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EXECUTIVE SUMMARY |

EXECUTIVE SUMMARY

Bridge embankments and structures can significantly influence flooding patterns and flood levels on
floodplains. The literature (Austroads 1994; Bradley 1978) provides details of how to estimate
contraction and expansion losses and pier losses of bridge embankments and structures for desktop
analysis. However, limited guidance is provided as to the application of these losses in a 2D
modelling environment.

The author undertook research to ascertain the accuracy of a 2D hydraulic model, TUFLOW, in
calculating the energy losses associated with the contraction and expansion of flow through a
constriction and to ascertain the most appropriate method/s for reliably modelling the energy losses
associated with bridge piers. To undertake the research 2D model results were compared to physical
flume test undertaken by Liu et al (1957).

The research involved the development of a series of flumes within TUFLOW that were used to
simulate a number of scenarios that were modelled in a physical flume by Liu et al (1957). These
scenarios included constriction widths varying between 2 and 6 feet, as well as a number of pier
combinations involving square shaft, single shaft, double shaft and round-ended narrow pier types.
The TUFLOW flumes were of varying grid sizes to test the model’s ability to replicate the physical
models results at varying grid resolutions. The afflux predicted by each of these scenarios within
TUFLOW was compared to the results obtained from the physical flume tests.

The results from the analysis undertaken have shown that TUFLOW can, within reasonable bounds,
reproduce the results of the physical model. Recommendations regarding the modeling of
constrictions and piers within a 2D hydraulic model are made.
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INTRODUCTION 1-1

1 INTRODUCTION

Backwater calculations for bridge design in Australia are based primarily on the Austroads publication
“Waterway Design — A Guide to the Hydraulic Design of Bridges, Culverts and Floodway” (Austroads,
1994). The section on bridge design is based on the publication, “Hydraulics of Bridge Waterways”
(Bradley, 1978) resulting from work undertaken by Bradley for the National Highway Institute in 1978.
The findings published in Bradley are based on a series of flume tests undertaken by Liu et al at the
Colorado State University and documented in the publication “Backwater Effects of Piers and
Abutments” (Liu, Bradley, & Plate, 1957).

The methods presented in Austroads (1994) are intended for desktop analysis techniques. No
guidance is provided on the application of the losses in a 2D modelling environment. As 2D
modelling is now relatively common, guidance on the use of the data available in Austroads (1994)
and associated literature is needed within industry. Two cases in point are contraction and expansion
losses and pier losses.

A 2D modelling scheme will inherently model the energy losses associated with contraction and
expansion, but the reliability of the representation of the losses is dependent on the scale of the
contraction relative to the model element size and the model's ability to replicate the energy losses
associated with the varying scales of turbulence from sub-grid to larger than grid. There may be
other modelling imperatives that dictate an element size that is too large to reliably represent the
losses, in which case additional losses should be built into the model. The losses in Austroads
(1994), which are presented as coefficients of velocity head, could be useful in this regard, but there
is no basis for the modeller to make such a judgement.

In most situations the 2D model element will be larger than the pier width and so the 2D model will
not reliably represent losses associated with piers. Therefore additional losses are normally applied
to the 2D model. Austroads (1994) provides useful information in this regard in that pier losses are
given as coefficients of velocity head. These coefficients can be applied directly to the 2D scheme
but it is unclear if the losses should be applied to all elements across the width of the bridge and if
element width should be reduced to allow for blockage.

The uncertainty regarding the modelling of structures in 2D hydraulic models has been highlighted by
the work currently being completed on the revision to Australian Rainfall and Runoff as part of Project
15: Two Dimensional (2D) Modelling in Urban Areas.

The research documented herein aims to determine appropriate techniques for modelling energy
losses associated with bridge constrictions and structures when using a two-dimensional (2D)
hydraulic modelling scheme. Specifically, the following hypothesises will be tested:

1. That a 2D modelling scheme can reproduce, within reasonable bounds of uncertainty, the
contraction and expansion losses associated with flow through a bridge opening as indicated
by physical model tests undertaken by Liu et al (Liu, Bradley, & Plate, 1957); and

2. That the energy loss coefficients associated with bridge piers as reported in Liu et al can be
applied in a 2D modelling scheme to reproduce, within reasonable bounds, the increase in
water level reported by Liu et al.
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This report documents the methodology and results from the research undertaken.
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2 LITERATURE REVIEW

Hydraulic engineers have been exploring the behaviour of flow through constrictions since the late
18th century. Research undertaken in the early 20th century (including Yarnell (1934)) laid the
groundwork for the study into the backwater effects caused by bridge abutments and piers. Up until
the mid 1950’s, the vast majority of research related to backwater effects had either been through
mathematical methods or empirical methods (Liu et al, 1957). Liu et al (1957) provides a detailed
summary of the work that has been undertaken in relation to backwater effects up until the mid
1950’s.

The work by Liu et al (1957) undertaken at Colorado State University in cooperation with the US
Department of Public Roads, was the first major piece of research undertaken where the backwater
effects of abutments of piers were studied with flume tests. The research undertaken by Liu et al
(1957) involved completion of over 1400 flume tests that analysed a series of abutment and pier
types and configurations. The outcomes from this research were a series of graphs that can be
utilised for the determination of “maximum backwater and the differential level of water surface across
the embankment” (Liu, Bradley, & Plate, 1957). To the knowledge of the author, the results obtained
by Liu et al (1957) have never been replicated through the use of 2D hydrodynamic model.

The research by Liu et al (1957) and work subsequently undertaken by Mattai (1976) formed the
foundation for the publication, ‘Hydraulics of Bridge Waterway’ by Bradley (1978), which has become
the industry standard for use in the determination of backwater caused by bridges. Whilst utilising the
data collected by Liu et al (1957), Bradley also utilised numerous field observations and
measurements obtained by the United States Geological Survey (USGS) in developing the practical
design charts, procedures and examples contained within the publication. There is no advice
contained within Bradley (1978) as to application of design charts and associated loss coefficients to
either 1D or 2D hydraulic models. Bradley (1978) was adopted as the basis for the AUSTROADS
(1994) publication, ‘Waterway Design - A Guide to the Hydraulic Design of Bridges, Culverts and
Floodways’ which is considered to be the Australian guidelines for bridge design.

Numerous studies have been undertaken to determine a 1D model’s ability to simulate the backwater
caused by a bridge constriction (Seckin, Yurtal, & Haktanir (1998); Crowder, Pepper, Whitlow, Sleigh,
Wright, & Tomlin (2004); Seckin & Atabay (2005); Sowinski (2006); Seckin, Haktanir, & Knight (2007);
Seckin, Knight, Atabay, & Seckin (2008); Atabay & Seckin (2009); and numerous other studies).
These studies have been limited to the validation of 1D models (or the calculation methods contained
within) against experimental/laboratory data (flume tests) or methods presented in literature (primarily
Bradley (1978)). Consequently, the ability of the various 1D model schemes available to represent
the backwater caused by a bridge constriction is relatively well understood.

In more recent times, work has been undertaken in order to improve the understanding of a 2D model
scheme’s ability to represent the backwater effects of a bridge constriction. This research
commenced in the mid 1980’s, but has become more prevalent over the last 10 years as 2D
hydraulic model schemes have become the industry standard for flooding (both fluvial and tidal)
investigations.

Syme et al (1998) undertook some testing of different 2D model schemes in order to assess their
ability to represent head loss through hydraulic structures. A variety of software packages, including
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TUFLOW, Mike21, FESWMS and RMA, were assessed using a test model to determine their
respective performance through a horizontally constricted and then a vertically constricted test model.
Whilst Syme et al (1998) have demonstrated that “2D schemes adequately predict the head loss
across a horizontal flow constrictions when compared to the theoretical calculations”, “a comparison
between 2D schemes and physical model results would be highly worthwhile” (Syme, Nielson, &
Charteris, 1998). Syme et al (1998) also states that a number of other factors, including model
timestep, model resolution and viscosity formulation will impact upon the model’s prediction of

backwater due to a hydraulic structure.

Barton (2001) sought to address the “perceived lack of understanding in the ability of 2D models to
portray the energy losses associated with the turbulent nature of water flow” (Barton, 2001) through a
contraction. In a particular, Barton (2001) studied the ability of two hydrodynamic models, TUFLOW
and RMA2, to represent flow through an abrupt constriction using a variety of spatial representations.
The research presented by Barton (2001) provided “confirmation that the spatial resolution of 2D
models does have an impact on the ability of these models to predict energy losses due to turbulent
effects” (Barton, 2001). One of the key outcomes of Barton (2001) was the comparison of energy
losses predicted by the 2D models (TUFLOW and RMA2) when compared to some 1D models
(Mike11 and HEC-RAS) and the values presented in literature (AUSTROADS (1994). Barton (2001)
showed that a large amount of variability exists between the results derived from both the literature
and the 1D model schemes. The challenge faced by Barton (2001) was a lack of a suitable standard
for which to compare the tested 2D model schemes to. The research currently being undertaken
hopes to address this lack of a suitable standard (as discussed by Barton (2001)) by attempting to
validate the 2D hydraulic model, TUFLOW, to physical flume test data.

Syme (2001), although not specifically focussed on the determination of backwater from hydraulic
structures, discusses a number of important points in relation to the way a 2D model will account for
form loss through a structure. Syme (2001) discusses 2D model performance in relation to water
surface profiles around a bend, through a box culvert and over a weir through the comparison of
results to a 1D scheme. “The 1D approach typically uses special structure flow equations requiring
specification of contraction and expansion loss coefficients”, however, “this approach is not applicable
or readily applied in the 2D schemes” (Syme, 2001). Consequently, Syme (2001) recommends that
“on-going research and testing of 2D models to develop guidelines for adjustment of form loss related
parameters when modelling hydraulic structures in 2D” (Syme 2001) should be undertaken. Syme
(2001) also recommends that there should be the “establishment of guidelines and standard tests
(preferably based on experimental results) for validation of 2D schemes” (Syme 2001).

Syme et al (2009) discusses that for complex structures, like a bridge with abutments and piers, “the
modeller relies on judgment as to the energy losses that occur” (Syme, Jones, & Arneson, 2009).
Syme et al (2009) describes how the 2D modelling scheme will inherently model some of losses
associated with the expansion and contraction of flow through the structure and hence the pure
application of loss values for literature (eg Bradley, 1978) would actually over-estimate the loss
through a structure. Syme et al (2009) suggests that “the dilemma for the modeller is how much
additional energy losses should be applied when using a 2D scheme” (Syme, Jones, & Arneson,
2009). Throughout the paper, Syme et al (2009) discusses the need for additional research into the
application of loss coefficients from the literature in the 2D modelling environment. Syme et al (2009)
also discusses a number of other factors that will influence the ability of the 2D hydraulic model to
simulate the flow through a constriction, including the work undertaken by Barton (2001) and Syme
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(2001). The outcomes from the current research will inform the modeller how much additional form
loss will be required to account for the loss not inherently modelled by the 2D scheme. It is expected
that the additional loss required will be dependent upon the model resolution and constriction width.

Craven (2009) undertook some research that aimed to help guide modellers as to the amount of
‘extra’ form loss that would need to be applied when modelling structures in TUFLOW, a 2D
hydrodynamic model. The work by Craven (2001), compared the results obtained from TUFLOW (a
2D scheme) with those from HEC-RAS and CES-AES (both 1D schemes), as well as the results
expected from the literature (Austroads, 1994). The research undertaken by Craven (2001) showed
that the results from the TUFLOW model varied when compared to those from AUSTROADS (1994)
and consequently additional research into the application 2D form losses in a TUFLOW model is
recommended. Particular emphasis is placed upon the varying afflux achieved when the model grid
size is varied (implications of grid size are also discussed in detail in Barton (2001)), and the variation
that was observed between the 1D and 2D model results. The research suggests that a “major
limitation of this study was the fact that no field or experimental data was used to verify TUFLOW
afflux predictions” (Craven, 2009). This limitation will be overcome with the current research whereby
the flume tests undertaken by Liu et al (1957) will be replicated in the TUFLOW hydrodynamic model.
This will enable a better understanding of how the values presented in literature (Bradley (1978) and
Austroads (1994)) can be applied to a 2D hydrodynamic model and in particular TUFLOW.

The review of the available literature has indicated that although vast amounts of previous research
has been undertaken in the area of the backwater effects due to bridge constrictions, there is a need
for further study. Further study (as suggested by Craven (2009), Seckin & Attabay (2005) and Syme
(2001) in the area of model validation against experimental (flume test) data and the understanding of
how the loss coefficients presented in the literature should be applied to a 2D model is of particular
importance.

The research documented in this report has sought to address some of the gaps identified by the
available literature and to help improve the understanding of how a 2D hydraulic model can reliably
predict the afflux due to the presence of a hydraulic structure in a given floodplain.
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3

METHODOLOGY

The computer modelling of the test flume used by Liu et al (1957) was undertaken using the hydraulic
modelling package TUFLOW (BMT WBM, 2008). TUFLOW is a two-dimensional finite difference
model that uses the 2D Shallow Water Equations to determine the water surface. The TUFLOW
model is based upon a regular square grid of uniform elements that each contains information
regarding the surface roughness (Manning’s ‘n’ value) and topography.

The analysis was undertaken in three parts, broadly:

. Calibration of the test flume under normal flow conditions;
. Determination of the afflux due to the constriction of an abutment; and
o Determination of the afflux due to the presence of piers in the flowpath.

The results from each of these three analyses were compared to the results obtained from the
physical flume, as presented in Liu et al (1957) in order to determine the ability of TUFLOW to
reproduce, within reasonable bounds, the results of the physical flume.

These three components of the research are described in more detail in the subsequent sections.

The work by Liu et al (1957) was undertaken using imperial measurements (feet and inches), whilst
TUFLOW relies on metric dimensions. Consequently, both imperial and metric dimensions are used
throughout the description of the methodology.

3.1 Base Case

3.1.1 The Test Flume

The test flume used by Liu et al (1957) was 73.5 feet (224.2 metres) long, 7.9 feet (2.4 metres) wide
and 2 feet (0.6 metres) deep. The longitudinal slope and surface roughness (Manning’s ‘n’ value) of
the test flume were able to be changed depending upon the test that was being undertaken. For the
flumes used in this analysis, the slope was either 0.0012 m/m or 0.002 m/m and the roughness was
described as either bar (Manning’s ‘n’ of 0.024) or baffle (Manning’s ‘n’ of 0.045). The flume used by
Liu et al (1957) is represented diagrammatically in Figure 3-1.
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Figure 3-1 The Physical Flume used by Liu et al (1957)

The flow rate was varied between 2.5 cubic feet per second (cfs) (70.79 litres/second (I/s)) and 5 cfs
(141.58 I/s) and for each test case; normal flow was achieved within the test flume.

One of the objectives within this research was to determine the influence of grid size on TUFLOW'’s
ability to reproduce the afflux from a given constriction. Consequently, a number of test flumes were
created in TUFLOW using a variety of different element (grid) sizes. In total, 9 test flumes were set
up, each using a different element size. These tests flumes are named according to the number of
elements across the width of the flume (Table 3-1) and displayed diagrammatically in Figure 3-2.

Table 3-1 TUFLOW flume details

Flume Name | Element Size (inches) | Element Size (metres)
RPO3 31.60 0.803
RP04 23.70 0.602
RPO05 18.96 0.482
RPO06 15.80 0.401
RP08 11.85 0.301
RP10 9.48 0.241
RP12 7.90 0.201
RP15 6.32 0.161
RP20 4.74 0.120
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Figure 3-2 Varying element sizes of the TUFLOW flume

Model elements larger than 0.803 metres were not considered in this analysis as a number of the
constrictions to be tested would have been smaller than the element size. Such constrictions would
be deemed as ‘sub-grid scale’ and are best modelled using a 2D-1D linked model, in which the
constriction would be modelled as part of the 1D scheme. Whilst numerous hydraulic modelling
packages are capable of linking 1D elements to the 2D domain (TUFLOW included), such an
analysis was beyond the scope of this research project.

Model elements finer than 0.120 metres were not considered in this analysis due to the expected
depths within the flume expected to significantly exceed the element width. The work by Barton
(2001) and the advice of BMT WBM (2008) indicate that caution must be used when the modelling
involves a fine grid and deep water as the model may start to violate the assumptions of the 2D
shallow water equations and result in erroneous solutions.

Nine individual flume scenarios were required to be modelled, as these models provided the basis for
all future abutment and pier test models.

Table 3-2 Base Case Flume Scenarios
Scenario Flowrate Roughness Slope Normal
Name (cfs) Depth (ft)
EO1 2.50 Bar 0.0012 0.333
EO2 25 Baffle 0.0012 0.523
EO8 2.72 Baffle 0.002 0.478
EO9 3.0 Bar 0.0012 0.360
E17 5.0 Bar 0.0012 0.484
E18 5.0 Baffle 0.0012 0.718
E19 5.0 Bar 0.002 0.416
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The results from the base case flume calibration are presented in the results section of this report.
3.2 Abutment Tests

The abutment flume tests were based upon eight of the base case flume models. In total 40 abutment
tests were undertaken which modelled five constrictions ranging in width from 2 feet to 6 feet. Each of
the tests was conducted on the TUFLOW flumes which consist of 9 individual flumes of varying
element size. The aim of these tests was to determine the influence of element size versus
constriction width when determining the afflux, and more importantly, does TUFLOW replicate, within
reasonable bounds, the results from the physical flume tests.

The constriction was modelled by varying the topography to create an opening in the flume of the
required size. In each of the tests, a feature of TUFLOW known as a flow constriction (FC) was
utilised. A flow constriction within TUFLOW allows the user to modify the properties of a given
element to reduce the available flow width and therefore model a partially blocked cell (BMT WBM
2008).

Figure 3-3 shows the use of both topography modification and flow constrictions to model the
required opening within the test flume. In this figure, the brown triangles located in the centre of flume
show where the topography of the flume has been modified to represent the vertical board
obstruction that is used to represent the abutment. The red squares indicate the cells that have had a
flow constriction applied to reduce the available flow width of the these cells to match the modelled
opening within the abutment.

Figure 3-3 Model Schematisation for Abutment Test

3.3 Pier Tests

The pier tests were undertaken using two distinct methods to determine their applicability in the
determination of the afflux as a consequence of the presence of piers. The pier tests were
undertaken on piers only and did not include any influence of significant abutment constrictions or the
presence of a bridge deck, both of which would be of importance in any real-world analysis.

A number of different pier types, including square shaft piers, round-ended narrow piers, single shaft
piers and double shaft piers, were analysed using a number of the flumes modelled as part of the
base case calibration. The pier were tested in a number of different configurations of pier size and
pier numbers as documented in the various tests undertaken by Liu et al (1957).

The pier tests were undertaken using three different methodologies; the use of form loss coefficients
(two methods) and the blockage (or partial blockage) of elements containing piers. Both of these
methodologies are documented in the subsequent sections of this report.
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For all piers, other than the square shaft piers, only Method One and Method Two were used. This is
due to the fact that the rounded faces of all the other piers types would not have been effectively
modelled by the process used in Method Three.

3.3.1 Method One (Form Loss Coefficients — Option One)

Austroads (1994) documents the methodologies to determine backwater coefficients due to the
presence of bridges in a floodplain. Specifically, it documents the methodology to determine the
incremental backwater coefficient due to the effects of piers present in the flowpath and has been re-
produced below:

Backwater caused by the introduction of piers in a bridge constriction is treated as an
incremental backwater designated AKp, which is added to the base curve coefficient.
The value of the incremental backwater coefficient, AKp, is dependent on the ratio that
the area of the piers bears to the gross area of the bridge opening, the type of piers,
the value of the bridge opening ratio, M, and the skew of the piers to the direction of
flood flow. The ratio of the water area occupied by piers, Ap, to the gross water area of
the constriction, A,», both based on the normal water surface, is assigned the letter J.
In computing the gross water area, Az, the presence of piers in the constriction is
ignored. The procedure is to enter chart A on Figure 3-4 with the proper value of J and
read AK, and then obtain the correction factor, o, from chart B for the opening ratios
other than unity. The incremental backwater coefficient is then AKp= cAK.

Austroads (1994)

The methodology as described above was used to determine AKp values for each of the pier flume
tests undertaken. These AKp values were applied to the TUFLOW model through the use of a form
loss coefficient. The form loss coefficient is applied as an energy loss based on the dynamic head
equation below:

2
Ah = Akp Z—g Equation 1
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(Figure 5.7, Austroads, 1994)

Figure 3-4 Backwater Coefficient Base Curves (Subcritical Flow)

Whilst Figure 3-4 shows the backwater coefficient base curve, it does not include a curve that could
be applied to a single square shaft pier. In order to determine the curve for a single square pier, the
ratio between the twin circular and single circular piers was determined and applied to the twin square
piers. This resulted in a curve located between the single circular pier and the round-ended narrow
pier. It is likely the form loss coefficients determined from this curve will not be as accurate as those
determined for the other piers and may result in some degree of inaccuracy in the results from the
square pier analysis.

The derived form loss coefficients were applied across the entire width of the flume (as shown in
Figure 3-5). This method does not discretely model each individual pier; rather it treats the blockage
caused by the piers in a holistic manner across the entire cross section of the bridge. In Figure 3-5,
the light blue diamonds indicate the cells to which the form loss coefficients have been applied.
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Figure 3-5 Model Schematisation for Pier Models (Method One)
3.3.2 Method Two (Form Loss Coefficients — Option Two)

Method Two is almost identical to the method previously described; however, it differs in one key
component. This method applies the form loss coefficients (as calculated using the process described
in section 3.3.1) only to the cells that would contain a pier. In some models, depending on the number
of piers and the size of the grid cell, this would result in the same model as developed as part of
Method One. In other models, however, the number of cells to which the form loss coefficient is
applied would be reduced and some cells would have no form loss coefficients applied to them.

Figure 3-6 shows the same flume setup as presented in Figure 3-5; however, as per Method Two, the
form loss coefficients have only been applied to the cells that contain a pier. Consequently, there are
cells across the width of the flume that do not have any form loss coefficients applied due to no pier
being present in the element (grid).

| eI
=2 A 4

Figure 3-6 Model Schematisation for Pier Models (Method Two)

For some of the flume tests there was no difference between Method One and Method Two due to
number of piers within the cross section and the number of elements across the width of the flume.
For example if 20 piers existed within the cross section, then there would be no difference between
the two methods as each cell in all TUFLOW flumes would have included a pier.

3.3.3 Method Three (Blocked and Restricted Model Elements)

This method utilises flow constrictions (as previously described) to model the blockage of each
individual pier. No additional form loss coefficients have been applied and hence this method is
designed to model the contraction and expansion of the flow around the piers.

Individual flow constrictions have been determined to represent the piers that fall within a particular
model element. At the larger grid sizes, this will result in multiple piers within a single element and the
given flow constriction would represent multiple piers. However, at the smaller grid sizes, there will be
flow constriction representing a single pier and elements will exist where no pier influence will be
evident.

The schematisation of Method Three is identical to that of Method Two (Figure 3-6), however, instead
of a form loss coefficient being applied to an individual cell, a flow constriction is applied. As
discussed previously, a flow constriction is used to reduce to the available flow width of the cell and in
this case, the individual cells have had their respective flow width reduced dependent upon the size
and number of piers that is located within the given element.
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4 RESULTS AND DISCUSSION

For each flume test, TUFLOW produced a geo-referenced data set detailing water surface levels,
depths and velocity throughout the entire model domain (all 9 flumes) at the corner of each
computational cell. These water levels, depths and velocities were extracted from these cell corners
(known as h-points) and were used to generate the results presented in the subsequent sections.

4.1 Base Case
4.1.1 Test Flume Calibration

Once the various test flumes had been set up in TUFLOW, they were calibrated to the results
observed in the original physical model tests. The models were initially run using the same
parameters as determined by Liu et al (1957). The results from these initial runs are documented in

Table 4-1.
Table 4-1  Initial Flume Calibration Results
Run ID Normal Depth (m) Normal Depth obtained from TUFLOW
(Liu et al, 1957) (across all 9 test flumes)
Mean (m) Median (m) | Standard Deviation
EO1 0.101 0.097 0.097 0.00
EQ2 0.159 0.141 0.141 0.00
E08 0.146 0.127 0.127 0.00
E09 0.110 0.108 0.108 0.00
E17 0.148 0.147 0.147 0.00
E18 0.219 0.214 0.214 0.00
E19 0.127 0.126 0.126 0.00

As seen in the results of the initial flume runs (Table 4-1), TUFLOW under predicted the normal
depth. Whilst this may seem to indicate that TUFLOW is unable to reproduce the results o the
physical flume test, it actually highlights an issue between the physical model and the flume that has
been set up in TUFLOW.

The Manning’s ‘n’ value that was documented in Liu et al (1957) has been back-calculated using
Manning’s equation for each of the flume tests undertaken. This back-calculated Manning’s ‘n’ value
has been influenced by the friction loss experienced by the flow against the side walls of the flume.

TUFLOW does not account for the friction loss caused by the flow against the side walls of the flume.
Consequently, to enable TUFLOW to replicate the normal flow depths observed in Liu et al (1957), a
higher Manning’s ‘n’ value would be required. The increase required is dependent upon the flow rate,
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flume slope and flume roughness, in other words, the terms that make up Manning’s equation. The
Manning’s ‘n’ values that are needed to reproduce the normal depth documented by Liu et al (1957)
are presented in Table 4-2 and Table 4-1 has been replicated as Table 4-3 to show the normal
depths obtained by TUFLOW when using these revised values of Manning’s ‘n’.

Table 4-2  Calibrated Manning’s ‘n’ values

Run ID Manning’s ‘n’ value Required
(Liu et al, 1957) Manning’s ‘n’ value
EO1 0.024 0.0258
E02 0.045 0.0550
EO8 0.045 0.0565
E09 0.024 0.0248
E17 0.024 0.0244
E18 0.045 0.0468
E19 0.024 0.0244

Table 4-3 Initial Flume Calibration Results

Run ID Normal Depth (m) Normal Depth obtained from TUFLOW
(Liu et al, 1957) (across all 9 test flumes)
Mean (m) Median (m) | Standard Deviation
EO1 0.101 0.101 0.101 0.000
E02 0.159 0.159 0.159 0.001
EO8 0.146 0.146 0.146 0.000
E09 0.110 0.110 0.110 0.000
E17 0.148 0.148 0.148 0.000
E18 0.219 0.219 0.219 0.001
E19 0.127 0.127 0.127 0.000
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4.2 Abutment Tests
4.2.1 Influence of Viscosity Coefficient

TUFLOW, by default, uses the Smagorinsky viscosity formulation to model the eddy viscosity which is
used to approximate the effect of sub-grid scale turbulence. The work of Barton (2001) showed that
the spatial resolution of a 2D model does have an impact on the ability of the model to predict the
energy losses due to turbulent effects (Barton 2001).

A series of abutment tests were simulated within TUFLOW to determine the influence of the viscosity
coefficient. The tests were undertaken using viscosity coefficients of 0.1, 0.2 (the default) and 0.4 and
were all run using the Smagorinsky viscosity formulation. The results from one of these tests, in this
case using a 5 foot opening, as presented in Figure 4-1.

2.0
m Viscosity Coefficient = 0.1

1.8 Viscosity Coefficient=0.2 [
A Viscosity Coefficient = 0.4

1.6

14

>>\>»

Ratio of TUFLOW result to Physical Flume result

0-6 T T T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Number of Grids within the Constriction

Figure 4-1 Influence of Viscosity Coefficient

The results from these tests indicate that the viscosity coefficient has minimal influence over the
model’s predictive performance when the models are on a large grid (the left hand side of the figure).
However, as the model’s grid size becomes finer, the results using the different viscosity coefficients
start to diverge. The spread of values appears to increase as the viscosity coefficient increases, and
this is particularly evident for the fine grid scale models (the right hand side of the figure).
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These results are not surprising. As the grid becomes finer relative to the scale of the turbulence the
model inherently represents more of the losses and hence relies less on the viscosity formulation and
so a small coefficient is required. For the current modelling, these results suggest the adoption of a
viscosity coefficient equal to 0.1 would be appropriate to obtain a better match between the predictive
results of TUFLOW and the recorded results of Liu et al (1957), especially at a fine grid scale.

These results are consistent with those of Barton (2001) and BMT WBM (2008) that indicates caution
should be used when using very fine grids as the influence of the viscosity term can be particularly
relevant.

A viscosity coefficient equal to 0.1 was adopted for the current research. This coefficient is different to
that recommended in BMT WBM (2008), however, the model results support its use in this research.
Additional research would be advantageous to confirm the applicability of the current TUFLOW
default viscosity coefficient of 0.2 in a number of flow conditions, including the contraction and
expansion of flow through a constriction.

4.2.2 Abutment Analysis

The results from the abutment tests were plotted to determine the influence of two components of the
blockage on TUFLOW'’s predictive ability. The first of this components was the influence of the
number of grids contained within the constriction (Figure 4-2) and secondly the influence of the
number of grids adjacent to the blockage (Figure 4-6).

In each of these figures, the plotted points can be used to determine some details about the particular
scenario being modelled. The squares, diamonds, triangles, circles and dashes correspond to models
with a 2 foot, 3 foot, 4 foot, 5 foot and 6 foot constriction opening respectively, whilst each colour
indicates a series of models running under the same set of conditions (inflow, slope, roughness).
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Figure 4-2 Abutment Analysis — Influence of Grid: Constriction Ratio

These results suggest that once 6 elements exist within the constriction, the TUFLOW models will,
within reasonable bounds, replicate the results recorded in Liu et al (1957). It was thought that the
main influence on the model’s ability to replicate the afflux would be related to its ability to represent
the sub-grid scale turbulence. Whilst the model will never fully be able to represent the sub-grid scale
turbulence due to limitation within the viscosity formulation, the representation of this turbulence
would improve with finer grid scales. However, the expectation that at a large grid size, the TUFLOW
model would under-predict the afflux when compared to the physical model is not supported by the
results shown in Figure 4-2

Figure 4-2 suggests that models with less than 2 grids within the constriction will result in a poor
correlation to the afflux determined by the physical flume model (TUFLOW results in a higher afflux).
As seen in this figure, the models with poor correlation were generally simulating either a 2 foot or 3
foot opening, suggesting that there may be other factors influencing the results, rather than simply the
representation of the sub-grid scale turbulence through contraction and expansion of the constriction.

A subset of Figure 4-2 is shown in Figure 4-3 and is displaying the results from the flumes with a 3
foot opening only. This figure clearly demonstrates the poor predictive performance of TUFLOW for a
number of the flume tests when on a large grid scale. Figure 4-3 (and Figure 4-2) shows that as the
grid size decreases, the model's predictive performance improves. It also highlights that, as
mentioned previously, there are other factors influencing the results when the flume has a large grid
size.
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Figure 4-3 Abutment Analysis — Influence of Grid: Constriction Ratio (3 Foot Opening)

In exploring the poor correlation between TUFLOW and the physical flume when modelling a small
opening on a large grid, the same results were plotted against the Froude Number (calculated at the
location where the maximum afflux). The results from this analysis are plotted in their entirety in
Figure 4-4, whilst a subset showing only the results from the models with a 3 foot opening is
displayed in Figure 4-5.

Figure 4-4 and Figure 4-5 both show that for flow conditions resulting in a Froude Numbers that are
very low, the TUFLOW model will over-predict the afflux. However, when the flow conditions change,
resulting in a increased Froude Number, the model performance improves.
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Figure 4-4 Abutment Analysis — Influence of Froude Number
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Figure 4-5 Abutment Analysis — Influence of Froude Number (3 Foot Opening)

The results presented in Figure 4-4 indicate that for flow conditions resulting in a Froude Number of
less than 0.1, the predictive performance of TUFLOW will be poor. However, when the flow
conditions result in a Froude Number at the point of maximum afflux greater than 0.20, the results
from the TUFLOW model have, within reasonable bounds, reproduced the results of the physical
flume tests.

The abutment analysis was also undertaken to determine the influence, if any, of the number of grids
located adjacent to the blockage. The results from this analysis are presented in Figure 4-6.
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Figure 4-6 Abutment Analysis — Influence of Grid: Blockage Ratio

Unlike the results seen in Figure 4-2, Figure 4-6 shows no clear trend that the number of cells located
adjacent to the blockage is having a significant influence on the results. In general terms, the results
appear to indicate that if more than 6 grids exist adjacent to the blockage, the TUFLOW model will
reproduce the results of the physical model within reasonable bounds. However, there are also a
number of results where there are less than 6 grids adjacent to the blockage that also provides a
good replication of the physical model results.

As discussed previously, the afflux determined by the models with a 2 foot and 3 foot opening appear
to have other factors at play rather than simply the contraction and expansion through the opening.
Therefore, if the results from these models were removed from Figure 4-6, the plot would look like
Figure 4-7. Figure 4-7 shows that regardless of the number of grids adjacent to the blockage, there
are TUFLOW models that are able to reproduce, within reasonable bounds, the results of the physical
flume test.

Consequently, it could be argued that the number of grids within a constriction will be more important
than the number of grids adjacent to the blockage when determining if a TUFLOW model will be able
to reliable reproduce the results of a physical model.
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4.3 Pier Analysis

The pier analysis was undertaken for four distinct types of piers; square shaft, single shaft, double
shaft and round-ended narrow. As discussed previously, the pier losses were applied to the model in
three distinct methods with the intention of determining an appropriate method to model piers within a
2D hydraulic model. The results from this analysis are presented in Figure 4-8 (Square Shaft Piers),
Figure 4-9 (Single Shaft Piers), Figure 4-10 (Double Shaft Piers) and Figure 4-11 (Round-Ended
Narrow Piers).

In general, the direct application of the pier loss coefficients obtained from the literature to the
hydraulic model will result in the determination of a slightly conservative afflux, although the results
are within reasonable bounds when compared to the physical flume results.
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Figure 4-8 Pier Analysis — Square Shaft Piers

Figure 4-8 shows the results from the various methods of modelling a square shaft pier. These results
are the only ones to include the piers modelled as a partial blockage of the model cell (light blue
triangles). As shown in the figure, modelling a pier as a partial blockage of an individual element will
almost certainly result in an afflux lower than that observed through the physical flume testing.
Although the differences in this case are quite small, it would be expected that the differences would
increase in real-world applications.

The square shaft piers are the only ones that result in a modelled afflux lower than the physical flume
test when using either Method One (yellow squares) or Method Two (dark blue triangles) to apply the
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form loss coefficients to the hydraulic model. It is thought that this is likely due to inaccuracies that
have been introduced to the model in developing the form loss coefficients for the square shaft.

The following figures (Figure 4-9, Figure 4-10 and Figure 4-11) show the results from the single shaft
piers, double shaft piers and round-ended narrow piers respectively. In general, the results between
the two methods (Method One and Method Two) will be identical when the number of elements per
pier is less than 1; however, this is not always the case due the way in which the piers are arranged
across the cross section. In each of these figures, it can be seen that once number of elements per
pier is greater than 1; the results from Method Two provide a closer match to those observed in the
physical model.

These results indicate that it is more appropriate to apply the form loss coefficient calculated from the
literature (eg: Austroads, 1994) to only the cells in which a pier will be located. Whilst this method will
still result in slightly conservative predictions of afflux, they will less conservative when compared to
the results when the form loss coefficient is applied across the entire cross section.
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Figure 4-9 Pier Analysis — Single Shaft Piers
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Figure 4-10 Pier Analysis — Double Shaft Piers
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5 CONCLUSIONS AND RECOMMENDATIONS

The research that has been undertaken sought to test two specific hypothesises:

1. That a 2D modelling scheme can reproduce, within reasonable bounds of uncertainty, the
contraction and expansion losses associated with flow through a bridge opening as indicated
by physical model tests undertaken by Liu et al (Liu, Bradley, & Plate, 1957); and

2. That the energy loss coefficients associated with bridge piers as reported in Liu et al can be
applied in a 2D modelling scheme to reproduce, within reasonable bounds, the increase in
water level reported by Liu et al (1957).

The research that has been presented in this report has shown that for the majority of modelled
flumes tested, these hypothesises can be considered true. However, a number of conclusions and
recommendations have been determined based upon the results of the research and have been
documented below:

e The importance of the viscosity coefficient increases as the grid size decreases and the
turbulence associated with the flow conditions can be modelled as a grid scale rather than at
a sub-grid scale.

e The predicted afflux of small constrictions relative to the grid size should be checked against
additional methods to ensure the afflux is not significantly over-predicted.

e The results suggest that a modeller should try to include at least 6 model elements within a
constriction to enable an accurate prediction of the afflux due to the contraction and
expansion. The number of elements adjacent to the blockage is not a significant factor in the
afflux predictions.

e The research has shown that the modelling of pier through the partial or complete blockage
of individual elements will result in an under-prediction of the afflux due to the pier when
compared against a physical flume result.

e The application of form loss coefficients obtained from the literature to individual elements
where a pier is expected to occur is the best method (of the tested methods) to use in the
modelling of piers within a 2D hydraulic model.

C:\JOEL_MENVENG\421-659_RESEARCHPROJECT\DELIVERABLES\53049REP_PDF.DOCX



REFERENCES 6-1

6

REFERENCES

AUSTROADS. (1994). "Waterway Design" - A Guide to the Hydraulic Design of Bridges, Culverts and
Floodways. Sydney, Australia: Austroads Publication AP-23/94.

BMT WBM (2008). TUFLOW User Manual (2008 Version). BMT WBM Pty Lid, Spring Hill,
Queensland, 2008.

Barton, C. (2001). Flow through an abrupt Constriction - 2D Hydrodynamic Model Performance and
Influence of Spatial Resoltuion. Queensland, Australia: Griffith University.

Bradley, J. (1978). Hydraulics of Bridge Waterways. Washington D.C.: Bridge Division, Federal
Highways Administration (FHWA).

Craven, A. (2009). Scoping Study on Applying Form Losses to Model Hydraulic Structures in a 2D
Hydrodynamic Scheme. Brisbane, Queensland: University of Queensland.

Crowder, R. A., Pepper, A. T., Whitlow, C., Sleigh, A., Wright, N., & Tomlin, C. (2004). Benchmarking
Hydraulic River Modelling Software Packages. Results - Test J (Bridges). R&D Technical Report W5-
105/TR2J. Bristol, United Kingdom: Environment Agency.

Liu, H., Bradley, J., & Plate, E. (1957). Backwater Effects of Piers and Abutments. Fort Collins,
Colarado: Civil Engineering Section, Colorado State University.

Mattai, H. F. (1976). Measurement of Peak Discharge at Width Contractions by Indirect Methods.
Washington: U.S. Geological Survey.

Muntisov, M. (1987). The Role of Two-dimensional Hydrualic Modelling in Bridge Waterway Analysis.
Conference on Hydraulics in Civil Engineering (3rd: 1987: Melbourne, Vic) (pp. 71-76). Melbourne,
Australia: Institution of Engineers, Australia.

Seckin, G. (2004). A simple formula for estimating backwater at bridge constricitons. Canadian
Journal of Civil Engineering. Vol. 31, no. 4, 561 - 568.

Seckin, G., & Atabay, S. (2005). Experimental backwater analysis around bridge waterways.
Canadian Journal of Civil Engineering Vol. 32, No. 6, 1015 - 1029.

Seckin, G., Haktanir, T., & Knight, D. W. (January 2007). A simple method for estimating flood flow
around bridges. Proceedings of the Institution of Civil Eningeers. Water Management. Vol. 160, no.4 ,
195-202.

Seckin, G., Knight, D. W., Atabay, S., & Seckin, N. (October 2008). Improving bridge afflux prediction
for overbank flows. Institution of Civil Engineers. Proceedings. Water Management (Inst. Civ. Eng.
Proc. Water Manage.) Vol. 161, no. WM5 , 253-260.

Seckin, G., Yurtal, R., & Haktanir, T. (1998). Contraction and expansion losses through bridge
constrictions. Jounral of Hydraulic Engineering. Vol.142, no. 5, 546-549.

C:\JOEL_MENVENG\421-659_RESEARCHPROJECT\DELIVERABLES\53049REP_PDF.DOCX



REFERENCES 6-2

Sowinski, M. (2006). An uncertainty analysis of the flood-stage upstream from a bridge. Water
Science and Technology Vol. 53, no.1, 77-84.

Syme, W. J. (2001). Modelling of Bends and Hydraulic Structures in a 2D Scheme. Conference on
Hydraulics in Civil Engineering. Hobart, Australia: Institution of Engineers, Australia.

Syme, W. J., Jones, R., & Arneson, L. (2009). Two-Dimensional Flow Modelling of Hydraulic
Structures in a 2D ADI Scheme. 33rd International Association of Hydraulic Engineering and
Research Congress. Vancouver, Canada: International Association of Hydraulics and Research.

Syme, W. J., Nielson, C. F., & Charteris, A. B. (1998). Comparison of Two-Dimensional
Hydrodynamic Modelling. International Conference on Hydraulics in Civil Engineering. Adelaide,
Australia: Institution of Engineers, Australia.

Wellington, N. B., & Muntisov, M. (1984). Quasi-two Dimensional vs One-dimensional Modelling of
Bridge Waterways. Conference on Hydraulics in Civil Engineering (2nd: 1984: Adelaide, S. Aust) (pp.
94-99). Adelaide, Australia: Institution of Engineers, Australia.

Yarnell, D. L. (1934). Bridge Piers as Channel Obstructions - Technical Bulletin 442. Washington: US
Department of Agriculture.

Yarnell, D. L. (1934). Pile Trestles as Channel Obstructions, Technical Bulletin 429. Washington: US
Department of Agriculture.

C:\JOEL_MENVENG\421-659_RESEARCHPROJECT\DELIVERABLES\53049REP_PDF.DOCX



LIU ET AL (1957) FLUME DATA — EMBANKMENT MODELS

APPENDIX A: LI1UETAL (1957) FLUME DATA — EMBANKMENT
MODELS

C:\JOEL_MENVENG\421-659_RESEARCHPROJECT\DELIVERABLES\53049REP_PDF.DOCX



9eL'0 100" ITGFEH €58'0 TEF'O

[l 3 - 1931 gA  §lEl

LIU ET AL (1957) FLUME DATA — EMBANKMENT MODELS

28" 0 L
1426 SGL°0  TEA8t  PUred  SSe'd FEETO 00°§F 6L 0TS - L1 gA SLEY
ZIE 0 96270 TINO®  AUIME 56€°0 REETe DOTE 6L OD'F - 1081 A FLET
LEE 0 1880 ZI00' RUEd 4580 FBF'0 00°'S 6L 0OTE - 191 ga  £LE]
1z0°0 §8'€ - - - - ySETO ZT00° Ieg  ¢58'0 €f€'0 0§77 6°L 009 - 91 gh 198
po°0 S07F - - - - DBE'U 2P0’ Feff 598’0 EEETO 05T 6L BA'V . L3l aA 098
Leoto  GRE - - - - o2’ 7100° Ieg 46@°n EfE°D 06'2  £°L 66°C - 91 gA 658
6510 56'T - - - - zop'0  TI00" JE  §58'C €EE0 0S§'T  6'L 8672 - L9 1 dA 999
au' Tl 9680 £SZ°0 GEEDT FFI'0 91Z'E  GLP'T  TL9TO #9071 z¥Eo  STE GESTE TRSTT O€e°l  626°1  090°[ 21007 SUEg 998'0 8140 00°5 6L agz - £9°1 A £9F
00°11 10270 0RETD GEED” FRI'D 2GRl Il 099°0 [AB'0 FeIe  9TE LPSTL §¥ST1 09471 wGLTT  ZER'D  TT00T  OWIPE  99E’0  BILTG 00'S 6L af'e - 91 gA  29%
Do'1i 66070 56570 GEE0T FBI'0  OGETT  SII'T §8%9'0 0Yg'0 £80°0 - 9555 7SSTT  BL9TT 94971 INATD  zTAAT AUyed  $98°0 @IL'% 08'§  6TL 00T - L9t gA  I9%
oDt 15070 £e9'a AP0’ #81°0  H91°1  €G0°'T  [69'0 89.'0 8£0°0  S§°T  LSSTT 96571 €£9°T  ¥E9T1 9sL°0  TIODT  SUMEG $98°0 B8IL°D 0D'S &L w0's - L3y, qgA 0%%
6o TI §20°0 09L°0 6EE0° #BI'D  090°1 020°T Q02’0 LFLTO ST0TD P 995°1  &9sT1 Q19T 609°1  €EL'O TTOOT  STHEH 998°0 @IL°D 00’5 BTL 00’9 - L9°1 gA 65¥
cig o PTE 69771 95771 S6BTT 6871  [S0°T  TEODT  YUNUO R0 £26°0 SL'6 6TL  O0'Z - 91 gA 797
at'§r 5404 €570 GIT0' #Fi'D aLE"T B56'1 96%°0 STL'0 S81°C L7 2981 29€°1 85T 085”1 g0L°0 z100° anreg Y98°0 £24°0 0§°T 6L o0z - 181 gA ¥SF
01761 6210 A8E°0 61Z0° BEFE'O 06571 891°'T 00570 519'0 LBA'D 0" L5g°1 G9E"1 GLF°T  ETEY'T 019°0  TTOD  wLeY 948'0 €£36°D ©05'2  6°L 00°E - 31 gA £sk
0l's1 ¥90°0 50670 170" gFI'G 2L1°1 ZHO'L  90§°0 [L5°0 €¥0°0 &7 TLE'1 TLE°T 9gk"1  LEFTT 99670 ZTI0DT Sy Y98'¢ EISD 09°% 67L 00F - L't gA 414
gr'st €00 Cf9°0 670" PTG DET'T  QBG'T  L06°0 BYETO 1go'D  0'E  ELETT  ELETT WIFTL ST HESTO TI00T  SLITA 098'0  €2570 og’'z 'L 00'S - JIN qr 1sF
61497 370 292'0 6120° EFEL'G  zSO'l  @IO°T  Olstd sEs°o éopto PR 9LETT  9LETl T0BTD TO¥TU €E5°G  zIOD®  SIHTA 99R°@ €76°0 05'Z 6°L 0079 - 91 gA  0%5F
a2z "9t LT3 CS7'0 GEEO PBE'D D61 (LT 0%ETd OIL'0 Gezo  §'@  98E'T  TOETD  SLETT  €i6°L  £0L%D zZoD®  RINEE F9E0  BLE'O TL'Z 6TL 00°T - 971 A 09
0z'9l 10270 0BE°0 6ECO FBICD 9IBTT  G¥2°l  6¥RT0 660 goU0 L% ZIETT  EIETL LSPTT O LSBTT £8G7D 200" pTd ¥9g° 0 HLFTO LT 6L 0D'E - (A0 gA 909
0z 91 66070 $08°0 6EE0T FEE'O OLET  IIL°L  ZSk0 THGO ES00 ST AIETT SIETD 90FTT  90F°T  1£570 200°  UITE F9B'0  BAF'D TL'Z 6TL 00°F - Ly T A 509
02 ' 91 150°0 £E9'0 GEE0' FBU'O ¥91°1 2561 L5F*3 BIGS'D 52070 ¥'2 £2E°T BIE"1 BLETT LIgt1 E0§'0 a0’ asyed ¥98°0 RLF'D TL'Z &L 00°g - 91 gA #09
0291 520°0 09L'0 65807 ¥EI'O 050°1 0zD' 1 19%°0 36F'0D 010°C £'2 9E'L ¥E”L 09e°1 09¢°1 §8%°0 zZ00" ared ¥9%°0 BL¥'D Zi'Z 6L 0079 - 91 aA £09
S€°91 gbg 'y teZ'0  OT1° ZCE'0 - s26'L  BBETT  16E°D £ab'0 rept¢  E'E [€2°0 8120 LOBTT  L0@TT  596°0  zLOOS aeg Y80 FEY'D 005 6L 00°'% - Lt A 19z
18P0 S'F GLI'T  GEZTT  BO8'T 0@l 59670 2I0O° ang yget0 wRY'O 00 6°L 002 - L9t =7, SN 144
SE'9¢L 8651 £§270 011" ¢EE’0 58'L :j: 10 9GE"D L96T0 QAF"O 2'E 6£z°1 we'r 008’1 208°1 29670 100" aeg - $E€8'0 PEF'O Q00'% 6'L e’z - 971 dJA 622
SE°9T 059°¢ 08E'0D OI1" 2E€'0 928’ ¥95°1L LOF'D OLL'OD ELIZTQ ¥y reet jeetr 109°1 90971 L5L70 100" JEE 3E8°0 FA¥'0 D09 6L aG'e - 971 HA 8IT
5¢°91 27€°0 s06°D 010" TEE'0  647°T  9IEL  6IF'D 0§9°0 EsTT0 2P gERL 92T IFTL LEFTL LEYT0 ZICO° Seg  yERT0 YEFCO 00'S 6L 08'Y - 9t oA 222
GE°9T §91°¢ £€9'D  OTC TEE'0  IBS'U  $9U°0  €C¥°D Be§TD uepte  FUE [RETL e’ 2wpr gTRTL R9CT0 ZROOS aedd  s€RT0 FERTOD OO'G hT¢ O0's - 29'% gA g2
6897 080a ggtt0  Off' EE'D  6EZ'T  WLD'L  LFETD 9CETD 9%0°0 L% bLZTT 7L ILETD 69tTL 02ETO T100' dzg 7E8°0 ¥EF0 DO'S 6L o'y - 9t HA ST
§€'91 865°1 £s2°0 DIT" ZEE'0 Go's o000'z  LLETD BYGTD BEE0 LR 99T 9E2Tl 0DB'L  FORTL 89670 EI00° avg yEQT0 ¥EPO 00'§  B°L  00'Z - (208 HA  S0E
5¢°91 059°¢ DRETD  OIT° Z£6°0 O¥8'E  99§°0 ZOF'H $9L°0 ¥ize  ¥P €2YT BFZTT  §65°1  209'L  BSL0 21007 ATH ¥»£8'0 ¥B¥'0 DO'F 6L ag’'e - [ 00 1 dA FOE
591 27€'0 c06°0 OT1' EE'0 &92°Z BIL'L 9I¥'D 9¥9°0D zsito E'P L§E'T €F2TT buy'y I8FTD 9€970  2I00° Ieg €870 ¥EEC0 00'S 6L A0°% - 9% dA €0t
sE'91 g31°0 CE9'D  OT1" <EL'O 9091 L't €CFD 185°0 €80°0 £ 09e°T ¥ (A8 0¥ 6151 19¢°0 zieo’ Ay ¥€8'0 ¥BF0 00°% 6" L an's - L3t gA ZO0E
SE'91 €800 9sL'q QT ZEL'0 0¥’y e'r ShED PESTD GEOD'O - gLz°t €82°1 99€° 1 FLETL 61570 Zio0* aeg sER°0  ¥BY0 DO'S 6L L6's - Lt HA 10E
psn’e  1'2  STE'T GIETD 20R'L SI¥TL ¥ESTO ZIDOS de  §98°0  ¥BY'0 00'S  6TL  96°§ - L9°% dA 58
SE'91 L9710 5E9'0 01T %E€°0 O00L'T 26E'L SPb°0 0650 g0 L'Z  WER'T  S0€'T  IFR'TD GERTL LlgT0 Z100° TEE 550 ARG D0'G AL MAE - L'y HA  u¥LS
s€°91 Teeto s06'0  O11' Z2EE'Q 6£'2  GEE'T  OCHD 6690 (910 €€ £82°T  @62TT  OT§°T  BIS'T  §¥9°G  ETOOT Ieg S58°¢ ¥BFPTG 00 6°L o00'F - 31 gA €L8
GE'91 0590 0geE’0 017" ZER'0 are'e 99571 FIP0 L9470 BiZT0 0672 852" 08z'1 51971 ¥23°1 85L°¢  2T00° JEL 568°c ¥RFD 00°S 6L 00'tE - L3 gA ZLB8
a591 080" g9L’0 OIT" <TEE°Q g2’ L 7i081 - - 9EC'0 - - - - - 0Zs'D TIOQT LR Z98°0 T¥EF'0 0OD'S 5L a9 - LT aA 1}
SE°91 591°0 £E9'0 OIT° FEE°0 O0I9° 1 TL1°1  ¥Ew’D 98S°0 £80°¢ £9°2  EOETT  D6TTT  LBPTT B¥EL L9070 ZT0OS 4o Y990 BERTO O0'S 6L a's - £9°1 gA 5L
§€°'9% 8091 £3Z°0 011" ZEC'O 0g'L  Ree’l - - 9i¥'e  BI'E - - - - 09¢'0  Z100° avg  ¥98°0 FERTO 00°§ 6L 02 - L3 1 gA 954
SE'91 0590 08E°D 011 ZEE-0  V2L'E  0SG°T  ¥DRCD 99470 9976 STE  BST'l  LETD ¥Z9CT 1E9°T  0§LT0 Z00° aeg 798'0 FERD 00°S 674 0'E - L1 gEA  55L
5£°'91 e 50$°0 Q11 ZEL°0  BEZ'ZT  LOETY  £7F0 05970 6F1°0 - FLZTT  962°1 71571 ZTIETT £E9°0 Zlon” avH Z98°0 vE¥'D 00's  6'L 0% - L9t A FSL
Lipt0 STE TBITT  L3TD 0 EA9TY ELDTT GCETO ZING' Je CE9T0 RIFD 66 4°L 0z - 1001 gA 992
a0'6% o152 ESZ0 TL1T S1F'C 0511 092'2  082'0 6660 12670 67T ZEITT  9ST'L  BIBT1  GIETT  £¥ETO zoe’ JeR p98°0 BI¥0 00°S 6L 0z - 91 gA z09
00° 61 520°1 BBE'0  TLI' S1P'CG  09F'S 0941 6TE€°0 0S4 BILTO  LT2 ARITT LLTCL FIPTT PI9TT UL zo0' aeg 980 SEFC0 005 672 0'E - L9 gA 109
0061 £€05°0 505°0 ZLI' S1F'0  TOT'E  09%'1  OGET0 £29°0 T6I'o  §'E €8T SORT[  QE¥T  EOF'L  E09°0 €00” asg  p9g'e  9iv'0 00's 6L o'y - 113 | gA 009
00761 85270 EE€9°0 LU ST#'C  SL6'1 S5E°T  §FE0 ¥¥ET0 LOTT0  $TE 0RTU O02T[ L0¥TL GOR'L £26°0 zoo' Jeg  B9'0 9IF'0 DO'S 6L 0% - L gA 665
00°6T 921'0 B9L'0  ZL1' ¢TF'0  OLE'T  OIT'T  19¢'0 LHWE'D 8ep0  O'F  PTTTT  SeT'l 2EETD 6RETD ¥9rT0 oo Izg PRE G 91%°¢ 00's 6L 0'9 - L0 | g4 #EG
GEE"C 2'e PEL'L PILY ¥25°1 925°1 Lg9’e  ztoo* JEH EEET G TEETO 16°T 6"L 0z - 51 gaa 9%
0L'€Z 15070 09L°0 $EROT 6BZ'O 12°1  59¢°'t 11€°0 99€°0 gz0'0 O0'% SPI'T  GFI'L  O02°7 pOE'T  s4$€°¢ 27007 xeg  ¥EETO  £EETG 05T 6T n'9 - 051 aA  19%
OLET sZL°0 EEY’Q HEEDT 68L'D 6E'T  OPL'L SOE°0 O06E"0 L¥0"0  9'€  LEUTT IRD'D €22°1 #ZT'U OBLTG ¥TO0O° XegL  RER'O EEETH 0572 6TL 0's . 91 €A 09E
OLEZ BFZ°0 c06°'0 GERD' 69D no'z  Bs?Tl SAT'O 9ZE°D 98070 5T grLr EU'l 6921 92t 6T¥'0 21007 Jef FEEOD EEETD 05'T 67U or - 91 HA 65E
gL'€e LU 8£°0 GIB0' 6BT'D g1°¢ 9F° 1 6RZ D L6ETD 95170 G'E 8Ll L't DEE" T TEE" T 68%°¢  Z100" I8¢ YER'D EEETC 0§°F 6L 0°'E - 91 qa 5%
0LEe [T+ £52°0 SEBD’ ‘0 0€'9 GGl 28Z°0 12970 ZE2'O  G'E  1Z1'T OITTT SSETU O BSETT GU9T0 ZIOOC JeH  PEE'D BEETD 0§24 o'z - 9T HA  LSE
i I u u g [P L) ta.  wo, 0,  ¥n [ sm TERY ] [ep] W Wl Tl Tl WAL Ten
g 453 W : d Ed shrg! o y g Wy *T q 'S o r 'y aders  -yinoy woyeg Yy 3 a q  wiuay  gfjag rapop  uny

PPON  TRPUN
ieg) pawdwe] W1BE PIINEEIRY

[Bp0W PIEOq [EDIPIIA
DNISEOED FYWHON JTdWES 1 3TAVL

C:\JOEL_MENVENG\421-659_RESEARCHPROJECT\DELIVERABLES\53049REP_PDF.DOCX




LIU ET AL (1957) FLUME DATA — PIER MODELS

B-1

APPENDIX B: LIV ET AL (1957) FLUME DATA — PIER MODELS

C:\JOEL_MENVENG\421-659_RESEARCHPROJECT\DELIVERABLES\53049REP_PDF.DOCX



B-2

LIU ET AL (1957) FLUME DATA — PIER MODELS

000°3 ¥S'h €500 90071 200°0
7956°0 SE'L 64070 ¥IO'E s00°¢
[0 H5 B EL T zzo't 800" G
568°0 0g 21 ZELTO 9¢0° % 21070
598'0 o5 Ct 50170 001 010°0
(1] oLt 6L0°0 810"1 9000
S16°0 se'Fl  £GO°D S10°1 50070
£16%0 (<38 1] 92070 110°1 $00°0
§58°0 0g'el 6T1°0 §00° 1 pG0 "0
Fe8'0 ST7EL 260°¢ L0071 €00°0
298°Q 08°8l 990°0 900°1 £00°D
600" 1 [ o 9z0'0 zan" I we"o
06670 86'G £50°0 2001 00" 0
066°0 £8°'g tLo'0 2107t LI
50071 4 501’0 ¥I0°1 1000
sib°0 gL £50'0 0%D0" 1 5000
¥56°0 89" ¢ s01°0 €20°1 110°0
05670 0£'Y ts0°0 g00° 1 ¥00'0
066°0 829 PLO0 2101 9000
000" T ¥’y £90°0 900° T 70070
w0t 76t 6L0°D 9007 % 2000
21071 FE'F s01°0 1101 ¥o0"0
870" 1 6277 £50°0 £00°1 100°¢
800°T 95°F 620°0 800°1 £00°0
896°0 0979 s0T°D L1t 900°0
21071 90°7 50170 900" T £00°0
06670 €677 6L0°0 900" 1 00" 0
0zo"1 0zt £50°¢ FO0° 1 72000
88670 69°5 ST FAC RS 000
06670 569 bLa'o 21071 300°0
500" 1 Z8'Y €50°N 900" 1 £00°0

R ]
BTO"I [ 381 101°0 Zw"l 900°0
0E0" T [$:38 1 15079 9007t £00°0
FA01 SLTE 75170 LE0TT 20070
L9071 0672 9L0°D POt 00" 0
w01 ey 92070 101 L00° 0
8ol 12°7 EL ] 1801 CT0°0
80" or't £50°0 €00°1 10070
990" 1 [ 21 62070 £00°1 100°0
€60°1 012 50170 900° 1 z00'0
99071 [ 1 6L0°D €007 1 16070
€071 6z'¢ 000 800°1 too"o
1071 00'¢ 970'0 20071 100°0
g0 I 8z'¥ £50°0 900" 1 €000
o1 5§'¢ &L0°0 800" 1 F00°0
590" Y 00" ¥ s0T*0 Z10°1 900°0
590°1 00'F 501" 0 2i6°1 90070
Bv0° T 89°E 6L0°D 800" 1 ¥60°0

£00°0

10070
sE0°1 0Z°¢ 15070 L0 1 EDD"0
910°1 42 et o L1071 L00°0
19071 ‘T Lh00 £00° 1 100°0
£80°1 1077 50T 0 900" 1 200°0
bE0° 1 61°2 £50°0 €001 10070
s50°1 : 3r4 6070 900" 200°0
090°1 S1'F s01'0 11071 000
va,, o, uy :_u__~

ax w ®
BB panduiod

T80 57970 4 o
§9€'0 5¢9°0 21 L
29¢°0 52970 91 -
GPE'Q 529°0 0z £
[ 2] 5290 91 <
GEE’D 579°C 21 I
BEETO g29°0 8 2
LEETD 5290 ® 2
o¥s’0 c29°0 -1 x
6E5°0 529°'¢ +1 a
8£5°0 g2%'¢C ot a4
G580 §Z9°0 b sp
g8%°0 S29°0 g sp
06%°0 SZ9°0 1 sp
16%'0 s¢9°0 91 sp
GBE'D gZ°1 ¥ o
gzl g sp
SBE°D szl ® sh
|EF0 ¥'e z sp
o6y 0 gt 4 sp
79870 gz'1 & sp
79670 5271 9 sp
¥9€°0 521 g sp
19¢7°0 57970 8 sp
£9¢°0 579°0 Tl sp
99¢°0 SZ9°0 91 sp
Le¥ 0 5T9°0 k14 88
LE¥' 5290 [41 s%
98F° 0 579°0 8 s8
z6+°0 GZ° 1 ] &5
06k D LT 9 88
L8P0 621 12 88
S8R0 §2°1 k4 ss
0670 ¥'e 14 s
L8y 0 ¥t Z a5
76%°0 9°¢ ¥ 88
983" 3°c 2 s8R
€er'0 9t Z 68
67%'0 9 ¥ 8
1970 gz'1 ¥ §8
19€°0 gz'l 9 §s
2%E°0 §2'%7 g ‘ee
19670 529°0 141 8%
£9€70 52970 91 88
S8k 0 §2°1 2 uI
LBFTO s2°1 ¥ ux
88F°0 sZ'E 9 uz
0680 s¢°1 4 ud
06%'0 529°0 91 uwI
280 S29°0 z1 e
LE¥'D §29°¢ ] ux
G870 52970 ¥ R
GIF0 | -4 H x
£2%°0 ¥ 14 ux
E9€"0 [T AN 9 nx
I9%°0 §2°1 8 ux
19€70 52970 8 unr
79E°0 529°0 ik ux
$9E°0 SZ§'0 91 ux
(73] [ur] SIofg fo  sIaid o
ty 21314 Jo RETITTN] ad4f,
J3jewend .
wulﬂw mma meN
TELd T

2100°
2100°
z100°
2100°
Zto0'
ztro0”
Z16G"
7100°
2100"
zioo"
Z100°
ztoo’
100
2100
2100
Z100°
zioo’
z100°
z100"
z100°
Z100°
2100
Ztoo'
2100
2100°
zioo"
zioe’
z100"
z100"
z100°
Z100°
z100°
z100°
2100°
ztoo'
z100*
ztoo’

00

z00"
Z100°
Z100'
7100
z1p0°
z100°
z100°
ziee"
z100"

.2Toe”

2100°
zio0’
[ALLN
z2100°
100"
ZIoo’
ztoo”
FA{ ]
zieo”
zice”
z100°

admg

§5au
~ydnoy

TE( FAANFeaR

aeg
Jeq
aeg
IBg
reg
dRg
Jeg
SEH
1red
IIyed
ayred
1eg
1eg
Jeg
aeg
aeg
JBH
xeg
ang
Jeg
aeg
aeg
IEBG
aeg
1eg
sug
xeg
Jeg
aeg
aeg
1eg
Teg
aeg
reg
aeg
reg
req
aeg
aeg
JTeg
Teqg
aeg
Jeg
xeg
reg
Ieg
aegq
1o
Teg
1eg
avg
Jeg
degd
aeg
JLEH
Ieg
g
avy
Jeg

-
oo

5980
1370
sL8 0
SEB°C
SE8° G
558°0
G680
s58°0
BSR'O
55870
568°0Q
55870
66870
b1 ]
55870
55870
5580
46870
€SR°0
€58°0
§48°0
GS8'0
SS8°0
G68°0
S58°¢
55870
55870
55870
S58'0
558°0
s68'0
(3]
§58°0
998°0
39870
99870
99870
F98°0
¥98°0
5680
56870
98870
g58°0
5870
S58°C
558°0
568°0
598°0
55870
§558°0
§98°0
5870
¥aR°0
¥98°0
S68°0
6870
56870
Y5870
G680

09E°0 a0'e 'L £ o1
09£°0 00°€ 6L €L 6EET
DIE" 0 00'g 6L L 8EIT
SEE'0 0872 6L 6°9 758
£EE'D 052 6L L 158
€EED L1384 6L £ L (L]
EEE°D 052 6L L 668
£EE"O 05'zZ 6L e 18]
9€5'0 052 6L et gL
1] 0s'2 &L 'L ZLL
5£5°0 052 6L pL | #73
[3: 1] 00°s 'L L'L zetLy
PRP'0 a0°s 6L ) 1t
$8F°0 005 [ 33 £ L 133
8% "0 007§ [ 33 1t X414}
YEFO 00°5 [ 'L 97111
¥BYO 00's 6L £°L G1EE
¥8F°0 60’ 6L 1L F1TT
E5'0 on's 6'L [ 29
[3:E] 06y 6L £ £29
09€°0 00°¢ 6L §°L Ge1I
09€°0 00°E (33 L £511
09g°0 00°€ 6L L 0511
09€°0 007t 6L s'L 11
09€°0 00'€ 6L €L 8p1I
09€°0 /M 6L S 9F1T
¥8F'0 oe'g 6L "L 8211
13 ] 00°g 6L €L LZr
2:1° 0] 0oy 6L §T 4 9211
PEEF'O go's 6L 'L ERIT
P8¥ 0 00" 6L T F4848
¥8%°D 00§ 6'L A 1t
¥8% 70 o0°s 6L B'L ottt
FEE 0 00°s 6L 1L 18]
yep e 60°¢ 6L 5L 01y
¥eh 0 e0°s [ L9 609
¥8b°0 00§ 6'L [ 809
3170 00's 6L E"L LbG
P24 oe's 5L L9 965
n9¢" & 00°E 6L 5L 12181
09e" 0 00'E [ ) 7L 2511
09E° 0 00°E 6'L 1" 15l
09670 00'€ 6L €L LI
09€°0 an*¢ 6'L e skLT
[2:1 0] ©0°S 6 L LL 211
j4:1 [+]1 281 6L 5L vzl _
Fek0 00"s 6L £'L €211
4 1 00 6L e Feal g
8y 0 0% [ L 121t
F8¥°0 oo's | 6L £'L oztl
8% 0 00°s (33 [} HATIT
BEFTO 00's 6L LL gl
91%"0 00°g 6L 574 56¢
91% 0 00's 6L 1L ¥Hs
09€"0 00°¢ 6L £°L LETT
09E°D 00°E 6L L 911
69E70 00'€ 6'L 5L SE11
e9E°0 [N (A3 £ L PET1
09€°0 G0"€E 6L 1L £ET1
[£9)] [5338] B 3] TOR
Yy <] a q uny
SLNAWLNYY LOOHLIM SHAId ¢ ITHEVI

C:\JOEL_MENVENG\421-659_RESEARCHPROJECT\DELIVERABLES\53049REP_PDF.DOCX



B-3

LIU ET AL (1957) FLUME DATA — PIER MODELS
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TUFLOW MODEL RESULTS — ABUTMENT MODELS

C-1

APPENDIX C: TUFLOW MODEL RESULTS — ABUTMENT MODELS
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TUFLOW MODEL RESULTS — ABUTMENT MODELS

C-2

A01 A02 A03 A04 A05
Opening (m) 0.610 0.914 1.219 1.524 1.829
h1 (m) 0.187 0.149 0.128 0.116 0.108
Grid Size h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp
RP03 0.80264 0.248 132% 0.191 128% 0.110 86% 0.105 91% 0.103 95%
RP04 0.60198 0.251 134% 0.194 130% 0.109 85% 0.105 91% 0.103 95%
RP05 0.48158 0.253 135% 0.128 86% 0.117 92% 0.105 91% 0.101 93%
RP06 0.40132 0.254 136% 0.140 94% 0.116 91% 0.111 96% 0.103 95%
RP08 0.30099 0.180 96% 0.136 91% 0.119 93% 0.112 97% 0.104 96%
RP10 0.24079 0.170 91% 0.141 95% 0.123 96% 0.113 98% 0.108 100%
RP12 0.20066 0.179 95% 0.138 93% 0.123 96% 0.117 101% 0.108 100%
RP15 0.16053 0.183 98% 0.140 94% 0.125 98% 0.117 101% 0.110 102%
RP20 0.12040 0.190 101% 0.146 98% 0.126 99% 0.118 102% 0.114 105%
A06 A07 A08 A09 A10
Opening (m) 0.610 0.914 1.219 1.524 1.829
h1 (m) 0.287 0.224 0.185 0.159 0.141
Grid Size h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp
RP03 0.80264 0.333 116% 0.252 113% 0.175 94% 0.137 86% 0.137 97%
RP04 0.60198 0.341 119% 0.186 83% 0.164 88% 0.136 85% 0.136 96%
RP05 0.48158 0.277 96% 0.223 100% 0.161 87% 0.141 88% 0.141 100%
RP06 0.40132 0.265 92% 0.210 94% 0.162 87% 0.149 93% 0.128 91%
RP08 0.30099 0.272 95% 0.206 92% 0.177 96% 0.149 93% 0.129 91%
RP10 0.24079 0.267 93% 0.208 93% 0.174 94% 0.154 97% 0.154 109%
RP12 0.20066 0.278 97% 0.222 99% 0.181 98% 0.160 100% 0.160 113%
RP15 0.16053 0.281 98% 0.215 96% 0.177 96% 0.164 103% 0.164 116%
RP20 0.12040 0.288 100% 0.218 97% 0.185 100% 0.168 105% 0.168 119%
Al Al12 A13 Al4 A15
Opening (m) 0.610 0.914 1.219 1.524 1.829
h1 (m) 0.293 0.229 0.193 0.173 0.158
Grid Size h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp
RPO03 0.80264 0.371 127% 0.283 124% 0.171 89% 0.152 88% 0.150 95%
RP04 0.60198 0.376 128% 0.288 126% 0.166 86% 0.152 88% 0.150 95%
RP05 0.48158 0.287 98% 0.235 103% 0.173 90% 0.152 88% 0.148 93%
RP06 0.40132 0.253 86% 0.217 95% 0.172 89% 0.164 95% 0.149 94%
RP08 0.30099 0.278 95% 0.205 90% 0.180 93% 0.164 95% 0.150 95%
RP10 0.24079 0.261 89% 0.213 93% 0.183 95% 0.166 96% 0.158 100%
RP12 0.20066 0.278 95% 0.209 91% 0.183 95% 0.173 100% 0.159 100%
RP15 0.16053 0.282 96% 0.213 93% 0.185 96% 0.172 100% 0.163 103%
RP20 0.12040 0.291 99% 0.222 97% 0.191 99% 0.178 103% 0.172 109%
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TUFLOW MODEL RESULTS — ABUTMENT MODELS

C-3

A16 A17 A18 A19 A20
Opening (m) 0.610 0.914 1.219 1.524 1.829
h1 (m) 0.214 0.178 0.162 0.153 0.149
Grid Size h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp
RP03 0.80264 0.342 160% 0.267 150% 0.203 125% 0.151 98% 0.149 100%
RP04 0.60198 0.345 161% 0.269 151% 0.155 96% 0.151 98% 0.149 100%
RP05 0.48158 0.347 162% 0.167 94% 0.158 98% 0.150 98% 0.146 98%
RP06 0.40132 0.348 162% 0.169 95% 0.158 98% 0.154 100% 0.148 100%
RP08 0.30099 0.245 114% 0.173 97% 0.161 99% 0.154 100% 0.148 100%
RP10 0.24079 0.224 105% 0.178 100% 0.164 101% 0.155 101% 0.151 102%
RP12 0.20066 0.237 111% 0.175 98% 0.164 101% 0.159 104% 0.152 102%
RP15 0.16053 0.203 95% 0.177 100% 0.165 102% 0.159 104% 0.153 103%
RP20 0.12040 0.209 98% 0.182 102% 0.166 103% 0.160 104% 0.156 105%
A21 A22 A23 A24 A25
Opening (m) 0.610 0.914 1.219 1.524 1.829
h1 (m) 0.216 0.186 0.173 0.166 0.162
Grid Size h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp
RP03 0.80264 0.371 172% 0.290 156% 0.224 130% 0.164 99% 0.162 100%
RP04 0.60198 0.373 173% 0.292 157% 0.226 131% 0.162 98% 0.161 99%
RP05 0.48158 0.374 173% 0.174 94% 0.168 97% 0.162 98% 0.159 98%
RPO06 0.40132 0.374 173% 0.176 95% 0.169 98% 0.166 100% 0.162 100%
RP08 0.30099 0.376 174% 0.180 97% 0.170 99% 0.165 100% 0.161 99%
RP10 0.24079 0.214 99% 0.184 99% 0.172 100% 0.166 100% 0.163 101%
RP12 0.20066 0.226 105% 0.182 98% 0.173 100% 0.170 103% 0.164 101%
RP15 0.16053 0.204 95% 0.183 98% 0.173 100% 0.169 102% 0.164 101%
RP20 0.12040 0.209 97% 0.187 101% 0.175 101% 0.170 103% 0.167 103%
A26 A27 A28 A29 A30
Opening (m) 0.610 0.914 1.219 1.524 1.829
h1 (m) 0.323 0.269 0.244 0.230 0.223
Grid Size h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp h1 (calc) % of Exp
RP03 0.80264 0.508 157% 0.402 150% 0.310 127% 0.222 96% 0.220 98%
RP04 0.60198 0.510 158% 0.405 151% 0.226 93% 0.222 96% 0.221 99%
RP05 0.48158 0.512 158% 0.244 91% 0.233 95% 0.222 96% 0.219 98%
RPO06 0.40132 0.511 158% 0.244 91% 0.232 95% 0.227 99% 0.219 98%
RP08 0.30099 0.440 136% 0.252 94% 0.235 96% 0.228 99% 0.221 99%
RP10 0.24079 0.305 94% 0.258 96% 0.240 98% 0.229 99% 0.225 101%
RP12 0.20066 0.348 108% 0.253 94% 0.238 97% 0.232 101% 0.224 100%
RP15 0.16053 0.294 91% 0.257 96% 0.241 99% 0.234 102% 0.227 102%
RP20 0.12040 0.302 93% 0.264 98% 0.242 99% 0.235 102% 0.231 103%
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TUFLOW MODEL RESULTS — PIER MODELS
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Model Domain (S'z‘irzig Fier Pler No. . Method One Method Two Method Three
(m) ype Diam. (m) Piers h1 (calc) % exp h1 (calc) % exp h1 (calc) % exp
RP03 0.803 sq 0.016 20 0.105 0.104 98.61% 0.104 98.61% 0.102 96.72%
RP04 0.602 sq 0.016 20 0.105 0.104 98.61% 0.104 98.61% 0.102 96.72%
RP05 0.482 sq 0.016 20 0.105 0.104 98.61% 0.104 98.61% 0.102 96.72%
RP06 0.401 sq 0.016 20 0.105 0.104 98.61% 0.104 98.61% 0.102 96.72%
P01 RP08 0.301 sq 0.016 20 0.105 0.105 99.56% 0.105 99.56% 0.102 96.72%
RP10 0.241 sq 0.016 20 0.105 0.105 99.56% 0.104 98.61% 0.103 97.67%
RP12 0.201 sq 0.016 20 0.105 0.106 100.51% 0.105 99.56% 0.104 98.61%
RP15 0.161 sq 0.016 20 0.105 0.108 102.41% 0.107 101.46% 0.106 100.51%
RP20 0.120 sq 0.016 20 0.105 0.113 107.15% 0.113 107.15% 0.103 97.67%
RP03 0.803 sq 0.016 16 0.105 0.103 98.52% 0.103 98.52% 0.102 97.56%
RP04 0.602 sq 0.016 16 0.105 0.103 98.52% 0.103 98.52% 0.102 97.56%
RP05 0.482 sq 0.016 16 0.105 0.103 98.52% 0.103 98.52% 0.102 97.56%
RP06 0.401 sq 0.016 16 0.105 0.103 98.52% 0.103 98.52% 0.102 97.56%
P02 RP08 0.301 sq 0.016 16 0.105 0.104 99.48% 0.104 99.48% 0.102 97.56%
RP10 0.241 sq 0.016 16 0.105 0.104 99.48% 0.103 98.52% 0.103 98.52%
RP12 0.201 sq 0.016 16 0.105 0.104 99.48% 0.104 99.48% 0.103 98.52%
RP15 0.161 sq 0.016 16 0.105 0.106 101.39% 0.105 100.43% 0.105 100.43%
RP20 0.120 sq 0.016 16 0.105 0.111 106.17% 0.11 105.22% 0.101 96.61%
RP03 0.803 sq 0.016 12 0.104 0.103 99.39% 0.103 99.39% 0.102 98.43%
RP04 0.602 sq 0.016 12 0.104 0.103 99.39% 0.103 99.39% 0.102 98.43%
RP05 0.482 sq 0.016 12 0.104 0.103 99.39% 0.103 99.39% 0.102 98.43%
RP06 0.401 sq 0.016 12 0.104 0.102 98.43% 0.102 98.43% 0.102 98.43%
P03 RP08 0.301 sq 0.016 12 0.104 0.103 99.39% 0.103 99.39% 0.102 98.43%
RP10 0.241 sq 0.016 12 0.104 0.103 99.39% 0.103 99.39% 0.102 98.43%
RP12 0.201 sq 0.016 12 0.104 0.103 99.39% 0.103 99.39% 0.102 98.43%
RP15 0.161 sq 0.016 12 0.104 0.104 100.36% 0.104 100.36% 0.103 99.39%
RP20 0.120 sq 0.016 12 0.104 0.106 102.29% 0.106 102.29% 0.105 101.32%
RP03 0.803 sq 0.016 8 0.103 0.102 99.01% 0.102 99.01% 0.102 99.01%
RP04 0.602 sq 0.016 8 0.103 0.102 99.01% 0.102 99.01% 0.102 99.01%
RP05 0.482 sq 0.016 8 0.103 0.102 99.01% 0.102 99.01% 0.102 99.01%
RP06 0.401 sq 0.016 8 0.103 0.102 99.01% 0.102 99.01% 0.102 99.01%
P04 RP08 0.301 sq 0.016 8 0.103 0.102 99.01% 0.102 99.01% 0.102 99.01%
RP10 0.241 sq 0.016 8 0.103 0.102 99.01% 0.102 99.01% 0.102 99.01%
RP12 0.201 sq 0.016 8 0.103 0.102 99.01% 0.102 99.01% 0.102 99.01%
RP15 0.161 sq 0.016 8 0.103 0.103 99.98% 0.103 99.98% 0.102 99.01%
RP20 0.120 sq 0.016 8 0.103 0.104 100.95% 0.104 100.95% 0.103 99.98%
RP03 0.803 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
RP04 0.602 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
RP05 0.482 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
P05 RP06 0.401 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
RP08 0.301 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
RP10 0.241 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
RP12 0.201 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
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TUFLOW MODEL RESULTS — PIER MODELS
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Model Domain (S'z‘irzig Fier Pler No. . Method One Method Two Method Three
(m) ype Diam. (m) Piers h1 (calc) % exp h1 (calc) % exp h1 (calc) % exp
RP15 0.161 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
RP20 0.120 sq 0.016 4 0.102 0.102 99.60% 0.102 99.60% 0.102 99.60%
RP03 0.803 sq 0.016 16 0.112 0.112 99.85% 0.112 99.85% 0.111 98.96%
RP04 0.602 sq 0.016 16 0.112 0.112 99.85% 0.112 99.85% 0.111 98.96%
RP05 0.482 sq 0.016 16 0.112 0.112 99.85% 0.112 99.85% 0.111 98.96%
RP06 0.401 sq 0.016 16 0.112 0.112 99.85% 0.112 99.85% 0.111 98.96%
P09 RP08 0.301 sq 0.016 16 0.112 0.113 100.74% 0.113 100.74% 0.111 98.96%
RP10 0.241 sq 0.016 16 0.112 0.113 100.74% 0.113 100.74% 0.112 99.85%
RP12 0.201 sq 0.016 16 0.112 0.114 101.63% 0.113 100.74% 0.112 99.85%
RP15 0.161 sq 0.016 16 0.112 0.115 102.53% 0.115 102.53% 0.114 101.63%
RP20 0.120 sq 0.016 16 0.112 0.121 107.88% 0.121 107.88% 0.111 98.96%
RP03 0.803 sq 0.016 12 0.112 0.112 100.40% 0.112 100.40% 0.111 99.50%
RP04 0.602 sq 0.016 12 0.112 0.112 100.40% 0.112 100.40% 0.111 99.50%
RP05 0.482 sq 0.016 12 0.112 0.112 100.40% 0.112 100.40% 0.111 99.50%
RP06 0.401 sq 0.016 12 0.112 0.112 100.40% 0.112 100.40% 0.111 99.50%
P10 RP08 0.301 sq 0.016 12 0.112 0.112 100.40% 0.112 100.40% 0.111 99.50%
RP10 0.241 sq 0.016 12 0.112 0.112 100.40% 0.112 100.40% 0.111 99.50%
RP12 0.201 sq 0.016 12 0.112 0.112 100.40% 0.112 100.40% 0.112 100.40%
RP15 0.161 sq 0.016 12 0.112 0.114 102.19% 0.113 101.29% 0.113 101.29%
RP20 0.120 sq 0.016 12 0.112 0.116 103.98% 0.115 103.09% 0.115 108.09%
RP03 0.803 sq 0.016 8 0.111 0.111 100.05% 0.111 100.05% 0.111 100.05%
RP04 0.602 sq 0.016 8 0.111 0.112 100.95% 0.112 100.95% 0.111 100.05%
RP05 0.482 sq 0.016 8 0.111 0.111 100.05% 0.111 100.05% 0.111 100.05%
RP06 0.401 sq 0.016 8 0.111 0.111 100.05% 0.111 100.05% 0.111 100.05%
P11 RP08 0.301 sq 0.016 8 0.111 0.112 100.95% 0.111 100.05% 0.111 100.05%
RP10 0.241 sq 0.016 8 0.111 0.111 100.05% 0.111 100.05% 0.111 100.05%
RP12 0.201 sq 0.016 8 0.111 0.111 100.05% 0.111 100.05% 0.111 100.05%
RP15 0.161 sq 0.016 8 0.111 0.112 100.95% 0.112 100.95% 0.112 100.95%
RP20 0.120 sq 0.016 8 0.111 0.113 101.85% 0.113 101.85% 0.113 101.85%
RP03 0.803 sq 0.016 12 0.150 0.15 100.03% 0.15 100.03% 0.148 98.69%
RP04 0.602 sq 0.016 12 0.150 0.15 100.03% 0.15 100.03% 0.148 98.69%
RP05 0.482 sq 0.016 12 0.150 0.15 100.03% 0.15 100.03% 0.148 98.69%
RP06 0.401 sq 0.016 12 0.150 0.149 99.36% 0.149 99.36% 0.148 98.69%
P15 RP08 0.301 sq 0.016 12 0.150 0.15 100.03% 0.15 100.03% 0.148 98.69%
RP10 0.241 sq 0.016 12 0.150 0.15 100.03% 0.15 100.03% 0.149 99.36%
RP12 0.201 sq 0.016 12 0.150 0.151 100.69% 0.15 100.03% 0.149 99.36%
RP15 0.161 sq 0.016 12 0.150 0.152 101.36% 0.152 101.36% 0.151 100.69%
RP20 0.120 sq 0.016 12 0.150 0.155 103.36% 0.154 102.69% 0.153 102.03%
RP03 0.803 sq 0.016 16 0.151 0.151 100.08% 0.151 100.08% 0.148 98.09%
RP04 0.602 sq 0.016 16 0.151 0.151 100.08% 0.151 100.08% 0.148 98.09%
P16 RP05 0.482 sq 0.016 16 0.151 0.151 100.08% 0.151 100.08% 0.148 98.09%
RP06 0.401 sq 0.016 16 0.151 0.15 99.42% 0.15 99.42% 0.148 98.09%
RP08 0.301 sq 0.016 16 0.151 0.151 100.08% 0.151 100.08% 0.148 98.09%
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Model Domain (S'z‘irzig Fier . Pier No' . Method One Method Two Method Three
(m) ype Diam. (m) Piers h1 (calc) % exp h1 (calc) % exp h1 (calc) % exp

RP10 0.241 sq 0016 | 16 0.151 0.152 | 100.74% 0.151 | 100.08% 0.149 |  98.76%
RP12 0.201 sq 0016 | 16 0.151 0.152 | 100.74% 0.152 | 100.74% 0.15 | 99.42%
RP15 0.161 sq 0.016 | 16 0.151 0.155 | 102.73% 0.154 | 102.07% 0.152 | 100.74%
RP20 0120 | sq 0016 | 16 0.151 0.162 | 107.37% 0.162 | 107.37% 0.148 |  98.09%
RP03 0.803 | sq 0016 | 20 0.152 0.152 |  99.94% 0.152 |  99.94% 0.148 | 97.31%
RP04 0602 | sq 0016 | 20 0.152 0.152 |  99.94% 0.152 |  99.94% 0.148 |  97.31%
RPO5 0482 | sq 0.016 | 20 0.152 0.152 |  99.94% 0.152 |  99.94% 0.148 | 97.31%
RP06 0.401 sq 0016 | 20 0.152 0.152 |  99.94% 0.152 |  99.94% 0.148 |  97.31%

P17 RP08 0.301 sq 0016 | 20 0.152 0.153 | 100.59% 0.153 | 100.59% 0.148 |  97.31%
RP10 0.241 sq 0016 | 20 0.152 0.154 | 101.25% 0.153 | 100.59% 0.15 |  98.62%
RP12 0.201 sq 0016 | 20 0.152 0.155 | 101.91% 0.154 | 101.25% 0.151 |  99.28%
RP15 0.161 sq 0.016 | 20 0.152 0.158 | 103.88% 0.157 | 103.22% 0.155 | 101.91%
RP20 0120 |  sq 0016 | 20 0.152 0.165 | 108.48% 0.165 | 108.48% 0.15 |  98.62%
RP03 0.803 m 0.016 | 16 0.111 0.113 | 101.85% 0.113 | 101.85%
RP04 0.602 m 0016 | 16 0.111 0.113 | 101.85% 0.113 | 101.85%
RPO5 0.482 m 0016 | 16 0.111 0.113 | 101.85% 0.113 | 101.85%
RP06 0.401 m 0016 | 16 0.111 0.112 | 100.95% 0.112 | 100.95%

P18 RP08 0.301 m 0016 | 16 0.111 0.113 | 101.85% 0.113 | 101.85%
RP10 0.241 m 0016 | 16 0.111 0.113 | 101.85% 0.113 | 101.85%
RP12 0.201 m 0016 | 16 0.111 0.114 | 102.75% 0.114 | 102.75%
RP15 0.161 m 0016 | 16 0.111 0.116 | 104.55% 0.115 | 103.65%
RP20 0.120 m 0016 | 16 0.111 0.121 | 109.06% 0.121 | 109.06%
RP03 0.803 m 0016 | 12 0.149 0.15 | 100.85% 0.15 | 100.85%
RP04 0.602 m 0.016 | 12 0.149 0.15 | 100.85% 0.15 | 100.85%
RPO5 0.482 m 0016 | 12 0.149 0.15 | 100.85% 0.15 | 100.85%
RP06 0.401 m 0.016 | 12 0.149 0.15 | 100.85% 0.15 | 100.85%

P27 RP08 0.301 m 0.016 | 12 0.149 0.15 | 100.85% 0.15 | 100.85%
RP10 0.241 m 0016 | 12 0.149 0.15 | 100.85% 0.15 | 100.85%
RP12 0.201 m 0016 | 12 0.149 0.151 | 101.52% 0.151 | 101.52%
RP15 0.161 m 0016 | 12 0.149 0.152 | 102.19% 0.152 | 102.19%
RP20 0.120 m 0016 | 12 0.149 0.155 | 104.21% 0.154 | 103.53%
RP03 0.803 m 0016 | 16 0.149 0.151 | 101.10% 0.151 | 101.10%
RP04 0.602 m 0016 | 16 0.149 0.151 | 101.10% 0.151 | 101.10%
RPO5 0.482 m 0016 | 16 0.149 0151 | 101.10% 0151 | 101.10%
RP06 0.401 m 0016 | 16 0.149 0.151 | 101.10% 0.151 | 101.10%

P28 RPO8 0.301 m 0.016 | 16 0.149 0.152 | 101.77% 0152 | 101.77%
RP10 0.241 m 0016 | 16 0.149 0.152 | 101.77% 0.151 | 101.10%
RP12 0.201 m 0016 | 16 0.149 0.153 | 102.44% 0152 | 101.77%
RP15 0.161 m 0016 | 16 0.149 0.155 | 103.78% 0.154 | 103.11%
RP20 0.120 m 0016 | 16 0.149 0.162 | 108.47% 0.162 | 108.47%
RP03 0.803 m 0.032 8 0.149 0.151 | 101.10% 0151 | 101.10%

P29 RP04 0.602 m 0.032 8 0.149 0.151 | 101.10% 0.151 | 101.10%
RPO5 0.482 m 0.032 8 0.149 0151 | 101.10% 0151 | 101.10%
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Model Domain (S'z‘irzig Fier . Pier No' . Method One Method Two Method Three
(m) ype Diam. (m) Piers h1 (calc) % exp h1 (calc) % exp h1 (calc) % exp
RP06 0.401 m 0.032 8 0.149 0.151 | 101.10% 0.151 | 101.10%
RP08 0.301 m 0.032 8 0.149 0.152 | 101.77% 0151 | 101.10%
RP10 0.241 m 0.032 8 0.149 0.152 | 101.77% 0.151 | 101.10%
RP12 0.201 m 0.032 8 0.149 0.153 | 102.44% 0.152 | 101.77%
RP15 0.161 m 0.032 8 0.149 0.155 | 103.78% 0.153 | 102.44%
RP20 0.120 m 0.032 8 0.149 0.162 | 108.47% 0.161 | 107.80%
RP03 0.803 m 0.032 6 0.149 0.15 | 100.85% 0.15 | 100.85%
RP04 0.602 m 0.032 6 0.149 0.15 | 100.85% 0.15 | 100.85%
RPO5 0.482 m 0.032 6 0.149 0.15 | 100.85% 0.15 | 100.85%
RPO6 0.401 m 0.032 6 0.149 0.15 | 100.85% 0.149 | 100.17%
P30 RP08 0.301 m 0.032 6 0.149 0.15 | 100.85% 0.15 | 100.85%
RP10 0.241 m 0.032 6 0.149 0.15 | 100.85% 0.15 | 100.85%
RP12 0.201 m 0.032 6 0.149 0.151 | 101.52% 0.15 | 100.85%
RP15 0.161 m 0.032 6 0.149 0.152 | 102.19% 0151 | 101.52%
RP20 0.120 m 0.032 6 0.149 0.155 | 104.21% 0.154 | 103.53%
RP03 0.803 | ss 0016 | 16 0.111 0.112 | 101.23% 0.112 | 101.23%
RP04 0.602 | ss 0.016 | 16 0.111 0112 | 101.23% 0112 | 101.23%
RPO5 0482 | ss 0016 | 16 0.111 0.112 | 101.23% 0.112 | 101.23%
RP06 0.401 ss 0.016 | 16 0.111 0112 | 101.23% 0112 | 101.23%
P33 RP08 0.301 ss 0016 | 16 0.111 0.113 | 102.13% 0.113 | 102.13%
RP10 0.241 ss 0016 | 16 0.111 0.113 | 102.13% 0.113 | 102.13%
RP12 0.201 ss 0016 | 16 0.111 0.113 | 102.13% 0113 | 102.13%
RP15 0.161 ss 0016 | 16 0.111 0.115 | 103.94% 0.115 | 103.94%
RP20 0120 | s 0016 | 16 0.111 0.121 | 109.36% 0.121 | 109.36%
RP03 0.803 | ss 0.091 4 0.131 0.134 | 102.48% 0.134 | 102.48%
RP04 0602 | ss 0.091 4 0.131 0133 | 101.71% 0133 | 101.71%
RP05 0482 | ss 0.091 4 0.131 0.133 | 101.71% 0.131 | 100.18%
RP06 0.401 ss 0.091 4 0.131 0.134 | 102.48% 0.132 | 100.95%
P33 RP08 0.301 ss 0.091 4 0.131 0.135 | 103.24% 0.132 | 100.95%
RP10 0.241 ss 0.091 4 0.131 0.137 | 104.77% 0.134 | 102.48%
RP12 0.201 ss 0.091 4 0.131 0.139 | 106.30% 0.136 | 104.01%
RP15 0.161 ss 0.091 4 0.131 0.147 | 112.42% 0.145 | 110.89%
RP20 0120 | s 0.091 4 0.131 0.153 | 117.01% 015 | 114.71%
RP03 0.803 | ss 0.091 2 0.129 0.13 | 100.83% 0.129 | 100.05%
RP04 0602 | ss 0.091 2 0.129 0.13 | 100.83% 0.129 | 100.05%
RPO5 0482 | ss 0.091 2 0.129 0.13 | 100.83% 0.129 | 100.05%
RP06 0.401 ss 0.091 2 0.129 0.13 | 100.83% 0.129 | 100.05%
P39 RPO8 0.301 ss 0.091 2 0.129 0.13 | 100.83% 0.129 | 100.05%
RP10 0.241 ss 0.091 2 0.129 0.131 | 101.61% 0.129 | 100.05%
RP12 0.201 ss 0.091 2 0.129 0.131 | 101.61% 0.13 | 100.83%
RP15 0.161 ss 0.091 2 0.129 0.133 | 103.16% 0.131 | 101.61%
RP20 0120 | s 0.091 2 0.129 0.136 | 105.48% 0.134 | 103.93%
Pa1 RP03 0.803 | ss 0.091 4 0.150 0.152 | 101.36% 0.152 | 101.36%
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Model Domain (S'z‘irzig Fier . Pier No' . Method One Method Two Method Three
(m) ype Diam. (m) Piers h1 (calc) % exp h1 (calc) % exp h1 (calc) % exp
RP04 0602 | ss 0.091 4 0.150 0.152 | 101.36% 0.152 | 101.36%
RP05 0482 | ss 0.091 4 0.150 0.152 | 101.36% 0.151 | 100.69%
RP06 0.401 ss 0.091 4 0.150 0.152 | 101.36% 0.151 | 100.69%
RP08 0.301 ss 0.091 4 0.150 0.154 | 102.69% 0.152 | 101.36%
RP10 0.241 ss 0.091 4 0.150 0.154 | 102.69% 0.152 | 101.36%
RP12 0.201 ss 0.091 4 0.150 0.156 | 104.03% 0.154 | 102.69%
RP15 0.161 ss 0.091 4 0.150 0.163 | 108.69% 0.162 | 108.03%
RP20 0120 | s 0.091 4 0.150 0.168 | 112.03% 0.166 | 110.70%
RP03 0.803 | ss 0.061 4 0.149 0.15 | 100.43% 0.15 | 100.43%
RP04 0602 | ss 0.061 4 0.149 0.15 | 100.43% 0.15 | 100.43%
RPO5 0482 | ss 0.061 4 0.149 0.15 | 100.43% 0.149 |  99.76%
RP06 0.401 ss 0.061 4 0.149 0.15 | 100.43% 0.149 |  99.76%
P43 RP08 0.301 ss 0.061 4 0.149 0.151 | 101.10% 0.15 | 100.43%
RP10 0.241 ss 0.061 4 0.149 0.151 | 101.10% 0.15 | 100.43%
RP12 0.201 ss 0.061 4 0.149 0.152 | 101.77% 0.151 | 101.10%
RP15 0.161 ss 0.061 4 0.149 0.154 | 103.11% 0.153 | 102.44%
RP20 0120 | s 0.061 4 0.149 0.161 | 107.80% 0.16 | 107.13%
RP03 0.803 | ss 0.032 6 0.149 0.149 |  99.76% 0.149 |  99.76%
RP04 0602 | ss 0.032 6 0.149 0.15 | 100.43% 0.15 | 100.43%
RPO5 0482 | ss 0.032 6 0.149 0.149 |  99.76% 0.149 |  99.76%
RP06 0.401 ss 0.032 6 0.149 0.149 |  99.76% 0.149 |  99.76%
P46 RPO8 0.301 ss 0.032 6 0.149 0.15 | 100.43% 0.15 | 100.43%
RP10 0.241 ss 0.032 6 0.149 0.15 | 100.43% 0.149 |  99.76%
RP12 0.201 ss 0.032 6 0.149 0.15 | 100.43% 0.15 | 100.43%
RP15 0.161 ss 0.032 6 0.149 0.152 | 101.77% 0.151 | 101.10%
RP20 0120 | s 0.032 6 0.149 0.155 | 103.78% 0.154 | 103.11%
RP03 0.803 | ss 0.032 8 0.150 0.15 | 100.03% 0.15 | 100.03%
RP04 0602 | ss 0.032 8 0.150 0.15 | 100.03% 0.15 | 100.03%
RP05 0482 | ss 0.032 8 0.150 0.15 | 100.03% 0.15 | 100.03%
RP06 0.401 ss 0.032 8 0.150 0.15 | 100.03% 0.15 | 100.03%
P47 RPO8 0.301 ss 0.032 8 0.150 0.151 | 100.69% 0.15 | 100.03%
RP10 0.241 ss 0.032 8 0.150 0.151 | 100.69% 0.151 | 100.69%
RP12 0.201 ss 0.032 8 0.150 0.152 | 101.36% 0.151 | 100.69%
RP15 0.161 ss 0.032 8 0.150 0.154 | 102.69% 0.153 | 102.03%
RP20 0120 | s 0.032 8 0.150 0.161 | 107.36% 0.161 | 107.36%
RP03 0.803 | ds 0016 | 16 0.112 0.113 | 101.29% 0.113 | 101.29%
RP04 0602 | ds 0016 | 16 0.112 0.113 | 101.29% 0.113 | 101.20%
RP05 0482 | ds 0016 | 16 0.112 0.113 | 101.29% 0.113 | 101.29%
P51 RP06 0.401 ds 0016 | 16 0.112 0.113 | 101.29% 0.113 | 101.29%
RP08 0.301 ds 0016 | 16 0.112 0.114 | 102.19% 0.114 | 102.19%
RP10 0.241 ds 0.016 | 16 0.112 0.114 | 102.19% 0.113 | 101.29%
RP12 0.201 ds 0016 | 16 0.112 0.115 | 103.09% 0.114 | 102.19%
RP15 0.161 ds 0016 | 16 0.112 0.116 | 103.98% 0.116 | 103.98%
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Model Domain (S'z‘irzig Fier . Pier No' . Method One Method Two Method Three
(m) ype Diam. (m) Piers h1 (calc) % exp h1 (calc) % exp h1 (calc) % exp
RP20 0120 | ds 0016 | 16 0.112 0.122 | 109.36% 0.121 | 108.46%
RP03 0.803 | ds 0016 | 12 0.111 0112 | 101.23% 0112 | 101.23%
RP04 0.602 | ds 0016 | 12 0.111 0112 | 101.23% 0112 | 101.23%
RPO5 0482 | ds 0016 | 12 0.111 0.112 | 101.23% 0.112 | 101.23%
RP06 0.401 ds 0016 | 12 0.111 0112 | 101.23% 0112 | 101.23%
P52 RP08 0.301 ds 0016 | 12 0.111 0.113 | 102.13% 0.113 | 102.13%
RP10 0.241 ds 0016 | 12 0.111 0.113 | 102.13% 0112 | 101.23%
RP12 0.201 ds 0016 | 12 0.111 0.113 | 102.13% 0.113 | 102.13%
RP15 0.161 ds 0016 | 12 0.111 0.114 | 103.03% 0.114 | 103.03%
RP20 0120 | ds 0016 | 12 0.111 0.116 | 104.84% 0.115 | 103.94%
RP03 0.803 | ds 0.032 8 0.111 0.113 | 101.85% 0.113 | 101.85%
RP04 0.602 | ds 0.032 8 0.111 0.113 | 101.85% 0.113 | 101.85%
RPO5 0482 | ds 0.032 8 0.111 0.113 | 101.85% 0.113 | 101.85%
RP06 0.401 ds 0.032 8 0.111 0.113 | 101.85% 0.113 | 101.85%
P54 RP08 0.301 ds 0.032 8 0.111 0.114 | 102.75% 0.113 | 101.85%
RP10 0.241 ds 0.032 8 0.111 0.114 | 102.75% 0.113 | 101.85%
RP12 0.201 ds 0.032 8 0.111 0.115 | 103.65% 0.114 | 102.75%
RP15 0.161 ds 0.032 8 0.111 0.116 | 104.55% 0.115 | 103.65%
RP20 0120 | ds 0.032 8 0.111 0.122 | 109.96% 0.121 | 109.06%
RP03 0.803 | ds 0.032 8 0.151 0.152 | 100.74% 0.152 | 100.74%
RP04 0602 | ds 0.032 8 0.151 0.152 | 100.74% 0.152 | 100.74%
RP05 0482 | ds 0.032 8 0.151 0.152 | 100.74% 0.152 | 100.74%
RP06 0.401 ds 0.032 8 0.151 0.152 | 100.74% 0.152 | 100.74%
P57 RPO8 0.301 ds 0.032 8 0.151 0.153 | 101.41% 0.152 | 100.74%
RP10 0.241 ds 0.032 8 0.151 0.153 | 101.41% 0.152 | 100.74%
RP12 0.201 ds 0.032 8 0.151 0.154 | 102.07% 0.152 | 100.74%
RP15 0.161 ds 0.032 8 0.151 0.156 | 103.40% 0.154 | 102.07%
RP20 0120 | ds 0.032 8 0.151 0.163 | 108.04% 0.161 | 106.71%
RP03 0.803 | ds 0.032 6 0.150 0.151 | 100.69% 0.151 | 100.69%
RP04 0602 | ds 0.032 6 0.150 0.151 | 100.69% 0.151 | 100.69%
RP05 0482 | ds 0.032 6 0.150 0.151 | 100.69% 0.151 | 100.69%
RP06 0.401 ds 0.032 6 0.150 0.15 | 100.03% 0.15 | 100.03%
P58 RPO8 0.301 ds 0.032 6 0.150 0.151 | 100.69% 0.15 | 100.03%
RP10 0.241 ds 0.032 6 0.150 0.151 | 100.69% 0.15 | 100.03%
RP12 0.201 ds 0.032 6 0.150 0.152 | 101.36% 0.15 | 100.03%
RP15 0.161 ds 0.032 6 0.150 0.153 | 102.03% 0.151 | 100.69%
RP20 0120 | ds 0.032 6 0.150 0.156 | 104.03% 0.154 | 102.69%
RP03 0.803 | ds 0.032 4 0.149 0.149 |  99.97% 0.149 |  99.97%
RP04 0.602 | ds 0.032 4 0.149 0.15 | 100.64% 0.15 | 100.64%
P50 RPO5 0482 | ds 0.032 4 0.149 0.149 |  99.97% 0.149 |  99.97%
RP06 0.401 ds 0.032 4 0.149 0.149 |  99.97% 0.149 |  99.97%
RP08 0.301 ds 0.032 4 0.149 0.15 | 100.64% 0.149 |  99.97%
RP10 0.241 ds 0.032 4 0.149 0.15 | 100.64% 0.149 |  99.97%
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Model Domain (S'z‘irzig Fier . Pier No' . Method One Method Two Method Three
(m) ype Diam. (m) Piers h1 (calc) % exp h1 (calc) % exp h1 (calc) % exp
RP12 0.201 ds 0.032 4 0.149 0.15 | 100.64% 0.149 | 99.97%
RP15 0.161 ds 0.032 4 0.149 0.151 | 101.31% 0.15 | 100.64%
RP20 0120 | ds 0.032 4 0.149 0.152 | 101.98% 0.151 | 101.31%
RP03 0.803 | ds 0016 | 16 0.150 0.152 | 101.57% 0.152 | 101.57%
RP04 0.602 | ds 0016 | 16 0.150 0.152 | 101.57% 0.152 | 101.57%
RPO5 0482 | ds 0016 | 16 0.150 0.152 | 101.57% 0.152 | 101.57%
RP06 0.401 ds 0016 | 16 0.150 0.152 | 101.57% 0.152 | 101.57%
P60 RP08 0.301 ds 0016 | 16 0.150 0.153 | 102.23% 0.153 | 102.23%
RP10 0.241 ds 0016 | 16 0.150 0.153 | 102.23% 0.152 | 101.57%
RP12 0.201 ds 0016 | 16 0.150 0.154 | 102.90% 0.153 | 102.23%
RP15 0.161 ds 0016 | 16 0.150 0.156 | 104.24% 0.155 | 103.57%
RP20 0.120 | ds 0016 | 16 0.150 0.163 | 108.92% 0.163 | 108.92%
RP03 0.803 | ds 0016 | 12 0.149 0.151 | 101.10% 0.151 | 101.10%
RP04 0.602 | ds 0016 | 12 0.149 0.151 | 101.10% 0.151 | 101.10%
RP05 0482 | ds 0016 | 12 0.149 0.151 | 101.10% 0.151 | 101.10%
RP06 0.401 ds 0016 | 12 0.149 0.15 | 100.43% 0.15 | 100.43%
P61 RP08 0.301 ds 0016 | 12 0.149 0.151 | 101.10% 0.151 | 101.10%
RP10 0.241 ds 0016 | 12 0.149 0.151 | 101.10% 0.15 | 100.43%
RP12 0.201 ds 0.016 | 12 0.149 0.152 | 101.77% 0.151 | 101.10%
RP15 0.161 ds 0016 | 12 0.149 0.153 | 102.44% 0.152 | 101.77%
RP20 0120 | ds 0016 | 12 0.149 0.156 | 104.45% 0.155 | 103.78%
RP03 0.803 | ds 0.016 8 0.149 0.149 | 100.17% 0.149 | 100.17%
RP04 0602 | ds 0.016 8 0.149 0.15 | 100.85% 0.15 | 100.85%
RP05 0482 | ds 0.016 8 0.149 0.149 | 100.17% 0.149 | 100.17%
RP06 0.401 ds 0.016 8 0.149 0.149 | 100.17% 0.149 | 100.17%
P62 RPO8 0.301 ds 0.016 8 0.149 0.15 | 100.85% 0.149 | 100.17%
RP10 0.241 ds 0.016 8 0.149 0.15 | 100.85% 0.149 | 100.17%
RP12 0.201 ds 0.016 8 0.149 0.15 | 100.85% 0.149 | 100.17%
RP15 0.161 ds 0.016 8 0.149 0.151 | 101.52% 0.15 | 100.85%
RP20 0120 | ds 0.016 8 0.149 0.152 | 102.19% 0.151 | 101.52%
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Abstract

Bridge embankments and structures can significantly influence flooding patterns and levels on floodplains. It is
important to reliably estimate these influences to properly understand and mitigate their impacts to properties
and communities on the floodplain. The literature (Austroads 1994; Bradley 1978) provides details of how to
estimate contraction and expansion losses and pier losses for desktop analysis. However, limited guidance is
provided as to the application of these losses in a 2D modeling environment. As 2D flood modeling is now the
industry standard for floodplain investigations, further guidance is required as to the application of the data

presented in the literature.

BMT WBM is currently undertaking research that involves the replication of physical flume models tests
(undertaken at Colorado State University by Liu, Bradley and Plate, 1957) in the 2D hydraulic model,
TUFLOW. The data from these physical flume tests formed the basis of all current literature into the contraction
and expansion losses and pier losses of bridges. This paper will present the research that has been undertaken by

BMT WBM and discuss its implications for the representation of key structures in 2D flood models.
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Introduction to the Research

» To determine appropriate techniques for modelling energy losses associated with bridge
constrictions when using a 2D hydraulic modelling scheme (TUFLOW).

» Specifically, the research was aimed at two hypothesises:
— That a 2D modelling scheme can reproduce the contraction and expansion losses
associated with flow through a constriction; and
— That the energy loss coefficients documented in the literature for bridge piers can be
applied to a 2D modelling scheme to determine the upstream afflux.

*  Why is this important?
— There is currently no guidance in industry on the application of losses in a 2D
modelling environment, in particular, the losses associated with contraction and
expansion through a constriction and piers.

s
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Brief Introduction into Bridge Hydraulics

+ The backwater of a structure is the result of the : R —
energy losses from a number of factors @ 'TJT’@ (BT g oo
associated with the constriction of flow, including: e s e
— Presence of Abutments 1&;@% WA
— Number, Type and Size of Piers e, oS
— Eccentricity O

— A Submerged Bridge Deck ‘/ ‘ p i,

o/ / i

o e
aof .

« The methods and values of calculating backwater
are based on the work of Bradley (1978). The
methods documented by Bradley (1978) are
based the results of model tests (Liu et al 1957)
and verified by field measurements.

T
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What does the literature say?

» “Backwater Effects of Piers and Abutments”, Liu et al (1957)
» “Hydraulics of Bridge Waterways”, Bradley (1978)

» “Waterway Design — A Guide to the Hydraulic Design of Bridges, Culverts and
Floodways”, Austroads (1994)

» Alarge volume of work has been undertaken to determine a 1D model’s ability to
simulate the backwater caused by a bridge constriction.

» Barton (2001) sought to address the “perceived lack of understanding in the ability of 2D
models to portray the energy losses” through a contraction.

» Syme et al (2009) describes how a 2D modelling scheme will inherently model some of
the losses associated with the expansion and contraction of flow and that the dilemma
for the modeller is how much additional energy loss needs to be applied.

» Inrecent times, research has been undertaken to improve the understanding of 2D
model’s ability to represent the backwater effects of a bridge constriction.
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Methodology

Base Case Flume Models

» The physical flume used by Liu et al (1957) was
replicated in TUFLOW using a variety of element
(grid) sizes (9 grid sizes were used).

» Each base case model was run to determine if the
normal depth determined by TUFLOW replicated
(within reasonable bounds) the normal depth
measured by Liu et al (1957).

» The Manning’s ‘n’ value was adjusted until a match
was achieved.
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Methodology
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Methodology

Abutment Flume Models

» Constrictions of varying sizes (2, 3, 4, 5 and 6 foot) were modelled in TUFLOW.

» The abutments were modelled by modifying the topography of the flume to ensure the
available flow width matched the modelled opening.
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Methodology

Pier Flume Models

» Four piers types were modelled (Single Circular Column, Twin Circular Column, Square
Column and Blade with Rounded Nose)

» Piers are traditionally modelled in three ways:
» Apply a form loss coefficient to represent the energy losses due to the pier
= Either across all cells within the cross section
» Only to the cells that contain a pier
» Blocking part of an individual cells that contain a pier

» A Combination of the methods above

=
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Abutment Analysis - Effect of Viscosity Coefficient
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Ratio of Computer Model Result to Physical Model Result

Abutment Analysis - Influence of Grid:Opening Ratio
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Ratio of Computer Model Result to Physical Model Result

Square Shaft Piers - Impact of Loss Method
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Recommendations and Conclusions

» Across most flow conditions, the 2D model was able to reproduce the physical model

results

» The default viscosity coefficient of 0.2 provides reasonable performance when modelling

constrictions but decreasing it to 0.1 would marginally improve performance when
number of grids within the constriction exceeds about 6

» The number of elements within a constriction can significantly influence the model’s

=

ability to reproduce losses through a constriction
— Significantly over-estimate losses if small opening is only 1 or 2 grids wide
— lIdeally, 6-8 grids should exist within the constriction
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Recommendations and Conclusions

» Modelling piers through the partial blockage of cells will underestimate the afflux when
compared to results from the physical model

» The direct application of an energy loss derived from the literature (eg Austroads) will
result in a modelled afflux comparable to the physical model results

» Applying the form loss coefficient to only the cells that contain piers provides a closer
match to the physical model results.

»  Where available, calibration data should always be used to verify the performance of
structures within the floodplain
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Thankyou / Questions

Joel Leister
t: (03) 8620 6100
e: joel.leister@bmtwbm.com.au

w: http:// www.bmtwbm.com.au
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