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ABSTRACT: This paper describes the preliminary stage of an ongoing project investigating the hydrodynam-
ic effects of debris blockage at masonry bridges. Debris blockage is cited as one of the primary causes of
bridge failures in the UK and around the world. Masonry bridges, many of which are valuable historical as-
sets, are particularly vulnerable to debris blockage due to their short spans and low clearance. This paper pre-
sents work done as part of the first phase of the project involving experimental research to understand the sci-
entific relationships between debris characteristics and flow conditions. The study, being carried out at Centre
for Water Systems at University of Exeter, utilizes a 0.6m-wide and 10m-long flume to run hydraulic experi-
ments in order to characterize the impact of debris blockage on flow hydrodynamics, scour, and hydrodynam-
ic pressures and forces at masonry bridges. This paper outlines the design of the experimental setup and the
reasoning behind the choices for preliminary experimental parameters. The experiments are to include testing
of bridge models and various 3D-printed debris shapes under realistic flow conditions. Geometry of the
bridge and debris models are kept approximately similar to prototype conditions, with hydraulic conditions of
the experiments designed to the degree that experimental constraints allow based on Froude similarity. Veloc-
ities, scour and hydrodynamic pressures are measured using an Acoustic Doppler Velocimeter, echo-sounding
concept and pressure sensors, respectively. Preliminary results indicate that the designed experiments have

the potential to enhance our understanding of the hydrodynamic effects of debris blockage.

1 INTRODUCTION
1.1 General

Bridges built over rivers are often vulnerable to the
erosion of soil around their foundations by the action
of water flow. This erosion, which is called scour by
engineers, can endanger stability of the foundations
and consequently that of the bridge structure. While
many factors can contribute to the failure of a
bridge, scour is widely recognized as the leading
cause (e.g. Chang 1973, HR Wallingford 1991,
Richardson et al. 1993, Parola et al. 1996, Melville
and Coleman 2000, May et al. 2002, Hunt 2009,
Ettema et al. 2010, Highways Agency 2012, Benn
2013, Toth 2015). This has been the case in several
well-known bridge failures, e.g. Bridge RDG1 48 in
2009 near Feltham in England (Fig. 1), Malahide
Viaduct in Ireland in 2009, CPR Bonnybrook Bridge
in 2013 in Calgary in Canada, I-10 Bridge in Cali-
fornia, US in 2015, and several recent bridge failures
in December 2015 in the Cumbria flood in the UK.
These failures not only cause economic losses due to
the cost of bridge replacement and remedial works,
but also disruption to transportation, frustration in

users, and even injury or loss of life (Evans et al.
2004, McKibbins et al. 2006).

Debris increases effective width of a pier, and
constricts flow, thereby reducing conveyance and
increasing water levels at the pier/bridge. Role of
debris in enhancing hydraulic loading and scour at
culverts and bridge piers and abutments, and in-
creasing risk of failure has been known for a long
time (e.g. Laursen & Torch 1956, Chang & Shen
1979, Diehl 1997, Parola et al. 2000, May et al.
2002, Bradley et al. 2005, McKibbins et al. 2006,
Lagasse et al. 2010, Wallerstein et al. 2010, Arneson
etal. 2012, Benn 2013).

Masonry arch bridges form 40% of the UK bridge
stock (Bridle & Sim 2009). They are cultural and
engineering heritages, and also reliable and essential
components of transport infrastructure in the UK and
other countries (McKibbins et al. 2006). They were
typically designed to withstand flood events less se-
vere and less frequent than those happening today
(RSSB 2005). Additionally, their special structure,
which typically includes short span and low clear-
ance, exposes them to debris blockage which exac-
erbate scour. Consequently, in the past ten years,
these structures have become increasingly vulnera-



ble to flooding and its induced scour (Kirby et al.
2015).

Figure 1. Upstream face of Bridge RDG1 48 showing failed
arch following debris blockage (after RAIB 2010).

In spite of recognizing the contributing role of
debris in increasing risk of failure, the current UK
guidance for assessment of hydraulic action (May et
al. 2002, Highway Agency 2012) is highly inade-
quate for evaluating these risks (House of Commons
2010). Presently the commonly adopted approach to
predict scour under debris blockage is increasing
pier width based on the original “effective pier
width” concept of Melville & Dongol (1992). How-
ever, this approach while still recommended in the
recent edition of the UK manual for evaluating scour
at bridges (Kirby et al. 2015) needs to be updated as
it overestimates effective pier width (Lagasse et al.
2010).

Previous research on pier scour under debris is
limited to single pier geometries or pier arrange-
ments, which are not representative of masonry
bridges. Also, available investigations have mainly
focused on single pier and not the whole bridge.
This is particularly important considering the signif-
icant number of failures of single span structures on
small watercourses due to abutment scour (Benn
2013).

Finally, to the best knowledge of authors, hydro-
dynamic pressure and forces exerted on the structure
due to debris blockage, have never been investigated
before. Therefore, there is a pressing need for scien-
tific research to fill the knowledge gaps with respect

to the hydrodynamic effects of debris blockage.

Accordingly, a project was defined to investigate
effect of debris blockage on flow pattern, scour, and
hydrodynamic pressure and forces at masonry bridg-
es under flood conditions. This project has three
phases: 1) Laboratory modelling, 2) CFD modelling,
and 3) Assessment guidance development. Project
outcomes will be built into the existing UK guidance
(Kirby et al. 2015) for assessment of bridges under
hydraulic action, and is expected to enable improved
management of bridges at risk to debris blockage.
The present paper reports on preliminary results
from the first phase of the project, i.e. flume experi-
ments.

1.2 Focus of the flume experiments

The goal of the flume experiments is to test various

combinations of debris and structure configurations

to provide

1 data for validation purposes of the second phase
of the project, i.e. CFD modelling

2 insights for improving available guidelines and
maintenance practices.

Single bridge piers, and single and double span
arches, with dimensions similar to those of real ma-
sonry arches, will be tested to investigate effect of
debris blockage on scour.

The process of formation and accumulation of
debris will not be investigated in the current project.
The focus is only on the effect of accumulated debris
on hydrodynamics and scour around piers/bridges.

2 EXPERIMENTAL SETUP

The experiments will be carried out in a recirculat-
ing flume 0.6m-wide, 0.65m-deep and with a 10m-
long working section (Fig. 2). The flume is equipped
with a centrifugal pump capable of recirculating sol-
id particles upto 3 mm. The flow rate is measured
using an electromagnetic flowmeter located in the
suction pipe of the pump (resolution +0.1 I/s). A
flow straightening honeycomb and an adjustable
weir are installed at the inlet and outlet of the flume,
respectively. A mobile digital point gauge (accuracy
0.05 mm), will be also used to measure flow depth
and ensure uniform flow conditions. A motorized 3-
axis traverse system on top of the flume will be used

traverse system |

flow straightener

ADV1 weir

Figure 2. Schematic of laboratory flume (B = 0.6m)



to position an ADV probe at predefined (x, y, z) co-
ordinates, with x, y and z being streamwise, cross
stream and vertical directions.

Although, strict similitude between flume experi-
ments and prototype is not sought, as far as scaling
constraints allow, experiments will be designed ac-
cording to geometric Froude similarity. Due to the
flume width (= 0.6 m), it was decided to use 10:1
scale models of short span masonry bridges (< 6m
spans) for the preliminary stage of the experiments
(for double span arch bridges, this ratio needs to be
increased). Nevertheless, several challenges exist in
scaling prototype conditions to laboratory.

1 Lateral extent of scour can be restricted due to the
flume small width.

2 Flume width restricts use of wide piers or bridge
models. Frostick et al. (2011) recommend keep-
ing the cross-sectional area of the structure less
than 1/6 of that of the flume. This implies the to-
tal width (in y direction) of the modelled structure
in the present flume must be smaller than 10 cm.

3 In order to reduce side wall effects, flow width-
to-depth ratio, B/h, should be restricted to 3~5
(Whitehouse & Chesher 1994, Frostick et al.
2011). This restricts the flow depth to 12 cm,
which may not be sufficient for modelling high
flow stages in flood conditions.

4 Geometric scaling of sediment size from proto-
type to present flume experiments could necessi-
tate use of very fine particles which can have dif-
ferent behaviour than that of prototype.
Otherwise, scale effects cause scour depths which
are exaggeratedly high when scaled to prototype
conditions (e.g. Ettema et al. 1998).

Authors acknowledge above scaling limitations
and their effect on overestimation of scour depth in
flume experiments (e.g. Landers & Mueller 1996,
Ettema et al. 1998, Sturm et al. 2004, Lagasse et al.
2010, Fenocchi & Natalie 2015). However, these
will not have a major effect on reliability of the
overall project outcomes since flume experiments
are aimed mainly at providing data for validation
purposes in CFD phase of the project. The CFD
models, after initial validation with results from the
flume, will be scaled up to represent full-scale con-

ditions.

2.1 Hydraulic conditions

In addition to pier geometry, flow characteristics and
sediment size are of great importance in affecting
scour around a bridge pier (e.g. Ettema et al. 2011,
van Leeuwen & Lamb 2014). Accordingly, flow hy-
draulics are defined so as to have the greatest num-
ber of scenarios possible.

2.1.1 Specification of tests

Specification of preliminary tests reported in this
paper is summarized in Table 1. Tests 1-4 and Tests
4-7 will be carried out with a single pier and a single
span arch, respectively. Here, B = flow width, dso =
average grain diameter of sediment, 7 = flow depth,
0O = flow rate, R = flow Reynolds number (= Vh/v,
with V"= Q/(Bh) being the mean flow velocity, and v
as fluid kinematic viscosity, respectively), F =
Froude number (= V/(gh)'?, where g stands for ac-
celeration due to gravity), R+ = roughness Reynolds
number (= v+ky/v, with v« = (gSRx)"* as shear veloci-
ty, where S and R stand for longitudinal slope of the
bed and hydraulic radius, respectively, and ks = 2dso
as granular roughness, where dso stands for median
grain size of sediment), and V., = critical mean flow
velocity for initiation of sediment motion (V/V. =
n+"2, where 5+ is flow intensity calculated according
to Yalin & da Silva 2001). Lp and Dp are character-
istic lengths in each debris configuration as defined
in Subsection 2.4.

Reynolds number scaling is relaxed while keep-
ing the flow turbulent (R > 2000-3000, Chanson
2004). In addition, instead of having strict Froude
similitude between model and prototype, flow is
generally kept subcritical (F < 1). In all tests, the
flow is uniform, and in fully rough regime of turbu-
lent flow (R<> 70, Yalin 1992, Yalin & da Silva
2001). Experiments are carried out in clear-water
scour conditions, with V/V.. being just below 1 in
order to maximize scour depth.

2.1.2 Sediment

Sediment in the current experiments is uniform silica
sand. Average grain diameter, dso, is identified based
on

Table 1. Hydraulic conditions of experiments at present paper (B = 60 cm, dso = 1.37 mm).

Test h (0] R F R+ VIVe Debris shape Lp Dp
cm /s - - - - - cm cm

1* 7.8 19.3 32x103 0.47 81 0.99 No debris - -
2% 7.8 19.3 32x10° 0.47 81 0.99 Cylinder 30 1.6
3* 7.8 19.3 32x10° 0.47 81 0.99 Cylinder 30 1.6
4% 13.5 35.9 60x10° 0.39 82 0.99 Cylinder 30 3.2

5 7.8 19.3 32x103 0.47 81 0.99 No debris - -
6 7.8 19.3 32x103 0.47 81 0.99 Cylinder 54 3.2
7 13.5 35.9 60x103 0.39 82 0.99 Cylinder 54 32

* Scenarios with single pier — Rest are with a single span arch.
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flow being in rough turbulent regime (R+ > 70)

2 avoiding ripple forming sand (i.e. dso < 0.6-
0.7mm, Raudkivi & Ettema 1983, Ettema et al.
1998)

3 availability of the grain size on the market.

Accordingly, sands with dso = 1.37 mm is chosen
for present experiments. The scaling ratio 10:1 cho-
sen for the experiments means a grain size of 13.7
mm in prototype conditions which is realistic (e.g.
dso = 10 and 20 mm for River Taw and River Yeo in
south west England, respectively (private communi-
cation); and dso = 21-37 mm for a 4™ order tributary
of Lymington River in UK, Dixon 2016).

To evaluate the thickness of sediment bed re-
quired in the flume, the anticipated scour depth is es-
timated using Sheppard/Melville (S/M) equation
(Sheppard et al. 2014) for rectangular piers noting
that the equation is for estimating scour in the ab-
sence of debris. In order to account for the effect of
debris, actual pier width was converted conserva-
tively to an effective width using the concept intro-
duced by Melville & Dongol (1992). Subsequently,
a compacted sand bed with sufficient thickness is in-
stalled in the flume based on the scour estimate.

2.2 Experiment duration

Flume experiments are aimed at quantifying effect
of debris blockage on scour. This will be achieved
by running experiments with and without debris
blockage for equal durations, rather than running for
reaching equilibrium scour depth (ds.). In order to
maximize the number of experiments, the duration
of one experiment will be less than the time, ¢, re-
quired to achieve equilibrium stage of scour, but
enough to achieve about 80% of equilibrium scour.
According to Melville & Chiew (1999), the time re-
quired to reach 80% of equilibrium scour depth is
0.03¢. for a circular pier and when V/V. = 1. They
however noted that in small scale experiments, ex-
periments may have to be run for several days to
reach higher than 50% of equilibrium depth. This
will be investigated in the present experiments for
rectangular pier shapes and V/V,, just below 1.

2.3 Pier & bridge models

In the current project scour will be studied not only
around bridge piers, but also at single and double
span bridges. Figures 3 and 4 show schematics of a
single pier in the middle of the flow, and a single
span arch bridge in the flume, respectively.

Scour around a single pier is mostly affected by
pier width. Additionally, pier width is recommended
to be less than 1/6 of the flume cross section to min-
imize adverse effect of side walls (Frostick et al.
2011). Accordingly, width of the single pier shown
in Figure 3 is set to 50 mm. Pier streamwise length

is 156 mm resulting in a width-to-length ratio of
0.32, which is the average aspect ratio estimated for
several masonry bridge piers mainly in Devon, UK
(private communication). Also, triangular cutwaters
with base angles 45° were included at the two noses
of the pier as a common feature of masonry piers.
Figure 3 also shows schematics of a cylindrical de-
bris element, an Acoustic Doppler Velocimeter
(ADV) probe for measuring velocities, and a point
gauge for measuring flow free surface.

The single span arch shown in Figure 4 is a scale
model of Canns Mill Bridge in Devon, UK. The
abutment widths are however reduced to minimize
the ratio of structure width to that of flow. Stream-
wise length is identified with 340 mm, resulting in
the span length (466 mm) to streamwise length be-
ing 0.73 which is the estimated average for several
masonry bridges mainly in Devon, UK. Figure 4 al-
so shows schematic pressure taps used for measuring
hydrodynamic pressure (see Subsection 3.3).
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Figure 3. Plan (left) and cross-sectional (right) schematics of a
sample pier in the middle of the flow (pressure transducers em-
bedded in the hollow pier are shown by hatch pattern in plan
view with the pressure measurement taps shown by dots in
cross-section).
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Figure 4. Cross-sectional schematic of a single span arch.
Streamwise length is 340 mm. Pressure measurement taps
shown by dots on the abutments.



2.4 Debris models

Woody debris is the most common form of debris in
watercourses (e.g. Harmon et al. 1986, Gippel
1999). Woody debris can include tree trunks and
logs travelling individually (Chang & Shen 1979), or
a jam of logs and/or tree branches and twigs and
leaves (e.g. Bradley 2005, Lagasse et al. 2010,
Weeks et al. 2013). Due to the variability of debris
shapes, dimensions and types from one stream to
another, in the present paper, debris is not scaled
down from any particular geographical location, but
effect of a certain debris configuration is investigat-
ed on scour.

2.4.1 Shape

In the current project, woody debris is grouped into
two general categories of individual debris and de-
bris jam, with the focus of the present paper being
on individual debris.

Individual woody debris can range from small
(e.g. leaves and sticks) to large (logs and trees) float-
ing debris (e.g. Bradley et al. 2005). Individual de-
bris with significant effect on flow and scour at
bridges are tree trunks (Lagasse et al. 2010, Dixon
2016), where often rootwad is still attached to them.

Individual debris in the present paper are repre-
sented by simple cylindrical elements. Effect of
rootwads will be investigated in the next stages of
the project.

2.4.2 Dimensions

Although strict scaling is not sought in the current
project, diameter and length of the cylindrical ele-
ments used as debris are chosen so as to be similar to
prototype tree logs. Average log diameter to length,
Dp/Lp, is the main criterion for characterizing tree
logs, and is specified as 0.059, which is the average
value from several field studies in US, Germany and
Italy (Beechie & Sibley 1997, Diehl 1997, Kail
2003, Comiti et al. 2006, Magilligan et al. 2008).

Debris configurations in case of a single pier are
summarized in the four first rows of Table 1. Test 1
will be carried out without debris as a reference,
with debris length and diameter in Tests 2 & 3 being
identified with Lp = 30 cm covering half of the flow
width and Dp = 1.6 cm (Dp/Lp = 0.053), respective-
ly. An additional scenario with Lp =30 cm and Dp =
3.2 cm will be run for preliminary investigation of
effect of cylindrical debris diameter on scour.

Debris configurations in single span arch experi-
ments, i.e. Tests 5-7, are also summarized in Table
1. Debris length and diameter are specified as Lp =
54 cm to cover the whole bridge span and Dp = 3.2
cm (Dp/Lp = 0.059), respectively.

2.4.3 FElevation in water column
From Laursen & Torch (1956), Diehl (1997) and
Lagasse et al. (2010), it is apparent that debris can

be buried in the bed, transported at flow surface, or
submerged. While debris jam can grow from water
surface toward the bed, individual tree logs and
trunks are expected to be transported at the water
surface (Diehl 1997, Lagasse et al. 2010, Weeks et
al. 2013).

In the present paper and similar to several other
authors (e.g. Melville & Dongol 1992, Wallerstein et
al. 2001, Lagasse et al. 2010, Schmocker & Hager
2011, Pagliara & Carnacina 2013), individual cylin-
drical debris will be positioned just below the flow
free surface. This will be achieved by fixing debris
to the pier/bridge model at the appropriate elevation
relative to the flow depth.

2.4.4 Material and fabrication

Debris in several flume studies, including those
studying debris effect either on channel morphology
or pier/bridge, has been simulated using wooden el-
ements or natural twigs (e.g. Laursen & Toch 1956,
Cherry & Beschta, 1989; Braudrick & Grant 2001;
Wallerstein et al., 2001, Lyn et al. 2003, Lagasse et
al. 2010, Pagliara & Carnacina 2010 and 2013,
Schmocker & Hager 2011) and also synthetic mate-
rial (e.g. Parola et al. 2000, Lagasse et al. 2010,
Pagliara & Carnacina 2011).

In the present study, debris elements will be fab-
ricated via 3D printing using nylon powder. This is
thought to be a useful technique to fabricate more
complicated debris shapes in the next stages of the
project. Debris element produced via this technique
are solid and have density enough to float on flow
free surface. However, since debris elements will be
fixed to the pier/bridge at a certain elevation, density
is expected not to be relevant.

3 PLANNED MEASUREMENTS

The experimental design, described in Section 2 of
the paper, has now been set up in the Fluids Labora-
tory at the University of Exeter. The planned exper-
iments are currently underway and preliminary re-
sults shall be presented at the conference.

3.1 Velocity

Velocity measurements in the current project will be
carried out with the aid of a Vectrino Profiler ADV
(accuracy 0.5% of measured velocity), installed on
the 3-axis traverse system and shown schematically
in Figures 2 & 3.

In scour experiments, due to the bed continuously
being eroded, it is not possible to keep the hydraulic
conditions constant and do velocity measurements at
different positions using ADV. Therefore, in the cur-
rent project, velocity measurements will be mainly
carried out at a single position corresponding to the
maximum scour, with several other measurements



being done at other points as far as experimental
constraints allow.

3.2 Scour

During each experiment, scour evolution will be
monitored at the location of expected maximum
scour (upstream nose for a single blunt pier, e.g.
Breusers et al. 1977, Lagasse et al. 2010) via the dis-
tance measurement feature of ADV probe working
based on echo sounding concept (accuracy of 0.5
mm and sampling rate upto 10 Hz).

Additionally scour hole geometry will be sur-
veyed at a few time steps of each experiment by
stopping the experiment with caution so as not to
disturb the scour geometry, and surveying the bed
around pier/bridge model on a mesh of predefined
(x, y) points, subsequently.

3.3 Hydrodynamic pressure

In the current project, hydrodynamic pressure will
be measured at several points on the pier/bridge
models to study the effect of debris on pressure dis-
tribution at the structure. Hydrodynamic pressures
are expected to be less than 100 mbar and will be
measured using either 1. pressure transducers (accu-
racy of 0.05 mbar) or 2. pitot tubes mounted at pres-
sure taps and a digital manometer (see Figures 3 &
4).

4 FUTURE RESEARCH

4.1 Flume experiments

Future experimental research will investigate debris

effects on scour from the following standpoints:

— Debris dimensions

— Abutment width

— Sand grain size

— Short-duration high flow (flood peak) with con-
stant discharge in live-bed conditions

— Complete flood (unsteady flow) simulation.

Each of above aspects will be investigated in sin-
gle pier, single span arch, and double span arch as
time constraints allow.

4.2 CFD modelling

To predict sediment erosion and flow behaviour in
case of blockage of bridges by debris, CFD will be
employed. This complex system of sediment
transport and fluid flow requires multiphase and tur-
bulence modelling. The volume of fluid (VOF)
method is chosen to describe the free surface flow
due to its capability for accurately treating compli-
cated free boundary configurations. In terms of tur-
bulence modelling Reynolds averaged Navier-

Stokes (RANS) equations will be implemented.
Simulation results will be validated with the experi-
mental data and model performance will be opti-
mised. In this work, we attempt to overcome the lim-
itations of the experimental set up and scale by
tightly coupling numerical and experimental model-
ling.

5 CONCLUDING REMARKS

Due to the vitality of masonry bridges in the UK in-
frastructure network and their vulnerability to flood-
ing, a research project is defined to investigate the
effects of debris blockage on flow patterns, scour,
and hydrodynamic pressures at masonry bridges un-
der flood conditions. This project has the following
three phases: laboratory experimentation, CFD mod-
elling, and development of assessment guidance.
This paper explains the design of the flume experi-
ments for the first phase, while outlining the various
challenges in the process. Preliminary results from
experiments shall be presented at the conference.
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