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1. Introduction

In nonlinear geotechnical analysis, where the soil mass is represented using finite elements, it
is necessary to determine whether short-term (undrained), long-term (drained), or fully coupled
consolidation behaviour should be modelled. The choice between these approaches is primarily
governed by the soil types represented in the model and, in particular, their permeability. Soil
permeability controls the rate at which excess pore water pressures generated by excavation
or construction activities dissipate.

Sandy or gravelly soils, which typically have relatively high permeability, allow excess pore
water pressures to dissipate rapidly. In such cases, a drained analysis is generally appropriate.

In contrast, clay-rich soils have low permeability, so excess pore water pressures dissipate
much more slowly, and it may take many years for equilibrium conditions to be reached. For
such soils, it is important to determine whether short-term behaviour (immediately after
construction, prior to dissipation of excess pore water pressures) or long-term behaviour (after
full dissipation of excess pore water pressures) should be modelled. The appropriate choice
depends on whether short-term or long-term conditions govern stability. Cuttings and
excavations are generally more stable under short-term conditions due to the development of
negative excess pore water pressures, whereas embankments and foundations are typically
more stable under long-term conditions, once excess pore water pressures have fully
dissipated.

Geotechnical engineers typically assess these short-term and long-term bounds using standard
single-phase continuum elements, manually switching between total stress parameters (for
undrained conditions) and effective stress parameters (for drained conditions). When the soil
mass is represented using two-phase continuum elements in LUSAS, this manual switching is
unnecessary because the soil skeleton and pore fluid are explicitly considered. By assigning a
Drained or Undrained attribute to a specific construction stage, users can calculate the
corresponding long-term or short-term equilibrium state within a single static increment (or
branch analysis). A transient analysis can be performed to model the progression of the
consolidation process between these two limiting states.

For a consolidation analysis, it is necessary to define both the elastic properties of the soil and
the properties required to represent its two-phase behaviour. A geotechnical material model
that accounts for elasto-plastic behaviour can be used to capture the effect of changes in
effective stress on the shear strength of the soil.

This technical note presents the results of an illustrative example. Readers are also encouraged
to consult the LUSAS step-by-step geotechnical worked examples and geotechnical overview
examples for further information.

2. lllustrative example

2.1 Description

The 2D plane-strain model is shown in Figure 1. The fully saturated clay layer, 45 m in depth,
is modelled using two-phase plane-strain elements (quadrilateral elements with quadratic
interpolation order). The groundwater table is assumed to coincide with the ground surface.
The clay is modelled as an isotropic, linear-elastic, two-phase material.

A locally refined mesh is used in the central region of the model, as this area is the main focus
of the analysis. The model boundaries are located sufficiently far from this region to ensure that
the effects of the boundary conditions do not influence the response in the area of interest.
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Figure 1— 2D plane-strain model.

2.2 Analysis stages

2.2.1 Initial conditions

Initially, the soil is assumed to be in a state of rest. The pore water pressure distribution is
shown in Figure 2. Under hydrostatic conditions, the maximum pore water pressure at a depth
of 45 m is 441.5 kPa. The vertical effective stress distribution is presented in Figure 3.

Analysis: Analysis 1

Loadcase: 1:Initial conditions, 1:Increment 1
Results file: Consolidation~Analysis 1.mys
Entity: Displacement

Component (Nodal): PRES (Units: kN/m?)

0.0

Maximum 441.45 at node 1
Minimum 0.0 at node 62

Figure 2 — Initial conditions: Pore water pressure distribution.

Analysis: Analysis 1

Loadcase: 1:Initial conditions, 1:Increment 1
Results file: Consolidation~Analysis 1.mys

Entity: Stress - Two phase plane strain

Component (Averaged nodal): SY_eff (Units: kN/m?)

-397.306
-3563.16
-309.015
-264.87
-220.725
-176.58

-132.435
-88.29
44145

Maximum 0.0 at node 2271 of element 721
Minimum -397.305 at node 1 of element 1

Figure 3 — Initial conditions: Vertical effective stress distribution.

2.2.2 Undrained (short-term) conditions

Under undrained (short-term) conditions, the application of a distributed load results in the pore
water pressure distribution shown in Figure 4 and the vertical effective stress distribution shown
in Figure 5. The soil region beneath the applied load is of particular interest, as the excess pore
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water pressure in this area is almost equal to the increase in total stress, while the vertical
effective stresses remain almost unchanged.

50.0 kN/m2

Analysis: Analysis 1

Loadcase: 2:Undrained conditions, 2:Increment 2
Results file: Consolidation~Analysis 1.mys
Entity: Displacement

Component (Nodal): PRES (Units: kN/m?)

0.0
50.1821
100.364
150.546
200.729
250.911
301.093
351.275
401.457

Maximum 450.878 at node 4558
Minimum -0.760884 at node 126

gy

Figure 4 — Undrained conditions: Pore water pressure distribution.
50.0 kN/m2

Analysis: Analysis 1

Loadcase: 2:Undrained conditions, 2:Increment 2
Results file: Consolidation~Analysis 1.mys 885
Entity: Stress - Two phase plane strain

Component (Averaged nodal): SY_eff (Units: kN/m?)

-360.762
-315.667
-270.571
-225.476
-180.381
-135.286
-90.1905
-45.0952
0.0

Maximum 8.5296 at node 112 of element 691
Minimum -397.328 at node 4547 of element 1560

g G 1

Figure 5 — Undrained conditions: Vertical effective stress distribution.

Figure 6 presents the deformed mesh plot, with the deformation shown at an exaggerated
scale, together with the distribution of vertical displacement.

Analysis: Analysis 1

Loadcase: 2:Undrained conditions, 2:Increment 2
Results file: Consolidation~Analysis 1.mys

Entity: Displacement

Component (Nodal): DY {(Units: m)

0143176 i
0122723
0102269
200818151
0.0613613
00409075

-0.0204538

0.0

0.0204538
Maximum 0.0393899 at node 62
Minimum -0.144694 at node 4597

1111118

Figure 6 — Undrained conditions: Deformed mesh plot and vertical displacement distribution.

2.2.3 Drained (long-term) conditions

Once the excess pore water pressures have fully dissipated (i.e. under drained or long-term
conditions), the pore water pressure distribution is identical to that of the unloaded state (see
Figure 7). As shown in Figure 8, the vertical effective stresses beneath the applied load are
similar in magnitude to the applied stress, indicating that the entire load is carried by the soil
skeleton.
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50.0 kN/m2

Analysis: Analysis 2

Loadcase: 4:Drained conditions, 2:Increment 2
Results file: Consolidation~Analysis 2.mys
Entity: Displacement

Component (Nodal): PRES (Units: kN/m?)

0.0
49.05
98.1

14715
- 196.2
245.25
2943
343.35
392.4

Maximum 441.45 at node 1
Minimum 0.0 at node 62

g

Figure 7 — Drained conditions: Pore water pressure distribution.
50.0 kN/m2

Analysis: Analysis 2

Loadcase: 4:Drained conditions, 2:Increment 2
Results file: Consolidation~Analysis 2.mys 50,2106
Entity: Stress - Two phase plane strain

Component (Averaged nodal): SY_eff (Units: kN/m?)

-362.274
-316.99 :
-271.706

-226.422

- -181.137
-135.853
-90.5686
-45.2843
0.0

Maximum 1.23382 at node 116 of element 693
Minimum -406.325 at node 4558 of element 1680

Figure 8 — Drained conditions: Vertical effective stress distribution.

Figure 9 presents the deformed mesh plot, with the deformation shown at an exaggerated
scale, together with the distribution of vertical displacement.

Analysis: Analysis 2

Loadcase: 4:Drained conditions, 2:Increment 2
Results file: Consolidation~Analysis 2.mys
Entity: Displacement

Component (Nodal): DY (Units: m)

i !
-0.220538 IIIIIIIIumm ||
-0.192971 :ml ll:luuuumluu i
" -0.165403 s e
-0.137836 L
-0.110269 At T e o
-0.0827017
-0.0551345
-0.0275672
0.0

Maximum 9.10078E-3 at node 105
Minimum -0.239004 at node 4597

Figure 9 — Drained conditions: Deformed mesh plot and vertical displacement distribution.

2.2.4 Consolidation

The results of the time-dependent consolidation analysis are presented in Figure 10, Figure 11,
and Figure 12. Water is permitted to flow through the ground surface nodes (drainage
boundaries), allowing excess pore water pressures to dissipate gradually.

Figure 10 (node at X =50 m, Y = 45 m): At t = 0 (undrained conditions), the application of the
distributed load generates excess pore water pressures. As time progresses, the excess pore
water pressures gradually dissipate. At the end of the consolidation process (drained
conditions), the excess pore water pressures have fully dissipated.

Figure 11 (node at X =50 m, Y = 45 m): Att = 0 (undrained conditions), the applied load is
carried almost entirely by the pore water. As time progresses, an increasing proportion of the
load is transferred to the soil skeleton. At the end of the consolidation process (drained
conditions), the vertical effective stress reaches -50 kPa, which is equal to the applied stress.
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Figure 10 — Consolidation: Pore water pressure—time graph.
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Figure 11 — Consolidation: Vertical effective stress—time graph.

As shown in Figure 12, the long-term (drained) vertical deflection is much greater than the short-
term (undrained) deflection. The difference between long-term and short-term deflections may
be even more pronounced under different soil and loading conditions.
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Figure 12 — Consolidation: Vertical displacement-time graph.
3. Summary

This technical note presents the results of three analyses: an undrained analysis, a drained
analysis, and a consolidation analysis. The undrained and drained analyses are not time-
dependent and represent the initial and final stages of the consolidation process, respectively.
In contrast, the consolidation analysis is time-dependent and captures the complete
consolidation process, including changes in pore water pressure, effective stress, and
settlement.

For a consolidation analysis, it is necessary to define both the elastic properties of the soil and
the properties required to represent its two-phase behaviour. A geotechnical material model
that accounts for elasto-plastic behaviour can be used to capture the effect of changes in
effective stress on the shear strength of the soil.

By tracking changes in pore water pressure, effective stress, and settlement over time,
engineers can evaluate both the serviceability of a structure, in terms of the magnitude and rate
of settlement, and its stability, taking into account the increase in soil shear strength as excess
pore water pressures dissipate.

If you have any doubts or require specific advice for your type of analysis, please contact the
LUSAS Technical Support team at support@lusas.com.
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