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17 Installation of a Triple-Anchored Excavation Wall in Sand

17.1 Problem Statement

The benchmark exercise described by Schweiger (2002) consisting of a deep excavation problem
in Berlin sand is the basis for this example application. The problem studied by Schweiger is
also documented in the Plaxis Material Models Manual (2002). Both references are used here.
The geometry, basic assumptions and computational steps adopted for this example are taken from
the benchmark exercise. The model parameters are adapted from the Plaxis example description.
The results for wall deflection and surface settlements are compared to measurements and to Plaxis
predictions, respectively. The example shows the applicability of the Cysoil model and the PH model
(see Section 1.6.11 and Section 1.6.13 in Constitutive Models, respectively) for deep excavation
problems.

A sketch of the problem conditions in the benchmark exercise is presented in Figure 17.1. The soil
profile consists of two horizontal layers of Berlin sand. The thickness of the top layer (Layer 1) is
20 m, and the bottom layer (Layer 2) extends to 100 m depth below surface. The excavation is 60
m wide, and the final depth is 16.8 m. Plane-strain conditions and half symmetry are used for the
problem.

Figure 17.1 Problem geometry and excavation stages (after Schweiger 2002)
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Several specifications, taken from Schweiger (2002), are adopted for this example:

• The influence of the diaphragm wall construction is neglected.

• The diaphragm wall is modeled using beam structural elements (Young’s modulus = 30
GPa, Poisson’s ratio = 0.15, thickness = 0.8 m) that are connected to the soil via interface
elements.

• The horizontal hydraulic cutoff at 30 m depth is not considered as structural support; the
mechanical properties are assumed to be the same as for the surrounding soil.

• The ratio of effective horizontal stress to effective vertical stress, K0, is 0.43 for layer 1
and 0.38 for layer 2.

• Hydrostatic water pressures corresponding to water levels hold inside and outside the
excavation. (Full groundwater lowering inside the excavation is performed before the
excavation starts.)

• Anchors are modeled as rods, which are prestressed. The grouted part allows load transfer
to the soil.

The analysis described by Schweiger (2002) includes nine steps:

Stage 1 – Initialize stress state, including groundwater table, 3 m below soil
surface (given by σ ′

v = ρgd , σ ′
h = K0σ

′
v).

Stage 2 – Activate diaphragm wall and lower water level to −17.90 m in pit.

Stage 3 – Excavation step 1 (to level −4.80 m).

Stage 4 – Activate anchor row 1 at level −4.30 m and prestress anchors.

Stage 5 – Excavation step 2 (to level −9.30 m).

Stage 6 – Activate anchor row 2 at level −8.80 m and prestress anchors.

Stage 7 – Excavation step 3 (to level −14.35 m).

Stage 8 – Activate anchor row 3 at level −13.85 m and prestress anchors.

Stage 9 – Excavation step 4 (to level −16.80 m).
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Measurements of lateral wall deflection after the final excavation step are provided by Schweiger
(2002). The data are plotted in Figure 17.2.

Figure 17.2 Measured wall deflection (mm) as a function of depth below
surface (m), from Schweiger (2002)
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17.1.1 Material Properties from Benchmark Exercise

Material properties for the Berlin sand are adapted from the hardening-soil parameters listed in
the Plaxis Material Models Manual (2002) (see Table 10.13 in Example 10.8 of the manual). The
adapted hardening-soil properties are tabulated in Table 17.1.

Table 17.1 Berlin sand soil properties*

Hardening-Soil Property Layer 1 Layer 2

Dry density (kg/m3) 1900 1900
pref (MPa) 0.1 0.1
E
ref

50 (MPa) 45 75
E
ref
ur (MPa) 180 300

E
ref
oed (MPa) 45 75

Poisson’s ratio, νur 0.2 0.2
Cohesion, C 0 0
Friction angle, φ (degrees) 35 38
Dilation angle, ψ (degrees) 5 6
Power, m 0.55 0.55
Over consolidation ratio 1.0 1.0
Failure ratio, Rf 0.9 0.9

* adapted from Plaxis Material Models Manual (2002)

Note that in Table 17.1, the cohesion property is set to zero and the power m is set to 0.55 for
this exercise. Also, the data for oedometric stiffness, Erefoed , are derived as a result of a calibration
exercise that was performed to fit the calculated wall deflection to the value provided from field
measurements (shown in Figure 17.2). Eref50 is set equal to Erefoed .

The linear elastic properties for the diaphragm wall are given in Table 17.2, and the anchor speci-
fications are listed in Table 17.3.

Table 17.2 Diaphragm wall properties*

Density (kg/m3) 2400
Young’s modulus (GPa) 30.0
Poisson’s ratio 0.15

* from Schweiger (2002)
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Table 17.3 Anchor specifications*

Row 1 Row 2 Row 3

Location depth at wall (m) 4.80 9.30 14.35
Dip (degrees) 27 27 27
Total length (m) 19.8 23.3 23.8
Anchored length (m) 8.0 8.0 8.0
Spacing (m) 2.3 1.35 1.35
Prestress anchor force (kN) 768 945 980
Young’s modulus (GPa) 210 210 210
Cross-sectional area (m2) 0.0015 0.0015 0.0015

* from Schweiger (2002)

17.1.2 Cysoil and PH Material Properties

Both Cysoil and PH material models can simulate the same type of soil hardening behavior as that
represented by the Plaxis hardening-soil model, as described in the Plaxis Material Models Manual
(2002).

For the Cysoil model, the connection shown in Table 17.4 is proposed to relate Cysoil proper-
ties to Plaxis hardening-soil properties. See Section 1.6.11.4 in Constitutive Models. Note that
differences exist between the hardening and dilatancy laws of the two models.
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Table 17.4 Relation between Cysoil and Plaxis hardening-soil properties

Plaxis Hardening-Soil Hardening Cysoil

E
ref

50 –

E
ref
ur Geref = 1−2νur

2(1−νur )
E
ref

oed

Pref

E
ref
oed –

– R = E
ref
ur

E
ref

oed

1−νur
(1+νur )(1−2νur )

− 1

Cohesion, C zero

Friction angle, φ φf

Dilation angle, ψ ψf

Poisson’s ratio, νur νur

Tensile strength zero

Failure ratio, Rf idem

The Cysoil properties that correspond to the Berlin sand properties are listed in Table 17.5.

Table 17.5 Hardening Cysoil properties

Layer 1 Layer 2

Dry density, ρ (kg/m3) 1900 1900
Ultimate friction angle, φ (degrees) 35 38
Ultimate dilation angle, ψ (degrees) 5 6
Multiplier, R 3.444 3.444
Geref 168.75 281.25
Reference pressure, pref (MPa) 0.1 0.1
Poisson’s ratio, ν 0.2 0.2
Cohesion, C 0 0
Power, mk 0.55 0.55
Failure ratio, Rf 0.9 0.9
Over consolidation ratio, ocr 1.0 1.0
Cap-yield surface parameter, α 1.0 1.0
Calibration factor, β 0.5 0.5

In addition to the properties in Table 17.5, the Cysoil properties, initial mobilized friction angle,
φm, plastic shear strain, γ p, cap pressure, pc, and upper bound shear modulus, Gupper , are also
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required. These properties are stress dependent and are specified after the initial pre-excavation
stress state is established.

Friction hardening in the Cysoil model is characterized by a hyperbolic relation between the mo-
bilized friction angle and plastic shear strain. The initial value of mobilized friction and plastic
shear strain are calculated based upon the initial stress state using the equations described in Sec-
tion 1.6.11.4 in Constitutive Models. The calculations for initial mobilized friction and plastic
shear strain are performed for this example in FISH function “CY.FIS”.

A default value for cap pressure is input based upon the initial stress state using the equation given
in Section 1.6.11.4 in Constitutive Models. This is calculated in “CY.FIS”.

The upper bound estimate for tangent elastic shear modulus is then input in this example based
upon the initial cap pressure. See Section 1.6.11.4 in Constitutive Models. This is also calculated
in “CY.FIS”.

The PH model properties are the same as listed for Berlin sand in Table 17.1. In addition, in order to
provide a closer comparison to the Cysoil model, the internal calculation for the cap yielding surface
parameter, α, is over-written and manually set to 1.0. The hardening modulus for cap pressure,Hc,
is a function of α. Hc is recalculated for Layer 1 and 2 using the equation in Section 1.6.13.2 in
Constitutive Models.

The initial principal effective stresses (pini1 ,pini2 ,pini3 ) are also required input for the PH model. The
FISH function “SETEFFSTRESS.FIS” is used to obtain these values after the initial pre-excavation
stress state is established.

Table 17.6 PH properties

Layer 1 Layer 2

Dry density, ρ (kg/m3) 1900 1900
Friction angle, φ (degrees) 35 38
Dilation angle, ψ (degrees) 5 6
E
ref

50 (MPa) 45 75
E
ref
ur (MPa) 180 300

E
ref
oed (MPa) 45 75

Reference pressure, pref (MPa) 0.1 0.1
Poisson’s ratio, ν 0.2 0.2
Cohesion, C 0 0
Power, m 0.55 0.55
Failure ratio, Rf 0.9 0.9
Over consolidation ratio, ocr 1.0 1.0
Cap-yield surface parameter, α 1.0 1.0
Hardening modulus for cap pressure, Hc (MPa) 12.0 14.0
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17.2 Modeling Procedure

The FLAC simulation follows the analysis stages described in Section 17.1. The model is created
in a way that is similar to that described in Section 13. The project file for this simulation is
“DEEPEXC.PRJ”.

17.2.1 Set Model Conditions

The groundwater flow option, the adjust total stress option and structural elements are activated in
the Model options dialog from the graphical user interface.

The FLAC model, developed from the Build / Generate / Geometry Builder tool, is shown in Figure 17.3.
Note that by using the Set Beam Interface mode in the Geometry Builder / Edit tool, beam elements with
interface connections to the grid are automatically created to represent the diaphragm wall.

Two parallel branches are created to compare the Cysoil and PH material behavior. The Cysoil
model is assigned for the two soil layers, Layer 1 and Layer 2, in the first branch. The PH model
is assigned for the two layers in the second branch. The assignment of material properties for the
Cysoil and PH models is described in the following section. The properties for the beam elements,
representing the diaphragm wall, are prescribed based on Figure 17.1 and Table 17.2. The beam
density is not assigned at this stage, so that the effect of the wall is not activated until after the initial
pre-excavation stress state is applied.

The interfaces connecting the beam to the grid are assigned properties consistent with the behavior
of the adjacent soil: interface normal and shear stiffness of 1.0 GPa/m and interface friction of 35◦.

The fluid flow calculation is turned off and water density is set to 1000 kg/m3.
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Figure 17.3 FLAC model showing the two soil layers and location of
excavation wall

17.2.2 Initialize Stress State and Assign Properties for the Cysoil and PH Models – Stage 1

In the first branch, we use the Cysoil model to represent the behavior of the Berlin sand, with
properties listed in Table 17.5. We assume that the soil is normally consolidated.

The Cysoil properties pc, φm, γ p and Ge are stress-dependent, and these properties are specified
after the initial pre-excavation stress state is established. A variation of the “ININV.FIS” FISH
function (see Section 3 in the FISH volume) is used to initialize pore pressures and stresses
automatically from a known K0 for the two horizontal sand layers (K0 = 0.43 for Layer 1, and K0
= 0.38 for Layer 2), and for the initial water level set to 3 m below the ground surface. The FISH
function “ININV2.FIS” is executed to establish the stress state at Stage 1. The stress-dependent
Cysoil properties are then calculated and assigned using “CY.FIS”.

This same procedure is followed to assign the PH model and properties in the second branch.
Properties listed in Table 17.6 are input for Layer 1 and Layer 2. Note that the cap yielding surface
parameter, α, and the hardening modulus for cap pressure, Hc, are calculated internally by default.
The commands PROP alpha=1.0 hc=1.2e7 group ‘Layer 1’ and PROP alpha=1.0 hc=1.4e7 group ‘Layer
2’ are added to overwrite the calculated properties. See Section 1.6.13.2 in Constitutive Models.

FISH function “ININV2.FIS” is executed to calculate the initial stress state, and FISH function
“SETEFFSTRESS.FIS” is then executed to input the initial principal effective stresses (sig1, sig2
and sig3) based upon this stress state.
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17.2.3 Activate Diaphragm Wall and Dewater – Stage 2

The initial conditions with the diaphragm wall in place are established by assigning the material
density for the beam elements and cycling the model to mechanical equilibrium.

Displacements are now reset to zero to assess the impact of dewatering on differential settlements.
The water table level is lowered progressively (in five steps) at the pit location, with the final level
at 17.90 m below the ground surface. (Gradual lowering is performed to minimize the impact
of abrupt changes on the model response.) At each step, a hydrostatic pore pressure distribution
is assigned at the pit location, consistent with the new water table level and the presence of the
hydraulic barrier, 30 m below ground level. Also, saturation is set to zero above the current water
table level. The model is then cycled to mechanical equilibrium (fluid flow is off, fluid bulk modulus
is zero). Two effects are thereby taken into account in the calculations. First, the mechanical impact
of the change of pore pressure (due to dewatering) is taken into account by using the CONFIG ats
configuration. Second, the change of material bulk density resulting from material desaturation
above the water level is accounted for (automatically) by using the groundwater configuration.
Contours of pore pressure following dewatering are shown in Figure 17.4 for the Cysoil material
branch. Displacements induced by dewatering are shown in Figure 17.5 for Cysoil material and in
Figure 17.6 for PH material. The maximum displacement induced by dewatering is approximately
5 cm for Cysoil material and 13 cm for PH material.
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Figure 17.4 Pore pressure distribution following dewatering – Cysoil material
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Figure 17.5 Displacements induced by dewatering – Cysoil material
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Figure 17.6 Displacements induced by dewatering – PH material
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17.2.4 Excavate and Install Anchors – Stages 3 through 9

Displacements are reset to zero at the start of the excavation stage. The changes in pore pressure
taking place as a result of excavation are neglected in the analysis. Zones are removed from the
grid to simulate the excavation process for excavation step 1 (4.80 meters depth) and the model is
cycled to mechanical equilibrium.

A cable structural element, 19.8 m long, is installed at the excavation step 1 level at a dip of 27◦.
The top end of the cable is attached to the wall, and the last 8 m are anchored to the soil (the shear
bond strength is 100 MPa). The anchor is prestressed with a force of 768 kN. The pretensioning
is performed using FISH function “PRETENSION.FIS”, which is described in Section 1.10.5
in Structural Elements. The middle cable segment of the pretensioned section is deleted, and
a pretension axial load is applied to the two remaining segments and increased gradually (in six
steps) up to the lockoff load. Once the lockoff load is reached, the remaining pretensioned segments
are deleted, and a one-segment cable with tension set to 768 kN is installed and connected to the
grouted cable section and the wall. Figure 17.7 displays the axial force distribution in the anchor
at the lockoff load for the PH material branch.

Zones are then removed from the grid to a depth of 9.30 meters, and the model is cycled to mechanical
equilibrium.
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Figure 17.7 Axial forces in anchor at excavation step 1 after pretensioning –
PH material

The second row of anchors 23.3 m in length are now installed and prestressed with a 945 kN force
in the manner for excavation step 1. Zones are removed for the excavation to 14.35 depth, and the
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model is cycled to equilibrium again. The procedure is repeated once more for the third row of
anchors, 23.8 m in length with a 980 kN prestress force, and excavation to the final depth of 16.80
m.

Displacements induced by the first excavation step are shown in Figure 17.8 for Cysoil material and
in Figure 17.9 for PH material. The maximum heave at the bottom of the excavation is less than
2 cm for both materials. Calculated displacements after placement of the first row of anchors and
excavation step 2 are shown in Figure 17.10 for Cysoil material and Figure 17.11 for PH material.
The maximum cumulative displacement induced by the excavation at this stage is approximately 2
cm for Cysoil material and 2.9 cm for PH material.
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Figure 17.8 Displacements induced by excavation step 1 – Cysoil material
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Figure 17.9 Displacements induced by excavation step 1 – PH material
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Figure 17.10 Displacements induced by excavation step 2 – Cysoil material
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Figure 17.11 Displacements induced by excavation step 2 – PH material

The moment distribution in the diaphragm wall and the axial forces in the first row of anchors
are plotted in Figure 17.12 for Cysoil material and Figure 17.13 for PH material. The maximum
moment is approximately 0.4 MN-m; the maximum axial force in the anchors is approximately
0.82 MN for both materials.

FLAC Version 8.0



17 - 16 Example Applications

   FLAC (Version 8.00)

LEGEND

    2-Dec-15  20:13
  step     90943
 -3.500E+01 <x<  2.500E+01
 -5.000E+01 <y<  1.000E+01

anchor force

# 2 (Cable)     -3.579E+05
# 3 (Cable)     -8.221E+05
wall moment

Moment      on
Structure      Max. Value
# 1 (Beam )      3.820E+05
Boundary plot

0   1E  1

-4.500

-3.500

-2.500

-1.500

-0.500

 0.500

(*10^1)

-3.000 -2.000 -1.000  0.000  1.000  2.000
(*10^1)

JOB TITLE : Triple-Anchored Excavation Wall in Sand                                                   

Itasca Consulting Group, INC.           
Minneapolis, MN, USA.                   

Figure 17.12 Moment distribution in wall and axial force in anchor at excava-
tion step 2 – Cysoil material
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Figure 17.13 Moment distribution in wall and axial force in anchor at excava-
tion step 2 – PH material
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The displacements, wall moments and anchor forces after excavation step 4 are shown in Fig-
ures 17.14 and 17.15 for Cysoil material and in Figures 17.16 and 17.17 for PH material. The
maximum heave at the bottom of the excavation is roughly 3.5 cm for Cysoil material and 5.3 for
PH material. The maximum moment in the wall has increased to approximately 0.8 MN-m, and
the maximum axial force in the anchors is approximately 1.0 MN for both materials.

The calculated wall displacements after the final excavation step are compared to the measured
values in Figure 17.18.

The FLAC calculations for the surface settlement profile behind the wall are compared to the Plaxis
calculation given in the Plaxis Material Models Manual (2002) in Figure 17.19.
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Figure 17.14 Displacements induced by excavation after excavation step 4 –
Cysoil material
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Figure 17.15 Moment distribution in wall and axial force in anchor at excava-
tion step 4 – Cysoil material
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Figure 17.16 Displacements induced by excavation after excavation step 4 –
PH material
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Figure 17.17 Moment distribution in wall and axial force in anchor at excava-
tion step 4 – PH material
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Figure 17.18 Measured wall deflection and FLAC calculation for Cysoil ma-
terial and PH material
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Figure 17.19 Surface settlement profile calculation by FLAC for Cysoil and
PH material and Plaxis
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17.3 Remarks

The Cysoil model and PH model are applied to the benchmark exercise of a deep excavation in
sand described by Schweiger (2002). The properties for these models are both derived from the
properties of Berlin sand documented for the Plaxis hardening-soil model described in the Plaxis
Material Models Manual (2002). The PH model uses the Plaxis hardening-soil model properties
listed in Table 17.1 directly. The Cysoil model properties are connected to the Plaxis hardening-soil
properties through relations described in Section 1.6.11.4 in Constitutive Models.

The cap yield surface parameter, α, used in both the Cysoil model and the PH model is assumed
to be 1.0 for both models. The hardening modulus for the cap pressure, Hc, is related to α in the
PH model and is set using the relation described in Section 1.6.13.2 in Constitutive Models. The
calibration factor, β, is set to 0.5 for the Cysoil model. These calibrations to the material properties
result in the reasonable fit of FLAC model results to the field measurements of wall deflection and
calculated surface settlement from the Plaxis hardening-soil model.
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