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Summary

The Goongoongup Rail Bridge was opened in 1995 and crosses the Swan River from East

Perth to the Burswood Peninsular. The eastern abutment on the Burswood Peninsular is underlain by soft silty
clay of about 20 m maximum thickness. Investigations prior to construction indicated that considerable vertical
and horizontal soil movements would develop in response to construction of the approach embankment. The
paper presents a summary of geotechnical conditions at the site, the results of the initial design evaluation, and
compares these estimates with measured performance of the bridge abutment to date. The importance of creep to

the performance of the abutment is highlighted.

1. INTRODUCTION

The Goongoongup Rail Bridge was opened to
service in 1995 as a replacement of an existing
wooden bridge, and carries a dual track rail line
across the Swan River from East Perth to the
Burswood Peninsular. The eastern abutment on the
Burswood Peninsular is underlain by a soft silty clay
stratum, of about 21 m maximum thickness. Due to
time constraints, wick drains were installed below
the eastern approach embankment to accelerate
settlement. In recognition of the amount of
movement likely to occur after construction, a
concrete approach slab to the abutment (eastern
approach structure) was supported on piles driven
through the embankment.

The site is also the location of a new road bridge that
is under construction at the time of writing. As
shown in Figure 1, the road bridge is situated
immediately to the north of the Goongoongup Rail
Bridge.

Since commencement of construction, a range of
instruments have been monitored to assess the
response of the abutment and to evaluate its future
performance. This paper presents a summary of the
geotechnical conditions beneath the eastern
abutment, an overview of the monitoring data, and
compares current performance of the abutment with
predictions made during design of the structure.

2. GEOTECHNICAL CONDITIONS

Geotechnical conditions beneath the eastern
approach structure and abutment comprise soft silty
clays with a maximum thickness of about 21 m.
Investigations indicated that this material reduces in
thickness with distance from the river, and it was not
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Figure 1. Location of structures.

detected 300 m inland from the eastern river bank.
The soft clay was covered by a layer of granular fill
of 2 to 4 m thickness.

The soft clay stratum is underlain by medium dense
to very dense silty sand, clayey sand and stiff to very
stiff clay. A simplified section through the site along
the railway alignment is shown in Figure 2. The
original ground surface was between about RL 1.5
and 3, and the base of the soft clay was at about
RL -24 at its deepest point. The soft clay was of
relatively uniform thickness in the north-south
direction, at right angles to the rail centreline.

The undrained shear strength of the soft clay deposit
determined from in-situ vane shear tests and
laboratory direct shear tests varied from about
20 kPa near the surface to about 50 kPa towards the
base of the layer. The clay has a liquid limit of
between about 85% and 120%, plastic limit of about
30%, and natural water content in the range 60% to
100%. Compression parameters for the deposit were
assessed on the basis of laboratory consolidation
tests performed by Golder Associates for this project
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Figure 2. Geotechnical cross-section along rail centreline.

and for the nearby Burswood Resort complex, tests
undertaken by Lee Goh (1994), and also from site
investigation data and back analysis performed by
Main Roads WA for an abandoned road
embankment several hundred metres to the south of
the present site. For design of vertical drains, a
coefficient of consolidation, C, = 5m%yr was
assessed as being appropriate. Primary settlement
calculations were based on C/(l+e,) of about 0.3.
For secondary compression estimates, Coe = 2 %/log
cycle was used, essentially on the basis of the upper
quartile of the laboratory test results.

3. CONSTRUCTION

Initial earthworks at the site encompassed the rail
embankment and part of the future road bridge
embankment. In May 1993 about a 1.5 m thick layer
of fly ash was removed from the footprint area of
both embankments and replaced with limestone fill.
Instrumentation was then installed, and a 1 m thick
working sand pad was established across the site in
September. The instrumentation comprised:

8 borehole inclinometers;

e 4 Sondex multilevel settlement measuring
devices positioned around inclinometers;

e 13 vibrating wire pore pressure transducers;

e 2 oil-filled soil pressure cells; and
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e 3 Casagrande standpipe piezometers.

During October 1993, wick drains were installed to
the base of the soft clay, at 1.8 m spacing on a
triangular pattern. At this stage, 24 settlement plates
were positioned over the working pad. In December
the rail embankment was raised to RL 6, with berms
to between RL 4 and 4.5. The berms were extended
out over the future road bridge embankment and to
the river foreshore. Vertical rods from the settlement
plates were extended up through the embankment as
fill was placed. In June 1994 the rail embankment

“was raised to RL 10. The extent of earthworks at that

stage is illustrated in Figure 3. The minimum
estimated factor of safety at any stage of
construction was about 1.15, ignoring strength gain
due to consolidation.

The east abutment piles were driven in August 1994
and construction of the east abutment and pile
supported approach slab was completed in May
1995. The approach slab is supported by twenty
350 mm square reinforced concrete piles founded
between about RL -19 and RL -26. The abutment is
supported on thirteen 406 mm diameter steel pipe
piles founded at about RL -32.

The bridge was opened to service in July 1995. The
berm in front of the abutment, extending to the river
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Figure 3. Extent of earthworks in July 1994.
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foreshore, was removed just prior to opening the
bridge. In June 1996 fill was placed to RL 7 for the
adjacent road embankment. Additional fill of about
1.2 m thickness will be placed in mid 1998.

4. DESIGN EVALUATION

A geotechnical evaluation of the proposed abutment
design was undertaken in August 1993. To assess
the impact of lateral soil displacements on the pile
supported structures, a range of predictive methods
were used to estimate the maximum bending
moments induced in the piles, the pile cap deflection
and the maximum soil displacement. The methods
used for this evaluation comprised:

e empirical design charts for maximum pile
bending moment and pile cap deflection
developed by Stewart et al. (1994);

e typical ratios of lateral soil displacement to
embankment settlement reported by Tavenas et
al. (1979) and Stewart et al. (1994);

e observed ratios of lateral abutment displacement
to embankment settlement as reported by
Marche and Lacroix (1972); and

e numerical analysis of long- and cross-sections
through the embankment.

The evaluation described here is limited to the effect
of the rail bridge approach embankment on the pile
supported structures and does not describe estimates
of the impact of construction of the embankment for
the adjacent road bridge. However, the likely impact
of the road works on the Goongoongup Bridge were
addressed in the design process. The effect of
vertical soil movements in inducing down drag
forces in the piles was also examined, but is not
described here. Raking piles were specifically
excluded from the design to avoid bending of the
piles due to vertical soil movements.

4.1 Pile Bending Moments

Estimates of pile bending moments were based on
the empirical chart developed by Stewart et al.
(1994) on the basis of field and centrifuge model
data. The chart plots the change in maximum
bending moment with increase in embankment
loading in non-dimensional form, against the relative
soil-pile stiffness, Kgr = EI/EshSA, where EI is the
bending stiffness of the piles and E; and h; are the
soft clay stiffness and thickness respectively.

The value of Ky estimated for this site was lower
than any of the data plotted on the empirical chart,
due to a combination of the relatively large soft clay
thickness, the relatively low bending stiffness of the
piles, and an allowance made for the timing of pile
installation. Thus it was necessary to extrapolate
beyond the edge of the chart, leading to some
uncertainty. This method yielded estimated bending
moments of up to 60 kNm for the abutment piles and
45 kNm for the piles supporting the deck.

Subsequent to the initial design evaluations
described here, further detailed analyses were
undertaken to assess the magnitude of pile bending
moments. This was performed partially to examine
the impact of the adjacent road embankment on the
rail abutment and approach structure. That work
involved numerical analysis using the program
FLAC (Itasca, 1995), with the piles incorporated as
structural elements within the soil. The piles were
modelled as equivalent sheet pile walls with an
appropriate bending stiffness. In this way,
interaction between the embankment, the underlying
soft clay and the piles is modelled together. A
Tresca soil model was used to represent the
behaviour of the soft clay, to allow for soil yielding
in a simple way. The FLAC ‘analysis gave bending
moments that were reasonably consistent with the
simple analysis described above, although
marginally higher.

The estimated moment for the abutment piles was
well below the moment capacity of the steel
sections. However, the moment estimated for the
concrete piles supporting the deck was reasonably
high, considering the level of uncertainty in
estimating the loads. The response of the structure is
relatively complex, and an assessment of the
performance of the abutment, deck and piles was
based on a judgement of the likely severity of
cracking of the concrete piles, the effect of localised
yield or reduction in stiffness of the piles, and the
shedding of load to other parts of the structure. It
was considered unlikely that a plastic hinge would
develop at any point along the piles. However, it was
recognised that a local reduction in bending stiffness
due to increased cracking would lead to greater
displacements and a redistribution of loads. It is
typical that bridge abutments subjected to this type
of loading are governed by serviceability rather than
ultimate strength, with the closure of expansion
joints and loss of bearing travel. Ultimately, the
bending moments in the concrete piles were judged
as acceptable by others.

4.2 Pile Cap Deflection

Initial estimates of pile cap deflection made using
the empirical chart of Stewart et al. (1994) suggested
a lateral structural displacement of up to 45 mm for
the abutment and 50 mm for the pile supported deck.
Again, due to the low relative stiffness of the piles, it
was necessary to extrapolate beyond the available
data.

Further simple estimates of abutment displacement
were made by reference to data presented by Marche
and Lacroix (1972), where the ratio of lateral
abutment displacement to embankment settlement
was plotted against a relative soil-pile flexibility
parameter. The original data do not show any real
relationship, although a displacement ratio of 0.1 to
0.3 was typically observed. These data suggested
lateral displacements between about 80 and 250 mm
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if the piles were installed about three months after
the final fill lift was placed. The upper range of these
estimates was thought to be conservative given the
expected timing of embankment construction and
pile driving.

4.3 Maximum Lateral Soil Displacement

Initial estimates of the amount of lateral soil
displacement that would occur after pile installation
were made by reference to typical ratios between
maximum lateral soil displacement beneath the toe
of the embankment (yn) and settlement beneath the
embankment centreline (8). The field data reported
by Tavenas et al. (1979) and further interpreted by
Stewart et al. (1994) indicated that:

¢ during undrained conditions, Ay /A3 = 0.9 on
average, with a range from 0.4 to 1.3;

e as consolidation occurs, Ay,/AS = 0.16 on
average, with a range from 0.07 to 1.0; and

o during secondary compression, the ratio
generally drops to less than about 0.1.

The ratios were also found to be dependent on the
factor of safety of the embankment and the slope of
the embankment face. While these figures clearly
show considerable scatter and are somewhat
simplified, they present some means for estimating
lateral soil displacement in a simple manner. On the
basis of these ratios, and estimates of embankment
settlement and settlement rates, the maximum lateral
soil displacement in the vicinity of the abutment
after pile driving was estimated as between 50 and
150 mm.

Detailed numerical analyses were also performed in
an attempt to account for the geometry of the soft
clay layer and the earthworks, and the construction
sequence. These analyses were performed, in part,
using optimistic stiffness parameters in an attempt to
account for the timing of pile installation, and
indicated maximum lateral soil displacements of less
than 50 mm near the abutment.

5. OBSERVED PERFORMANCE

Pore pressure transducers located in the soft clay
between the vertical drains indicated full dissipation
of excess pore pressures within 12 months of
placement of the first stage of fill. Thus primary
consolidation was essentially complete by the time
that piles were driven for the abutment and approach
structure.

Subsurface deformations adjacent to the abutment at
April 1994 (prior to piling) and April 1998 are
shown in Figure 4. The data show clearly different
deformation profiles in the westerly direction (along
the rail alignment) and in the southerly direction (at
right angles to the alignment). Westerly movements
show a reasonably linear distribution with depth,
apart from distortions within the embankment fill,
and the maximum displacement occurs at about
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Figure 4. Lateral soil displacements measured in
the vicinity of the abutment. Dashed line: April 1994
(prior to placement of fill to RL10),
solid line: April 1998).

RL 0. However, in the southern direction there is a
pronounced bulge in the shape, with the peak
movement at about RL -5 to -6. The maximum
lateral displacement at right angles to the rail
alignment is actually greater than the movement
parallel to the alignment. This is partly due to the
location of the instrument, to the side of the
abutment.

The development of lateral soil displacements over
time is illustrated in Figure 5, for depths
approximately corresponding to the maximum
displacements in each direction. The data show
relatively small lateral movements in the westerly
direction during the first stage of filling to RL 6.
Movements to the south at that stage were much
larger. However, after June 1994 when the fill was
raised to RL 10, there was a relatively large increase
in movement in both directions.

Prior to placement of additional fill for the road
embankment in June 1996, there is a period of
additional movement occurring in the westerly
direction that has been interpreted as creep,
measured as about 80 mm/log cycle. After place-
ment of the road embankment fill there was an
additional movement in the westerly direction
accompanied by an increase in the creep rate, but no
real change in movement in the southern direction.
Additionally, there appears to be little creep
occurring in the southern direction.
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Figure 5. Subsurface horizontal displacements near

the abutment. A: placement of fill to RL 10; B: pile

driving at abutment, C: placement of fill for adjacent
road embankment.

The cause of these differences in displacement
patterns and rates is unclear. However, it is likely
that changes in thickness of the soft clay layer across
the site, anisotropic behaviour of the clay partly
brought about by the deposition mechanism, and the
effect of previous fill to the south of the rail
embankment (for the original rail crossing and an
adjacent golf course) have all contributed to the
observed response.

Survey of the bridge abutment itself suggests that
the abutment has moved in the westerly direction by
about 80 mm since construction. Measurements
taken since late 1997 suggest that the rate of
movement has slowed, with 6 mm of westerly
movement recorded over a 6 month period. A
movement to the south of about 4 mm was recorded
over the same 6 month period. This magnitude of
movement has required maintenance to further open
the expansion joint between the abutment and the
bridge. There have been no problems experienced
with the bearings.

The total settlement of the clay layer near the
abutment to mid 1998 was about 2.3 m. A plot of
settlement data from a Sondex borehole device over
this time is shown in Figure 6. Prior to placement of
additional fill for the road embankment, the rate of
settlement had slowed, with primarily creep
movements occurring. Additional movement was
generated by construction of the road embankment,
and creep settlements then continued at a slightly
increased rate. Back analysis of data from various
settlement plates yields an average vertical creep
rate of about 3.5% per log cycle. This value is
greater than the values determined for secondary
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Figure 6. Settlement near the abutment determined

from Sondex records. A: placement of fill to RL 10;

B: pile driving at abutment, C: placement of fill for
adjacent road embankment.

compression from laboratory testing for this project
and for nearby sites, and greater than the value of
2% per log cycle used in design.

As mentioned earlier, a trial embankment had been
constructed several hundred metres to the south of
the current site along a now abandoned road
alignment. Main Roads WA had performed back
analysis of settlement data for that embankment and
derived an average secondary compression value of
about Cy = 4.2 %/log cycle. This compared with
laboratory test values of about 1 to 2 %/log cycle. At
the time of performing the back analysis it was
considered that the field data were affected by
continuing primary consolidation, and that the
laboratory values were more representative of actual
creep rates.

The magnitude of measured primary consolidation
settlements are similar to those estimated prior to
construction, and thus the value of compression
index used in design (C. = 1.2) is believed to be
relatively accurate. Adopting the measured vertical
creep rate of C, of about 3.5 %/log cycle, this leads
to a C,/C, ratio of about 0.13. By contrast, Mesri et
al. (1994) indicate that for clayey soils, C/C, falls
within a relatively narrow range of about 0.03 to
0.06. The average of the laboratory C, values agrees
with this range. However, it is clear that the field
creep rates are significantly higher than the
laboratory tests suggest. It would appear that
additional creep in the form of shear and lateral
strains beneath and adjacent to the embankment has
contributed to this difference.
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The monitoring data can be compared with the
typical ratios of embankment settlement to
maximum lateral soil displacement beneath the
embankment toe compiled by Tavenas et al. (1979),
and described earlier in this paper. However, the
lateral soil displacements measured at the current
site were closer to beneath the crest of the
embankment than the toe. The data shown in Figures
5 and 6 are re-plotted as settlement versus westerly
lateral displacement in Figure 7. After placement of
the first stage of fill to RL 6, the ratio of lateral to
vertical movement was about 0.1 or less. A much
larger ratio than this would be expected if
considerable excess pore pressures were to develop
in the soft clay as the embankment was constructed.

After placement of the second stage of fill to RL 10,
lateral displacements increased more rapidly, with
an incremental displacement ratio of closer to 0.5,
suggesting the development of larger excess pore
pressures beneath the embankment and a drop in
factor of safety. An increase in lateral displacements
was again evident after placement of the road
embankment fill.

Currently, the data extend over an insufficient length
of time to determine lateral to vertical displacement
ratios with much accuracy. However, using the
approximate horizontal creep rate from the final part
of Figure 5 and the average vertical creep rate from
the settlement plate data, a displacement ratio of
about 0.2 can be found. This is well above the value
of about 0.1 or less expected to occur during
secondary compression. However, the horizontal
creep rate derived above is not particularly accurate,
due to the limited time period of monitoring.

6. SUMMARY AND CONCLUSIONS

This paper has summarised the observed
performance of the eastern abutment and approach
structure of the Goongoongup Rail Bridge in Perth
up until mid 1998. The eastern abutment is sited
over a layer of soft clay of up to about 21 m
thickness.

At the time of writing, it appears that the abutment
has moved laterally to the west by about 80 mm
since completion of construction. Over the same
period, close to the abutment, maximum lateral soil
displacements of about 320 and 440 mm have been
measured in the westerly and southerly directions
respectively. Ongoing rates of creep have been
measured over relatively short periods of time at
over 100 mmv/log cycle horizontally, and nearly
700 mm/log cycle vertically. Initial design estimates
of pile head movement ranged from 45 to 250 mm,
although it was thought that the upper end of this
range was conservative due to the timing of
embankment construction and pile driving.

Coefficients of secondary compression were derived
from settlement plate data over the period after
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Figure 7. Maximum westerly lateral soil
displacement versus embankment settlement.
A: placement of fill to RL 10; B: pile driving at
abutment; C: placement of fill for adjacent road
embankment.

completion of pore pressure dissipation. The average
vertical creep rate determined in this way was nearly
twice the average value from laboratory
consolidation tests. The difference is thought to be
due mainly to creep in the form of shear and lateral
strains.

The behaviour of the eastern abutment and approach
structure is obviously strongly affected by creep.
The effect of creep on embankment behaviour is
often thought of in terms of vertical movements
only. The relative importance and magnitude of
horizontal creep displacements observed at this site
has not been identified in previous studies
examining the performance of piles in laterally
deforming soil. A greater understanding of creep
deformations beneath embankments on soft clay is
needed. Clearly, the effects of creep should be taken
into account when assessing the performance of
piles loaded by lateral soil movements.
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