h · a
g

[5%]
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Loads at a = 0.35g:

V = 19 MN

H = 19× 0.35 = 6.65 MN

M = 19× 10× 0.35 = 66.5 MN·m

Normalised loads:

V

Vult
=

19

55.2
= 0.344

H

Hult
=

6.65

9.6
= 0.693

M

Mult
=

66.5

79.5
= 0.836

[5%]
Apply Taiebat & Carter failure surface:

From the databook, the VHM failure surface with interface tension and some rearrangement is:(
V

Vult

)2

+

[
M

Mult

(
1− 0.3

H

Hult

)]2
+

∣∣∣∣ H

Hult

∣∣∣∣3 = 1

[5%]
Substituting:

LHS = (0.344)2 + [0.836× (1− 0.3× 0.693)]
2
+ (0.693)3

= 0.118 + [0.836× 0.792]
2
+ 0.333

= 0.118 + (0.662)2 + 0.333

= 0.118 + 0.438 + 0.333

= 0.889 < 1

[10%]

Since LHS < 1, the load state lies inside the failure surface. Therefore the foundation can safely resist the design
earthquake with a = 0.35g. Therefore the foundation can safely resist the design earthquake with a = 0.35g.

[5%]

[Total 40%]
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Q.4.(c) - Implications of interface tension assumption [20%]

Any four of the below points.

Physical meaning:

– The foundation is effectively “bonded” to the soil. Tensile stresses can develop at the interface without sepa-
ration occurring.

Valid assumption when we have:

– Skirted foundations where soil is trapped between skirts and suction can develop

– Suction caissons where negative pore pressures provide tensile capacity

– Foundations with sufficient embedment where the weight of overlying soil prevents separation

– Short-duration loading where there is insufficient time for drainage and separation to occur

Implications for the loss of interface tension:

– The effective contact area reduces as the foundation rocks onto one edge

– The problem reverts to Meyerhof’s reduced effective area approach

– The bearing capacity is reduced compared to the tension-sustained case

– The failure surface in V-H-M space contracts significantly

Implications for the earthquake loading problem:

– The bearing capacity would be reduced

– The foundation would experience rocking behaviour

– Energy dissipation through repeated lift-off and impact could occur

– P-δ effects from the tilting foundation could increase the overturning moments

– For a conservative design, the analysis should be repeated using Meyerhof’s reduced area approach (without
interface tension) and the results compared

[Total 20%]
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