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ABSTRACT: This paper presents a back analysis of a monitored diaphragm wall in layered sand and clay
soils in Perth, Western Australia. During construction of the diaphragm wall, inclinometer casings were in-
stalled within the reinforcement cage and rotation of the diaphragm wall was measured. This paper outlines
the ground conditions, excavation works, monitored displacements and back analysis results. The back analy-
sis was completed using finite element package Plaxis 2D to analyse the design parameters and determine op-
timal input values. The modelling results are presented in this paper and comments are made regarding the

back analysis including design parameters.

1 INTRODUCTION

The presentation of back analysis is considered use-
ful for industry. By publishing monitoring data from
substructures such as retaining walls, practitioners
can benchmark future designs against real examples
and understand the performance of geotechnical de-
signs in certain geological/regional environments.

This paper presents the results of simple monitor-
ing of a cantilever diaphragm wall. Monitoring was
carried out both during excavation, and for a short
time following completion of the excavation, prior
to construction of permanent floor slabs. The retain-
ing wall was required to support the excavation of a
two-level basement for a proposed residential prop-
erty in South Perth, Western Australia.

Whilst wall movements were not large, the pres-
ence of variable sand and clay deposits within the
site area resulted in relatively significant variability
in wall movements. This paper provides a summary
of the variable ground conditions, the recorded dis-
placements in the wall and the application of varia-
ble stratigraphy in the back analysis. Although the
cantilever condition was only in place for a short
time before construction of permanent props (floor
slabs), consideration was also given in the back
analysis to the short- and long-term behavior of the
clay soils behind the wall and how this impacted the
timing of deflections.
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2 SITE DETAILS

The site surface was relatively flat with existing
ground levels ranging from RL 3.85 m to RL 1.8 m.
Residential properties surrounded the site, with an
existing five level basement to one side. As a result
of the existing basement to one side, the diaphragm
wall was only constructed on the remaining three
sides of the excavation.

During construction of the diaphragm wall, four
inclinometer casings were installed within the rein-
forcement cages. The layout of the wall and the lo-
cation of the inclinometers are shown in Figure 1.

3 GROUND AND GROUNDWATER
CONDITIONS

Published geological maps for the area depict the
site as being underlain by layered soils viz. alluvium
comprising sand overlying sand sandy clay of the
Guilford Formation.

The geotechnical investigation was limited to pi-
ezocone penetration testing (CPTu) and boreholes
carried out using push probing. Standpipes were in-
stalled to measure groundwater elevations at the
time of the investigation.
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Figure 1. Location of Inclinometers and Wall Pan-
els.

The results of the investigations were generally con-
sistent with published information, encountering
medium dense to dense sand underlain by a 2-3 m
thick layer of low to intermediate plasticity very stiff
to hard clay over variable interbedded dense sands
and very stiff to hard clays.

The groundwater level in the shallow sands is
closely linked to the nearby river level, which gener-
ally varies between around RL 0 m AHD and RL 1.5
m AHD.

The water level adopted for the short-term design
and back analysis was RL0O.5 m AHD. This is ap-
proximately 3 m below the ground level behind the
retaining wall and approximately 3.5 m above the
excavation level.

4 EXCAVATION/ CONSTRUCTION WORKS

Aside from localized over excavation for lift pits,
sumps etc., the bulk excavation level was RL -3.0 m.
This is approximately 6.5 m below the surrounding
ground level.

The diaphragm wall had a width of 800 mm and
embedded depth of 18.5 m along all sides. Based on
the retained height of 6.5 m this equates to a ratio of
retention to embedment of approximately 1:2 (re-
tained:embedded). Based on the authors experience,
this is on the conservative side of typical cantilever
lengths in similar geology.

The bulk excavation had a plan area of around 45
m by 30 m.

Excavation of the basement was carried out during
a period of approximately 3 weeks during March
and April 2018.

The variation in soil types between sand and clay
units are difficult to see from the grouped results
presented in Figure 2 but can be seen more clearly
when looking at individual test locations. Figures 3
and 4 show a summary of the test results from two
CPTs located in the vicinity of INC-01 (CPTu 5) and
INC-03 (CPTu 6) respectively.
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Figure 3. Summary of CPT data (CPTu 5).
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Figure 4. Summary of CPT data (CPTu 6).




From the CPT plots it can be seen that in the vi-
cinity of INC-03, the cone resistance is generally
lower than the other traces directly below the base-
ment formation level. The average qc value below
the basement excavation and continuous clay unit in
the vicinity of INC-03 is around 4 MPa, whilst the
average (c in the vicinity of INC-01 is generally
higher. When considering the friction ratio in com-
bination with the cone resistance, the results in the
vicinity of INC-01 show much greater proportion of
sand units. The difference in soil behavior is shown
graphically in the Soil Behaviour Type assessment
in line with Robertson (2010), shown in Figure 5,
carried out using CPeT-IT.
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Figure 5. Comparison of Soil Type using CPT data.

5 MONITORING DATA

Inclinometers were attached to the reinforcement
cage at four locations as shown in Figure 1. Follow-
ing the initial reading of baseline values, each incli-
nometer was monitored at least three times. A sum-
mary of the general excavation timing against the
readings is presented in Table 1.

Table 1. Summary of Excavation stage with dates.

Locations Date
28/03/18 19/04/18 08/06/18
1 None Full Full
2,3and 4 Partial Full Full
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Displacements measured at INC-01, INC-02, INC-
03 and INC-04 over time are presented in Figures 6-
9. Figure 10 presents displacements measured at all
inclinometers in June of 2018, around 7 weeks fol-
lowing completion of the bulk excavation. It is ob-
served that maximum displacements are measured at
INC-03 on the eastern section of the wall.

The horizontal movement of the top of the incli-
nometer casing was not surveyed as part of the mon-
itoring. As such, it is not possible to calculate the
horizontal movement of the base of the wall and the
assumption is made that the base of the wall did not
move. Although surveying of the top of the casing is
regarded as best practice, this assumption is consid-
ered reasonable due to the significant depth of the
wall and competent soils at this depth.

From the inclinometer readings, a number of basic
conclusions can be drawn. Firstly, it can be seen that
the magnitude of maximum movement for INC-03 is
around twice that of INC-01, -02 and -04 which are
all of a similar magnitude.

INC-04 shows a different shape of deflection,
with less bending of the wall compared to the other
inclinometers. This is expected to be due to the plan
geometry of the wall where INC-04 is located,
which results in increased stiffness due to the
presence of the nearby internal corner in the dia-
phragm wall as compared to uniform linear wall
panels.

The progression of movement in the weeks fol-
lowing the completion of the basement excavation is
significant, implying consolidation of the clay units
present at the site. Unfortunately, the number of
readings and timing do not allow an assessment of
the degree of consolidation of clay units.

6 BACK ANALYSIS
6.1 General

Limited back analysis was carried out to check the
results of the inclinometers against the use of the ad-
vanced soil models within Plaxis. The intention of
the back analysis was to help derive the complex
values required in the Small Strain Hardening Soil
models for both the sands and the clay soils.

Whilst values for the quartz sands are routinely
derived for design-based cone penetration testing,
the parameters for the clay are considered to be more
difficult to obtain. As a result, an attempt was made
to use empirical correlations for the clay values and
test this against the monitored behavior of the wall.
In addition, the back analysis was carried out to
check the use of the CPT import tool in Plaxis to de-
rive the stratigraphy at each CPT location.
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Figure 6. Measured displacements — INC-01.
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Figure 7. Measured displacements — INC-02.
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Figure 8. Measured displacements — INC-03.
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Figure 9. Measured displacements — INC-04.
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Figure 10. Measured displacements at INC-01, INC-02, INC-
03 and INC-04 at end of excavation.

All soils were modelled using the hardening soil
model with small-strain stiffness (HSsmall). This
model describes soil stiffness more accurately by us-
ing the secant stiffness in standard drained triaxial
test (Eso), the unloading/ reloading stiffness (Eur), the
tangent stiffness for primary oedometer loading
(Eoed), and the small strain shear modulus (Go). The
model accounts for stress-dependency of the stiff-
ness modulus. The advantage of using these models
is a more accurate prediction of movements outside
of the excavation. As Plaxis is commonly used in
urban basement design to check movement of adja-
cent structures, this is commonly a critical require-
ment of the modelling. If a single Young’s Modulus
is used for this assessment, on the basis that the cor-
rect modulus is used for the wall movement, the
model is likely to over-predict soil movements away
from the excavation.

Soil stratigraphy was generated using CPT data
wherein cone resistance, sleeve friction and porewa-
ter pressure measurements from CPT readings near



the inclinometers were imported in Plaxis and classi-
fied using the CUR 3-layer system in which soils are
classified into sand, silt and clay using the measured
cone tip resistance and sleeve friction.

Wall stiffness was based on a concrete Young’s
Modulus of 34 GPa and an uncracked section based
on the 800 mm panel width.

Three sections were modelled. CPT data from
CPTu 2 and inclinometer data from INC-02 were
used for section A, CPT data from CPTu 5 and in-
clinometer data from INC-01 were used for section
B and data from CPTu 6 was used to assess higher
displacements measured at INC-03. INC-04 was not
back analysed due to the stiffening effect observed
as a result of the wall geometry in this area.

Table 2. Parameters for clay/ silt.

Parameter Preliminary ~ Back Analysis
Unit weight 18 KN/m? 18 kKN/m?

c’ 2 kPa 2 kPa

0’ 30 degrees 30 degrees
Eso 20 MPa 35 MPa

Eoed 25 MPa 30 MPa

Euw 45 MPa 71 MPa
Horizontal permeability 5x 10°m/s  5x 102 m/s
Vertical permeability 5x10°m/s  5x 102 m/s
OCR 1 1

Table 3. Parameters for sand.

Parameter Value

Unit weight 18-20 kN/m?3

o 35-42 degrees

Eso 30-60 MPa

Eoed 30-60 MPa

Eur 90-180 MPa

Horizontal permeability 4x10% m/s

Vertical permeability 4x 10 m/s

OCR 1.5

6.2 Parameters

The stiffness parameters for the clay soils were ini-
tially derived using basic correlations between the
cone tip resistance, undrained shear strength and
stiffness. Permeability values were initially obtained
from a single triaxial permeability test carried out at
the site.

Following the use of standard correlations, the
values were adjusted until a close match was found
between the monitored and calculated displace-
ments. It is worth noting that the initial correlations
between CPT cone resistance and undrained
Young’s Modulus adopted required very little altera-
tion before a close match was obtained. The most
critical parameter was found to be the permeability
of the clay units and the timing of the displacements
between “undrained” and “drained” values.

Preliminary design values for clay are presented in
Table 2. A summary of the parameters obtained
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based on the back analysis is presented in Tables 2
and 3.

6.3 Stratigraphy

The stratigraphy was automated for each section us-
ing the CPT data import tool in Plaxis. An example
of Section A using CPTu 2 has been presented in
Figure 11 based on an adopted minimum layer
thickness of 0.9 m.

B Modify soil layers
Borehole_1

% 50.00
Head |}3.500

Field data
CPTu 6.txt [FieldDa ~

=+ Interpretation CUR 3 layers

Mo oo ]
m Apply layers

~

Figure 11. Stratigraphy at Section A using CPTu 6 imported to
Plaxis.

6.4 Results of Back Analysis

Displacements calculated using back analysis are
compared against measured displacements and are
presented in Figures 12-14. Each of the models were
based on consolidation analysis using the approxi-
mate timeframe for the excavation.

Additional cases were also analysed where the en-
tire soil strata are assumed to be of a particular soil
type i.e. only clay/ silt or only dense sand etc. The
purpose of this was to evaluate the relative differ-
ence between the different soil units and to allow
comparison of the undrained/drained displacements
in the clay unit. Results from this analysis have been
plotted in Figure 15.

7 DISCUSSION

Using established correlations and stratigraphy de-
rived from the CPT data it has been possible to de-
rive a good match between the measured displace-
ments and the calculated displacements and the rate
of progress of movements over time. In addition, the
variable deflection of the wall can easily be matched
by adoption of the variable ground conditions ob-
served from the CPTs carried out in the vicinity of
each inclinometer.
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The results show a close match with the measured
values, taking note of the assumed absence of meas-
urable horizontal movement at the toe of the walls.
The Plaxis models all calculate less than 2 mm of
movement at the toe of the wall which is not consid-
ered a significant amount for the back analysis.

The most difficult parameter to derive was the
permeability of the clay soils and the resultant rate
of change between undrained and drained behavior.
This parameter can be critical for the design of canti-
lever retaining walls, due to the potential savings in
wall construction costs and reduced movements
when short term undrained values are taken into ac-
count.

For future projects it is worth considering spend-
ing more time investigating the mass permeability of
the clay soils and time for consolidation to be
reached. During the back analysis it was found that
the permeability parameter had a very significant
impact on the rate of displacement of the wall.
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