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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES
CIVIL, MARITIME AND ENVIRONMENTAL ENGINEERING AND SCIENCE UNIT

Doctor of Philosophy

by Diego Panici

The accumulation of large wood debris at bridge piers obstructs the flow, producing increased
upstream water levels, large horizontal structural loadings, and exacerbated scour. These effects
have frequently been held responsible for the failure of a large number of bridges around the
world, as well as for increased risk of flooding of adjacent areas. Yet, little is known about the
formation and growth of these debris piles. This thesis is aimed at deciphering the whole life
of debris accumulations through an exhaustive set of 732 experiments in which debris elements
were individually introduced into a flume and accumulated at a pier model downstream. In all
experiments the growth of debris accumulations was observed to stop at a critical stage, after
which the jam is removed from the pier by the flow. This condition typically coincides with the
time when the dimensions of the accumulations are maxima. The values of the jam maximum
size display a clear dependence on flow characteristics and debris length distribution, whilst
other variables (such as pier diameter, debris diameter, debris density, water depth, pier shape)
have shown much weaker effects. For a given debris length, accumulations are wide, shallow,
and long at low flow velocities but become narrower, deeper, and shorter with increasing ve-
locities. A comparison of accumulations formed with debris of uniform and non-uniform size
distributions has revealed that the former can be up to 2.5 times wider than the latter. The effect
of the shape of debris pieces was also studied by using cylindrical dowels, unbranched sticks
and single-branched sticks. The maximum size of debris piles formed by idealised cylindrical
debris is smaller than that of jams formed by natural wood of irregular shape. Experiments
with branched debris resulted in jams significantly smaller and less stable than those with non-
branched sticks. On the base of the experimental results, a mechanistic theoretical model of
idealised jam geometry and a reduced set of dynamic actions was developed through conserva-
tion of angular momentum. The resulting system of ODEs was studied in the phase plane, which
revealed that the failure of the accumulation depends on both planar asymmetry and ratio be-
tween the length of the jam and the extension downstream of the pier, defined as tail. The former
is necessary for any jam to fail, and higher asymmetries lead to less stable jams; the latter pro-
vides stability for large tails and small lengths, but yields instability when the ratio is reduced.
Results from this thesis will pave the way for practical applications in bridge engineering and

flood risk assessments, and inform future research about debris jams at bridge piers.
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Chapter 1

Introduction

1.1 Background

The intricate interplay between bridges and rivers has long been a challenge to scientists and
engineers. The complexity of the problem, as well as the dramatic effects often observed, have
encouraged researchers to pursue an in-depth understanding about the multiple issues that this
interaction entails. Bridge piers in rivers alter the flow field, inducing increased upstream water
levels (frequently referred to as afflux) and affect the flood risk of the adjacent areas. Flooding
are among the most costly and damaging hazard to the human society, with 5 million people
exposed to this risk only in England (Environment Agency, 2009) and flooding-related costs
forecast to dramatically increase in the next decades (Sayers et al., | 2016). Furthermore, bridge
piers cause localised scour and hydraulic loadings, which together can be responsible of pier

displacement and potentially leading to bridge collapse.

The aforementioned effects can be dramatically exacerbated when a pier is affected by the accu-
mulation of large wood debris (LWD). In a river (especially during flooding events) numerous
fallen trees, branches and trunks are recruited and mobilised by different mechanisms (Sedell
et al., [1988; Diehl, |1997). Debris elements are then conveyed along the channel until being en-
trapped by a pier, which initiates a build-up process (Manners et al., 2007} |Lagasse et al.,2010).
The upshot of this process is the formation of an LWD jam, which obstructs a significant por-
tion of the flow area and induces a substantial afflux (Diehl, [1997; [Lagasse et al.,|2010; Benn,
2013). Woody debris jams have also historically been a primary cause of bridge failure (e.g.
Charles’ Bridge in Prague in Czech Republic during the 1890 flooding event shown in Figure
[I.T), although this phenomenon still frequently occurs in contemporary ages. For example, it
is estimated that more than 30% of bridge failures in the United States are correlated to woody
debris jams (Diehl, [ 1997) while similar numbers are found in the UK (Benn, 2013).
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1.2 Motivation

Research about dynamics and effects of debris accumulations at bridge piers is still in its in-

fancy. Most of the existing knowledge about debris jams is based on in-situ individual obser-

vations (e.g. [Diehl, [1997; [Lyn et al., 2007} [Lagasse et al., 2010). A few experimental studies

attempted to describe LWD effects on flow and scour, although showing important limitations

about the understanding of woody debris jams formation (e.g. use of idealised or arbitrary ac-
cumulation shape and size), which resulted in inaccurate findings. In addition, current bridge
design guidelines (e.g. Diehl, [1997; [Da Deppo et al., 2004) are often ambiguous and do not

consistently include adequate methodologies in order to account for debris jams. As a result,

accurate approaches to estimate the size of LWD jams are yet to be included into standard engi-
neering practice. Developing predictive models for woody debris accumulations could provide
a substantially more robust approach towards flood risk assessment and bridge design than cur-

rently available.

This work is aimed at bridging the gap between debris formation phenomena and engineering

FIGURE 1.1: Charles’ Bridge failure occurred during 1890 flooding. Source: Museum of
Prague.
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applications, providing a detailed analysis of the LWD accumulation process. Experimental and
theoretical analysis are developed together with the tools for predicting the main characteristics
of debris jams in a broad range of conditions. The application of the findings of this project will
be highly beneficial for river and structural engineering practice, since it will provide a solid
knowledge on how to estimate the risk of debris-related hazards, as well as a robust understand-

ing to inform the design of debris resilient infrastructures.

1.3 Aims and Objectives

Existing knowledge about LWD jams formation processes is inadequate to assess the crucial
role played by these accumulations in the bridge-river interactions with regards to flooding and
bridge failure. The overarching aim of this study is to investigate the processes responsible for
the formation and growth of woody debris jams and to develop a reliable model for engineering

design purposes. The detailed aims of this study are:

* To analyse the process of woody debris jams growth through experimental analysis, iden-

tifying relevant trends and general patterns.

* To evaluate and quantify the potential maximum size that a jam can achieve under given

conditions of flow and wood supplied.

* To develop a predictive functional relationship that can be used to estimate afflux and pier

loadings, as well as to inform next generation scour experiments.

* To develop a theoretical mechanistic model describing key processes of the woody debris

accumulation phenomenon.

1.4 Thesis Outline

This chapter has introduced the relevance of woody debris jams at bridge piers, the thesis moti-
vation and the proposed aims and objectives. The remaining chapters of the thesis are structured

as follows:

* Chapter [2] provides an in-depth analysis on the current knowledge about the large wood
debris accumulations at bridge piers. At first, mechanisms that are responsible for recruit-
ment and transport of the debris are identified. Then, previous studies of LWD entrapment
and growth (either conceptualised or based on different problems) are examined, identi-
fying possible biases and knowledge gaps. Finally, an overview of the effects of debris

jams on local scour and flow field is presented.
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Chapter [3|describes the methodology that has been adopted for the experimental work of
this study. Here a dimensional analysis is performed, which introduces the main variables
supposedly affecting woody debris accumulations. This paves the way for the develop-
ment of a functional relationship among the different dimensionless groups defined by the
analysis. This is followed by the description of the experimental procedure along with the

facilities and measurement equipment used.

Chapter ] contains all the experimental results and corresponding analysis. Results show
a qualitative time-growth description of different phases of these jams. In addition, the
maximum jam size is presented as a function of flow conditions, debris, and pier charac-

teristics. Based on experimental observations, a regression analysis is then proposed.

Chapter [5] proposes a theoretical/mechanistic model inspired by the experimental obser-
vations. The model of the jam failure is proposed and approached as a stability analysis
problem. A system of ordinary differential equations (ODE) based on conservation of an-
gular momentum is developed, which is then analysed in the phase plane. This analysis is
used to propose a theoretical explanation to the failure of debris accumulations observed

in all experiments.
Chapter [6] provides an overview of the main findings provided in this thesis.

Chapter [/ discusses the limitations encountered in this thesis and provides insights for

further research.



Chapter 2

Literature Review

2.1 Large Wood in Rivers

Large Wood Debris (LWD), Coarse Wood Debris (CWD), drift or large wood are some of the
names typically used to describe fallen trees, trunks and large branches that are found within
riverine areas and undergo processes of transport and deposition. This material is believed
to provide beneficial effects on fish and micro organisms stabilisation (Gregory et al., 1993}
Abbe and Montgomery, [1996; |Gippel et al., [1996b; \Gurnell et al.| 2002} Lagasse et al., 2010).
Furthermore, in the last decades woody debris have often been reintroduced in streams for flood
management and channel stability purposes (Gurnell et al., [2002), with the aim to positively
influence river geomorphology (Gregory et al.l 1993} (Gurnell et al.l 2002). As a result, interest
around woody debris is high with multiple applications, even though the vast majority of debris-

related knowledge is based on biological and geomorphological studies.

2.1.1 Properties of Large Wood

The characteristics of LWD in rivers (e.g. amount, size, density) are the result of a natural
process that depends on several factors, mostly the characteristics of upstream forested areas
(Diehl, 1997; Lagasse et al., |2010) and fluvial processes (Gurnell et al., 2002)). For example,
the botanical features of the tree population affects the size of large wood, especially those in
floodplains and riparian forests, since LWD recruitment typically occurs in these areas (Sheeder
and Johnson, 2008; [Lagasse et al.,[2010; [Lucia et al., [2015]). On the other hand, debris size and
shape can be influenced by the river in which they are conveyed (Pfister et al., 2013). Gradient,
discharge, and channel geometry may affect the debris features for a given reach (Diehl, |1997;
Bradley et al.,[2005)), as the processes of transport and deposition can alter the characteristics of

the debris elements, e.g. by breaking them into smaller pieces.
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Wood pieces with diameter >10 cm and length >1 m are generally classified as Large Wood
Debris (Gippel et al., [1996a; [Macka et al 2011), even though alternative definitions can be
found in the literature. Smaller wood pieces can be categorised as Small Wood Debris (SWD)
(Manners et al.l 2007). Another classification according to Bradley et al.| (2005 defines de-
bris small when formed by limbs or sticks, medium when debris are tree limbs or large sticks
and large when these are proper trees or logs, yet it is not clear how to correctly quantify the

difference between two classes. Therefore, the first definition is generally widely more accepted.

Debris transported by rivers may display highly variable diameters (Macka et al., 2011), irregu-
lar density and shape (Sedell et al.|, |1988}; [Lagasse et al.,[2010; Macka et al., 2011). Additionally,
LWD frequently include rootstock (especially if originated from bank erosion), branches, and
leaves (Diehl,|[1997; Lagasse et al.,[2010) resulting in highly irregular shapes (Diehl, [1997; Las-
settre and Kondolf] [2012). Figure@ shows a sketch of a debris trunk with some of the variables
that can be observed. For practical purposes, LWD have previously been typically idealised as

regular cylinders, simplifying the log geometry to its two main variables: length and diameter.

Debris diameters are seldom constant and perfect circular cross-sections in trunks are rarely
observed, resulting in a difficult definition for a representative measure of the trunk diameter
(Mécka et al., 2011)). The total length of a debris element is given by either an entire tree fallen
into the channel or part of it breaking into smaller pieces (Lagasse et al., 2010). Diehl| (1997)
proposed a model in which the maximum expected debris length in a river is given by the small-
est value between: a. the smallest width of the channel upstream of a point in the river (e.g. the
cross-section highlighted in Figure[2.2)), 5. the maximum length of sturdy logs, c. 9 m plus one
quarter of the upstream width. Although this model is based on intensive field observations, the
approach shows some limitations. At first, point a. is true only if trees are transported normal
to the flow direction and in a straight reach of the channel, but this is in contrast with |Diehls
(1997) own observations that debris typically travel on the water surface in correspondence of
the thalweg and parallel to the flow. This point is also criticised by |Lagasse et al.|(2010), since

Log Length l

Trunk Rootwad or Bole

Butt

| Min. Flow Depth |

# Root Mass
Extension

FIGURE 2.1: Sketch of an LWD in a river and its characteristics. Source: Lagasse et al.| (2010).
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FIGURE 2.2: Narrowest cross-section in a river reach upstream of a bridge. Source: Bradley
et al.|(2005)).

pieces larger than the narrowest cross-section were found in numerous North-American rivers.
Furthermore, |Diehl[s (1997) point c. is foremost applicable to US rivers, while in other geo-
graphical areas trees characteristics might be substantially different (e.g. Central Europe and
Great Britain (Linstead and Gurnell, |1999; [Macka et al., |[2011)).

The distribution of the size of debris elements in rivers may be highly varied (Pfister et al.,
2013]), although most debris are significantly smaller than the largest tree that can be introduced
in a river reach (Lyn et al., 2003} |Blersch and Kangas, 2014). The large majority of debris size
distributions is typically non-normally distributed (Gippel et al., [1996a; Blersch and Kangas,
2014). The frequency of occurrences is highest for small debris pieces, whereas with increasing
size the number of debris observed declines. Therefore, a high amount of debris belongs to a
lower-mid class of sizes. This general trend can be observed in numerous situations, despite the
fact that each river has a peculiar distribution depending on the characteristics of the forested
area, such as forests that are pristine or harvested, old-growth or young-growth (Sedell et al.,
1988)). Several site observations in North-America (Sedell et al., [1988}; [Hess|, 2007} |Cadol and
Wohl, [2010), Europe (Van Sickle and Gregory, |1990; MacVicar and Piégay, 2012} |Lucia et al.,
20155 [De Cicco et al., 2016) and Central America (Cadol and Wohl, 2010) indicated that the
highest number of observations of woody debris is for those pieces of length typically between
10% and 20% of the longest elements.
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2.1.2 Recruitment

Woody debris can be recruited by the flow through multiple mechanisms. Previous studies
suggested that the principal processes of LWD introduction in river channels are bank erosion
(Diehl, [1997; Lyn et al., 2003) and banks mass-wasting, accounting for a 73% of the total wood
load (Lagasse et al., [2010). Other phenomena causing trees to fall are: dead plants, logging,
windthrow, collapse from ice or snow, and mass soil movement (Sedell et al.| [1988; Diehl,
1997; Gurnell et al.,2002; Sheeder and Johnson, [2008}; [Lagasse et al., 2010; [Pfister et al.,[2013]).
Sedell et al.| (1988)) performed intensive in-situ surveys during flood events, observing that de-
bris recruitment is the highest under these conditions. This also corresponds to the moment
when bank erosion is maximum, indirectly confirming the main recruitment process, although
floodplain flow during flood events may also be sufficient to mobilise trees that have fallen over
time. Therefore, trees location and position on the banks is of primary importance for debris
recruiting. Almost all debris are originated by riparian forests (Sheeder and Johnson) 2008; [La-
gasse et al.,[2010) and floodplains (Lucia et al., 2015) closest to the river. [Robison and Beschta
(1990); Lagasse et al.| (2010) proposed a conceptualised model (although supporting evidence
is not provided) sketched in Figure for elements recruited through bank erosion, in which
the probability of a tree falling into the stream is proportional to the ratio between the arch of
the projected tree height over the channel (i.e. the AD arc in Figure and the total circle
originated by the tree height (i.e. 2w H.).

/ £ \ o Stream——»

-

H, D
H, D
(A) 250% Probability
(where D=0)
N
N (B) 1-49% Probability H,
\ (where 0<D<H_)
K ® =Tree Location i
J H, = Effective Tree Height
’ D = Distance of Tree from Stream (C) 0% Probability
AD = Arc Distance Along Stream (where D=H,)

FIGURE 2.3: Sketch of catchment area for a tree falling into a channel. Source: [Lagasse et al.
(2010).

On the other hand, debris already fallen and lying on the floodplains or deposited on the chan-
nel bed during low-flow conditions (Sheeder and Johnson, [2008)) are subject to a period of
dormancy, until favourable conditions arise and a high concentrated transport develops (Sedell
et al., [1988; ILyn et al., [2007). These conditions are achieved when stage begins to rise and de-
bris are mobilised by flotation (Diehl, [1997; Lagasse et al.,2010) and drag force (Braudrick and
Grant, 2000; (Crosato et al., 2013) against friction, which tends to prevent debris mobilisation
(Braudrick and Grant, 200011_1 Other factors that affect LWD mobilisation are the orientation of

! Although buoyancy can be perpendicular to friction and drag, friction force depends on the resultant force normal
to the channel bed, which includes buoyancy.
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debris pieces (Braudrick and Grant, 2000;|Wilcox and Wohl, 2006; |Lagasse et al.,[2010; Crosato
et al.,[2013)) and debris length and diameter (Braudrick and Grant, [2000; |Curran, 2010; Lagasse
et al., 2010; |Crosato et al., 2013) as these determine the amount of surface exposed to the flow

(hence, the drag force applied).

2.1.3 Transport

Floating debris are transported approximately at the same velocity of the current on the surface
(Bradley et al., 2005 [Sheeder and Johnson, 2008), parallel to the flow direction (Diehl, [{1997)).
Debris are usually observed within a small portion of the channel (Diehl, [1997; [Bradley et al.,
2005}; Sheeder and Johnson, [2008)), which often coincides with the point on the water surface
where the depth is highest (Lyn et al., 2003; |Sheeder and Johnson, |2008)). In addition, transport
of debris elements in these channel portions are likely to occur again at similar flow conditions
(Sheeder and Johnson, 2008). Reasons for this well-marked debris pattern are still unknown.
Diehl (1997), followed by |Bradley et al.| (2005); Lagasse et al.[|(2010), hypothesised that debris
position is driven by secondary currents (i.e. the velocity cells formed by velocity components
normal to the streamwise direction) to the points of convergence on the water surface. Figure
displays the velocity cells and the convergence points, that are the centreline (in a straight
reach) and close to the outer bank (in a channel bend). A few experiments appeared to con-
firm a preferential pattern for both straight channel (Bocchiola et al., |2006) and curved reach
(Schmocker and Weitbrecht, 2013)). Nonetheless, there is no direct evidence confirming |Diehls
(1997) theory.

The transport of LWD elements has been conceptually classified in three different modes ac-
cording to [Braudrick et al.|(1997):

e Uncongested transport Debris are free to move along the channel, interactions among debris

are null or very limited. Single elements can rotate or roll independently;

o Congested transport Bursts of woody debris are moving as a single mass, with very limited

individual movements;

e Semi-congested transport An intermediate condition between congested and uncongested.

Field studies revealed that transport of large masses are rare, whereas a high number of debris
is conveyed as individual element (Bradley et al., 2005; [Lyn et al., 2007; |[Sheeder and Johnson,
2008; |Lagasse et al., 2010), therefore suggesting that the uncongested transport is the predomi-
nant process (Lyn et al., [2003)). Moreover, turbulence or strikes with obstacles can easily break

debris clusters (Lagasse et al., 2010), resulting in a generally short-lived congested transport.
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STRAIGHT CHANNEL REACH
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CURVING CHANNEL REACH
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Convex Inner Debris Bank of Bend
Bank of Bend Q

FIGURE 2.4: Conceptual model for debris patterns due to secondary cells according to |Diehl
(1997). Source: Lagasse et al.| (2010).

2.2 Debris Accumulations

Large wood accumulations begin when elements get trapped at an obstacle (e.g. a sandbar or a
pier) or are deposited during low flow conditions, which then initiate a self-assembly process.
The understanding of these phenomena is key for the development of predictive models for the

formation of a debris jam at a bridge pier.

2.2.1 Initiation of Accumulations by Debris Entrapment

The accumulation of woody debris jams at a bridge pier typically begins when one or more
debris elements hit the upstream nose of the pier and remains entrapped. Several factors may

affect this debris recruitment.

The location of the pier and alignment to the flow affect the debris likelihood of entrapment
(Diehl, |1997; [Bradley et al., [2005} Sheeder and Johnson) [2008)). From a simplistic theoretical
consideration, a stable anchoring is possible when the point of contact between a debris element
and an obstacle is close to the centroid of the area normal to flow of the former, preventing any
torque from destabilising the debris piece (Bocchiola et al.,2006). When this does not occur, a
debris element hits the pier and then is immediately removed (or trapped for a short period and
then escaped) (Lyn et al.| 2003).
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The shape of a pier nose has also been cited as an additional important factor (Diehl, [1997;
Lagasse et al., [2010; [De Cicco et al.,|2016). [Diehl (1997) suggested that round-nose piers offer
the lowest likelihood of debris entrapment, although there was no evidence in support of this
observation. A recent laboratory experiment by De Cicco et al.[(2016)) investigated the role of
different pier shapes in retaining woody debris. Results showed that differences in the proba-
bility of entrapment were minimal among different shapes except for flat sections (e.g. square
or rectangular), which are more prone to entrap debris. It is also important to note that these
experiments were performed under a limited range of flow conditions and influenced by other
unaccounted external factors (e.g. the lateral walls of the 300 mm-wide flume), providing only

preliminary insights into the problem.

Debris characteristics and imperfections (e.g. roughness, attached branches) are believed to
substantially contribute in increasing the probability of entrapment (Lyn et al. |2003). Al-
though little research has been carried out about bridge piers, it has been previously observed
that branches and root-wads dramatically influence interaction with other structures (Abbe and
Montgomery, 2003; Schmocker and Hager, 2011} Pfister et al., [2013)). For instance, |Schmocker
and Hager (2011) experimentally reproduced a flooding event in Switzerland, testing small
trunks (branched and unbranched) interacting with a bridge deck. As expected, branched trunks
were more prone to be anchored at the bridge deck. Similarly, [Pfister et al.| (2013) performed
a series of experiments on the probability of obstruction of piano-key weirs by instream wood
and concluded that branched logs had a higher probability in clogging these structures. These
experiments based on bridge decks or weirs would indicate that a similar outcome could be ex-

pected for bridge piers and should be further investigated.

Flow velocity also plays a fundamental role for the likelihood of debris entrapment. [Bocchiola
et al.| (2008)) experimentally studied the motion of debris elements (modelled using cylindrical
dowels) through an array of 156 randomly distributed static vertical rods. Results showed that
the debris entrapment likelihood at these obstacles decreases with increasing the debris Froude
number (i.e. a Froude number in which the debris diameter is its characteristic length). This
result is not surprising, as Fr increases with velocity and consequently augmenting the drag

force (which quadratically depends on velocity) applied to the debris.

2.2.2 Growth of Accumulations by Self-Assembly of Debris Pieces

The self-assembly process of woody debris begins after that some elements get anchored at the
pier. This initial raft that forms at the pier then recruits more pieces and significantly widens
the potential trapping area of the obstruction, which leads to further accumulation. Figure
displays (in plan view) a conceptualised debris pile growth according to [Lagasse et al.| (2010).
In general, debris accumulations (whether at a bridge pier or not) supposedly begin by the en-

trapment of a key-element, i.e. a large and stable log (Diehl, [1997; Bradley et al.,2005; Lagasse
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et al., 2010). The key-element then recruits smaller elements, sometimes classified as racked,
according to |Abbe and Montgomery/s (2003) notation, forming a framework of medium/large
size debris (Manners and Doyle, 2008). Nevertheless, this conceptualised process would seem
too idealised, since any debris could get trapped by an obstacle (and then a larger incoming
piece may get trapped at a later stage). On the other hand, the entrapment likelihood increases
with the debris length (Bocchiola et al.,2008). Therefore, this suggests that it is more likely that
an accumulation is initiated by a large or key element rather than a small debris piece, although

the latter cannot be ruled out.

A few studies suggested that the debris pile formation starts at the water surface and then grows
downwards (Bradley et al), 2005 [Lagasse et al., 2010). As the jam growth progresses, the
formed framework is able to entrap finer debris (i.e. loose elements) and even non-woody debris
(Parola et al., [2000; Lagasse et al., [2010; [Lassettre and Kondolf, 2012)). Manners and Doyle
(2008) proposed a conceptualised model of the formation of woody debris jams in rivers based
on three in-situ surveys. In this model, a jam formation is supposedly initiated by a key-element
trapped by obstacles or lateral banks. Then, a framework phase develops, in which other pieces
are recruited and the total volume of debris and the drag force exerted on the jam increases at
a fast pace. Finally, the accumulation and complete jam phases (characterised by modest or
no changes) define the final features of a jam (e.g. size, porosity) which can last indefinitely.
However, this model does not explain whether this configuration is definitive or other changes
may occur and is not consistent with other site observations. For instance, some ‘chronic’ (i.e.
long-lasting) accumulations can be observed in rivers (Diehl, (1997} |Lyn et al., 2007), although
their growth is not a continuous process (Lyn et al., 2007) and may occur ahead of a flood peak
(Lyn et al., 2003). [Lyn et al.| (2007) carried out a series of site surveys to study the evolution
of LWD accumulations at the same sites between different flow conditions. The study revealed
that drift piles grew or receded between two observations even if no flooding events occurred. It
was also noted that a few accumulations disappeared at some point, and in one case the authors
proposed that the debris jam could have been disengaged from the pier and then transported and

accumulated again downstream at another bridge pier.

Mature (i.e. at a relatively stable phase) LWD accumulations observed in field studies form
shapes that are typically comparable to an inverted half-cone (Diehl, |1997; |Lagasse et al.,[2010)
or a pointing arrow (Abbe and Montgomery, |1996)), in which the maximum height is at the pier
close to the riverbed and the maximum width is at the pier on the water surface (Diehl, [1997).
Nonetheless, some other (less frequent) shapes/configurations (e.g. rectangular) were also ob-

served in natural environments (Lagasse et al., 2010).

Diehl| (1997) suggested (based on field observations) that in wide channels and with large span
bridges the length of the key-element corresponds to the maximum width of a debris accu-

mulation, supposedly supporting the jam against adverse forces (Lagasse et al., 2010). Scarce
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FIGURE 2.5: Sketch of typical accumulation accretion process on a plan view. The process is
initiated by a key-element, then built-up by racked members and finally filled by loose pieces.

Adapted from|Lagasse et al.|(2010).

frequency of long debris with respect to the key members can explain this predominant role as-
sumed by key-elements. Short bridge spans or a small river section could lead to a more severe
blocking. When this happens, a bridging effect takes place leading to large, wide
and stable accumulations. This bridging effect can also be observed when jams at two adjacent
piers are joined together. Figure[2.6|shows a typical example in which a large accumulation was
formed by bridging two or more adjacent accumulations. Regarding the vertical dimension, only
the riverbed could limit an accumulation growth and this may occur mainly during
recession of a flood, i.e. with descending water level. When the riverbed is reached, the degree

of freedom of the jam is limited (Bradley et al., 2005; Lagasse et al.;[2010) and could stabilise the
debris pile (Lyn et al., [2003), promoting further accumulation (Lagasse et al., 2010), although

this is yet to be confirmed. Another factor influencing the self-assembly of jams is believed to
be flow velocity. (2003) experimentally studied at laboratory scale the effects of flow

velocity on debris jams. They observed that at low velocities LWD accumulations are wide and

also that water depth played a negligible role in the jam growth process. On the other hand,
at increasing velocities debris piles become narrower and influenced by water depth. In fact,
at low depths but high velocities the formed jams were interacting with the channel bed, while
this was not observed when depths were sufficiently high to avoid any interaction. This can be
reasonably explained by considering that drag force is responsible for the vertical accumulation
size, as it depends on the square of velocity (Elliot et al., [2012). Nonetheless, experiments by
[Lyn et al.| (2003) only explored a small range of flow velocities and these conclusions, albeit
interesting, need to be taken with caution.

2.2.3 Effects of LWD Accumulations

Over the last decades, considerable research efforts were focused on pier-scour interactions (e.g.
Dargahi,[1989;/Ahmed and Rajaratnam, [1998}; Johnson and King, 2003; Muzzammil et al., 2004
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FIGURE 2.6: Large LWD accumulation at the Skagit River, Washington, US, during a flood in
1995. It can be observed how blockage is caused by debris bridging two single-pier accumula-
tions. Source: Washington State Department of Transportation.

Dey and Raikar, 2007; Melville), 2008], to cite but a few). The presence of debris accumulations
around bridge piers significantly increases the complexity of the problem and poses new chal-

lenges for modelling of scour depths. While some early works attempted to model the intricate
phenomena associated with LWD jams (e.g. Melville and Dongol, (1992} [Parola et al., [2000;
[Lagasse et al., 2010; [Pagliara and Carnacina, 2011b; Rusyda et al.,[2014), the research is still in
its infancy.

2.2.3.1 Effects of LWD on Flow

Woody debris jams interact with the flow mainly acting as an obstruction, which reduces the
free-flow area (Parola et al., 2000; [Daniels and Rhoads|, 2004; Bradley et al., 2005} [Pfister et al.,
and strongly influences the distribution of velocities and turbulence in the channel
Inell et al., 2002; (Wilcox and Wohl, 2006; [Manners et al., [2007). The jam size and position
considerably alter the flow trajectories (Daniels and Rhoads|, 2004)), exacerbating flow veloc-

ity underneath and beside of the accumulation (Pagliara and Carnacina, 2013). Furthermore, a

boundary layer is formed all around the jam raft, the thickness of which depends on the surface
roughness (Balachandar and Patel, 2002} [Pagliara and Carnacinal [2013)), further contracting the
flow area (Pagliara and Carnacinal 2013). Figure 2.7]from [Pagliara and Carnacina’s 2011b ex-

perimental study shows an example of scour and conceptual velocity field developed around an
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Dune formation

Scour

FIGURE 2.7: Velocity, scour and boundary layer separation in presence of an accumulation.
Flow from right to left. Adapted from Pagliara and Carnacina (201 1b).

idealised debris accumulation. The vorticity system underneath the raft was identified by the

authors as the boundary layer formed by the flow-raft interaction.

Other effects on the flow field are the development of vortex structures. A body (as it is in
this study a pier with the debris accumulation) immersed in a non-ideal fluid (as it is water)
produces a three-dimensional detachment of the flow field. The obstruction yields an adverse
pressure gradient (Tritton, |1988; Muzzammil et al.,[2004) reducing the velocity of the boundary
layer until it drops to almost zero. Therefore, the flow is detached from the obstruction surface
and a series of large vortices is developed around the pier. Figure|2.8| by Melville| (2008) shows
a sketch of the vorticity system of a pier in a river (without debris). The main vortex structures
are the so-called horseshoe vortices, which are quasi-periodical (Dargahi, [1989) and with little
variation in their structure (Dargahi, [1990). A vertical boundary layer separation at the edge of
the pier, resulting in a downstream detachment, is known as wake vortex system (the vertical

vortices downstream of the pier in Figure [2.8).

The vorticity system as previously described yields a pressure drop in the wake area downstream
of the pier, which results in a pressure difference between the upstream and downstream faces
of the obstacle. This dynamic pressure difference is known as the drag force that is applied by
the flow on the pier (and, as a reaction, by the pier on the flow). The general equation of the

drag force derived through dimensional analysis is generally given as
1 2
Fp = §pCDAv , 2.1

where p is water density, Cp is the drag coefficient, A is the frontal area obstructing the flow
and v the approaching flow velocity relative to the object. The drag coefficient Cp is function of
the Reynolds number Re, although at river-scale Re is usually high and C'p assumed indepen-

dent of Reynolds number, i.e. Reynolds invariance (Wallerstein et al., 2001; Bocchiola et al.,
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Surface Roller A

Vortices

N _
Horseshoe Vortex
FIGURE 2.8: Sketch of a typical vorticity system at a bridge pier. Source: Melville lb

2008). For this particular case, the drag force also depends on many other variables such as
roughness of the raft, porosity and the shape and geometry of the accumulation. Thus, correct
evaluation of this coefficient should not be carried out with too idealised debris jams
land Manga, 2003; [Manners et al.,[2007). Finer debris (e.g. leaves or branches) can be enmeshed
in the jam, blocking a core area of the accumulation (Parola et al., [2000) and change the overall
porosity. Manners et al.| (2007) compared the drag force applied to several LWD accumulations
lying on a river bed and showed that when these jams contain only key-elements (i.e. no racked

and fine debris are entrapped) drag force is low, whereas in an impervious condition (i.e. a
jam completely filled by smaller pieces) the force induced by drag is considerably higher than
the first case. The LWD-induced drag force becomes an additional structural load exerted on a
pier, which may contribute to bridge damage or failure if this is not accounted for during bridge

design (Parola et al., 2000; Bradley et al., 2005). Since the area of a debris jam may be con-

siderably larger than the pier alone and the LWD drag coefficient likely to exceed that of the

pier, the drag force magnitude with these accumulations is likely to be several times higher than
otherwise expected without the accumulation in place (Wu et al.,[2014).

Another effect of the drag force is the increase in the upstream water depth (Parola et al., 2000
[Bradley et al., [2005; De Cicco et al., 2016). According to basic (1D) momentum conservation
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principles, the water level variation depends on the interrelationship among forces (some of
which are also defined by the water depths of the control volume). [Young (1991)) tested at labo-
ratory scale the effect that debris piles (although not accumulated at bridge piers) have on flood
levels. The author observed that the stage height rise depends significantly on the frontal area
of the debris jams. A recent study by Schalko et al.| (2018)) tested the accumulation of woody
debris at an array of piers and correlated the upstream water rise with the Froude number and the
accumulation packing. Other studies (Gippel et al.,|1996alb; |Parola et al., 2000) suggested that
Froude number, obstructed area, and accumulation drag coefficient are the main variables that
might affect the afflux, as together they completely define the drag force Fp. Thus, since size
and drag coefficient of LWD jams determine the magnitude of the drag force, they also affect
the afflux. It follows that predicting obstructed area A and drag coefficient C'p is crucial for

evaluating F'p and, therefore, predicting the effects on the upstream flow.

A few experimental studies attempted to estimate the drag coefficient Cp for LWD accumula-
tions and are summarised in Table 2.1} [Parola et al| (2000) performed small-scale laboratory
testing using (individually) plates, wedges, and accumulated limbs to model a debris jam. The
drag coefficient computed from experimental results ranged widely between 0 and 2, although
showing a dependence on the flow blockage ratio (i.e. the ratio between obstructed area and
channel cross-sectional area). This dependency was observed for ratios above 36%, whereas for
lower values of the blockage ratio the drag coefficient was relatively unaffected. A contrasting
observation was reported by [Hygelund and Mangal (2003), in which they reported a poor corre-
lation (i.e. no dependency) between blockage and Cp for blockages above 30%, even though
this study was based on individual debris elements rather than jams, which would limit the ap-
plicability to debris accumulations. The authors measured in-situ the torque exerted by the flow
on test logs and computed the drag coefficient for each of them. Values of C'p were found within
the interval 0.9 to 3.2. Another study was conducted by [Manners et al.| (2007) on LWD jams in
rivers (but not accumulated at a pier), measuring the water depth change in a river section and
back-calculating the drag coefficient under different conditions of porosity. Computed values
of Cp varied from 0.7 to 9.0, even though this very large variation was acknowledged by the
authors as a consequence of the poor definition of the geometry of the frontal area. It is also
interesting to notice that, among these mentioned works, only [Parola et al.| (2000) attempted to
reproduce LWD jams at piers with natural twigs and mimicking the process of jam formation,
whereas other studies would likely be inaccurate for the application to debris jams at bridge
piers due to the different type of jams used. Nevertheless, tests with sticks and limbs by [Parola
et al.| (2000) are only a very small number of the data set analysed (i.e. flat plates were used in
the large majority of the experiments to model jams) and tested on a reduced amount of flow

conditions, which significantly limits the applicability of these results.
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TABLE 2.1: Values of the drag coefficient C'p of debris accumulations from past studies.

Reference Type of study Cp range Observations

Parola et al.|(2000) Experiments on debris accu- 0.1-1.9  Cp depends on the blockage
mulations at a pier; vertical ratio when greater than 36%
plates, wedges, and sticks

Hygelund and| In-situ measurements of sin- 0.9 - 3.2  Blockage ratio affected Cp

Mangal (2003)) gle logs for values below 30%

Manners et all In-situ measurements of de- 0.7-9.0 Cp dependent on the poros-

(2007) bris jams lying on a river ity of the jam. Poor defini-
channel tion of the frontal area

2.2.3.2 Scour

Localised scour around bridge piers is a phenomenon driven by the flow field modification in-
duced by the obstruction. Vortices originated by a pier (Figure [2.8)) cause a scour hole around
the pier. With accumulated woody debris, this effect is exacerbated resulting in a larger scour
hole (Melville and Dongol, |1992}; Pagliara and Carnacinal [2010, 2011alb)). Melville and Don-
gol| (1992) experimentally studied the debris-induced local scour using several smooth regular
shapes to model the debris raft. They produced a scour design curve using the approach of the
equivalent pier, i.e. the effective diameter of the pier necessary to produce the same scour hole
without debris, based on the formulae by Melville and Sutherland| (1988)). This method was re-
fined by Pagliara and Carnacinal (2011a) and |Pagliara and Carnacina (2011b) introducing debris

characteristics, position, and accumulation size.

Obstructed area, accumulation shape, and velocity are the most important factors affecting lo-
cal scour at a bridge pier (Lagasse et al., [2010; |Pagliara and Carnacinal 2011b)). On the other
hand, LWD roughness and porosity were observed having second-order effects (Lagasse et al.,
2010). Nevertheless, this contrasts with [Pagliara and Carnacina/'s (2011b) findings, which indi-
cate that surface roughness (but not porosity) accounts for a notable effect on the overall scour

(i.e. coarser accumulations may cause larger scours).

2.3 Current Guidelines for Modelling Size, Transport, and Effects

of Debris Jams and Applications

Guidelines currently available for modelling debris jams at bridge piers are mostly based on site
surveys or experiments. There are also some computational models that have been developed in
recent years aimed at replicating the mechanics of the accumulation process. Nevertheless, none
of these studies was aimed at investigating the dimensions and shape that a jam could produce,

substantially limiting their applicability to bridge design and flood risk assessment purposes.
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2.3.1 Experiments

Experiments have been an important tool for understanding the phenomenon of woody debris

accumulation. Most experimental studies were focused on scour. Melville and Dongol| (1992)

were among the first to study effects of woody debris on scour at bridge piers. In their experi-
ments, the authors modelled debris accumulations by the use of regular shapes (e.g. cylinders,
cones) installed at the pier. [Lagasse et al.| (2010) conducted similar experiments, but instead
used rectangular shapes and wedges with protrusions in the attempt to mimic the inherent irreg-
ularities of debris jams. [Pagliara and Carnacina (2010} 2011alb},[2013)) followed the approach by
Melville and Dongol| (1992) and modelled LWD piles through a solid cuboid or natural sticks

bound together forming a prismatic shape, an example of which is shown in Figure 2.9] These

studies provided interesting insights about the effects that a debris jams may cause to local
scour, but their findings may not be accurate. Models of debris accumulations used in these
experiments were often idealised, arbitrarily designed, and unlikely to represent shape and size
of a real-world LWD jam. Furthermore, these idealised models were adopted irrespectively of
the actual jam formation process or intervening variables (e.g. debris size and flow velocity,
as suggested by several aforementioned studies). For instance, although flow conditions were
varied between experiments, the jam model remained the same. This contrasts with
(2003)), who indicated that the size of large wood piles depends on velocity. More importantly,
shape and dimensions of these accumulation models were chosen arbitrarily, even though they
are likely to be among the most important factors affecting the scour process. The ability to
predict shape and size of the accumulations would improve the accuracy of the scour analysis,

being consistent with the jams that could be expected at a bridge pier for given conditions.

Other experiments were aimed at investigating the formation process of woody debris accumu-
lations under different conditions, although typically very limited in the number of variables
studied (e.g. flow conditions, size of debris), and in the ability to accurately reproduce the full-
scale phenomenon. (2003) studied how velocity and water depth influence the forma-
tion of debris jams at bridge pier (although with a limited debris supply and a small number of
flow conditions) using twigs and dowels. They concluded that natural sticks or twigs should be

preferred to wooden dowels when modelling debris jams due to the primary role played by the

FIGURE 2.9: Drift model used by Pagliara and Carnacina (2013).
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inherent irregularities of full-scale debris elements. |Rusyda et al.| (2014) experimentally anal-
ysed accumulations at two Japanese bridges (with and without pier) by instantaneously releasing
a large bundle (the number of elements per bundle ranged from 50 to 800) of debris (modelled
by dowels) into a 0.3 m-wide flume. The authors proposed a relationship for estimating the
volume of a debris jam based on the experimental data. Nevertheless, the large amount of debris
pieces released contrasts with previous studies about debris transport, that is unlikely to occur in
large bundles (Braudrick and Grant, 2000; Lyn et al., [2003)). A recent study by |Gschnitzer et al.
(2017) tested probability of LWD clogging at bridge decks and bridge piers in a 0.60 m-wide
flume. The authors used wooden dowels as debris elements, the length of which ranged between
40% to 120% of the flume width. A similar approach has been used by |De Cicco et al.[(2016).
The authors tested the effects of several pier shapes on the probability of debris entrapment in a
0.30 m-wide flume modelled by dowels of different lengths. The narrow and small flumes used
for all of these experiments led to unavoidable interactions with the flume walls, whereby intro-
duced an additional (and unwanted) variable to the problem that was not accounted for. Thus,
any conclusions from these studies are likely to be inaccurate, or not representative of a pier that
is far from both river banks. Moreover, these flumes could not generally allow a broad range of
flow conditions (e.g. Rusyda et al., 2014} |De Cicco et al., 2016), limiting the observation of (as
will be shown later in the results section) one of the most important factor in the woody debris
accumulation process. Another critical limitation is represented by the use of wooden dowels
in order to model debris elements, despite this practice has been discouraged (Lyn et al., 2003)

due to the poor representation of dowels for real-world LWD.

2.3.2 Engineering Guidelines and Computational Models

Current engineering guidelines regarding size and shape of LWD jams at piers are still lacking
a systematic approach. Some of the proposed design jams are contradictory or not informed
by robust observations (Diehl, [1997). For instance, Figure displays two contrasting bridge
design guidelines. Australian design practice recommends a 20 m-wide and 1.2 m-deep rect-
angular debris raft, while in New Zealand the shape is suggested triangular and 15 m-wide and
3 m-deep (Diehl, [1997)). Similarly to the Australian model, |Da Deppo et al.| (2004) suggested
to adopt a rectangular debris accumulation with the purpose of evaluating local scour but not
advising about the size to be used. Despite these guidelines attempted to provide a basic ap-
proach to the accumulations of woody debris, they seem to lack any underpinning science or
observation (either theoretical or empirical) and were proposed not including key-factors such
as debris or flow characteristics. Extensive surveys revealed that the size of models proposed
for both Australia and New Zealand were frequently exceeded by observed jams (Diehl, [1997;
Lagasse et al.,[2010).

A few hydraulic computational models for flood modelling including debris supply and forma-

tion of debris rafts have been produced in the last few years. In these models, the inclusion of
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FIGURE 2.10: Australia and New Zealand recommended design practice for woody debris
accumulations. Source: |Diehl| (1997)

incipient motion and transport of debris elements was typically modelled through a balance of
forces between friction, drag and debris weight (Stockstill et al., 2009; Ruiz-Villanueva et al.,
2013, [2014). LWD are simulated by floating cylinders and their motion include rotation and
translation (Stockstill et al., 2009 |Ruiz-Villanueva et al., 2014). Ruiz-Villanueva et al.| (2014)
developed a flood model to simulate a 1997 flash-flood event on a Spanish river subject to a
high transport of LWD, which were included in the modelling. The output of this model is
a two-dimensional planar raft, i.e. the vertical component of the LWD jams is not included.
This represents a considerable limiting factor, since the obstructing area will not have a vertical
growth, unlike real-world accumulations. A flood model by |[Elliot et al.| (2012) also takes into
account the additional drag force applied to structures due to debris accumulations. This model
does not include the LWD build-up process, instead places obstructions at the piers based on
in-situ observations. Given that the process of transport and accumulation of debris depends
strongly on a complex 3D fluid-debris-pier interaction, it is unlikely that simple hydraulic mod-

els will be able to produce meaningful predictions.

Parola et al.|(2000) tried to estimate afflux from woody debris obstructions using the wide-spread
1-D river hydraulics software HEC-RAS. They reduced the free flow area with obstructions in
correspondence of bridge structures. Although the software is particularly reliable for many
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hydraulic processes, a problem of this complexity might require a different approach that is not

an oversimplification.

2.4 Summary

The crucial interplay between bridges and rivers have long been a concern for scientists and
engineers. Bridge piers alter the flow field, induce structural loads as well as local scour and
can restrict the free flow area, rising the upstream water levels. If a large wood debris accu-
mulation occurs at a pier, the aforementioned effect can significantly increase, representing a
serious threat to the bridge structural stability and exacerbating upstream water level rise. The
latter could be theoretically modelled through momentum conservation principles. Approaching
water velocity and accumulation frontal area perpendicular to the flow (as well as the drag co-
efficient) may allow the correct estimation of the drag force magnitude. Thus, ability to predict
both debris size and drag coefficient is of primary importance for the estimation of debris-related

effects.

Although woody debris accumulations at piers are recognised to be responsible of numerous
bridge failures and increased flooding levels, little research has been carried out to unveil the
potential size that these jams could reach. In-situ surveys, as well as experimental studies, did
not clearly identify the formation process, jams potential size, and effects on the flow. On the
other hand, there is a general agreement from site observations on the typical semi-conical shape
achieved by forming piles. Jams are also believed to be initiated by a key-element which entraps
further smaller pieces and initiates a build-up process. However, the exact formation process is

still unknown and ability to predict LWD accumulations size is lacking.

A few experimental studies attempted to describe the accumulation phenomenon, but were lim-
ited in detail and scope. For example, model accumulations were far from the actual configura-
tions and not consistent with real jams. Furthermore, the knowledge gap regarding the under-
standing of the LWD accumulation phenomenon influences the current guidelines about bridge
design and flood risk assessment. Indications are often arbitrary or non-empirically based and
the methods suggested (e.g. using simplified 1-D equations to model LWD obstructions) are too

basic to correctly simulate the actual effects on the stream.
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Methodology

This chapter illustrates the methodology that has been employed to perform the experimental
analysis described in the next chapter. At first, a dimensional analysis is carried out. This is
followed by a detailed description of experimental facilities, set-up, and variables adopted in

this study. Finally, a description of the approach employed for data analysis is provided.

3.1 Dimensional Analysis

Dimensional analysis was performed with the aim of defining a functional relationship between
the significant dimensionless variables affecting the accumulation process. Furthermore, dimen-
sional analysis ensures similarity between laboratory and prototype (i.e. real-world) scale. This
occurs when ratios between forces are the same for both model and prototype, i.e. a dynamic

similarity is established.

The following functional relationship between fluid, flow and debris variables is proposed:
f(p7l"[/7v7h7g7D7L7d7pL7B7W/?HﬂK):O? (3‘1)

where p is the water density, p is the dynamic viscosity of water, v is the streamwise component
of cross-section averaged velocity approaching the LWD jam (prior to the formation of the
accumulation), h is the water depth, g is the acceleration due to gravity, D is the diameter of the
pier, L and d are respectively the length and diameter of individual debris elements, py, is the
debris density, B is the width of the flume, and W, H, and K are respectively width, height,
and length of the debris accumulation (as illustrated in Figure[3.1)). As two variables W and K
are used to describe the planar geometry, the jam shape is not restricted to a semi-circular cone.

Table summarises variables and dimensions studied.

23
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TABLE 3.1: Variables studied for dimensional analysis. Dimensions are: M for mass, L for
length and T for time.

Quantity Symbol Dimensions
Water density P ML-3
Dynamic viscosity W MT—L-!
Water velocity v LT !
Water depth h L
Gravity acceleration g LT
Pier diameter D L
Debris length L L
Debris diameter d L
Debris density oL ML—3
Channel width B L
Accumulation width w L
Accumulation height H L
Accumulation length K L

Equation (3.1) can then be rearranged in a more compact and dimensionless form by applying
Buckingham m-theorem. The theorem states that an equation with n physical variables can be
rewritten as a dimensionless equation with n — k variables, where k is the number of funda-
mental physical quantities. These variables (as a group) must contain all fundamental physical
quantities, that for standard fluid mechanics are mass M, length L, and time T. The dimension-
less groups resulting from the product between these variables are the so-known 7-groups. For
the problem of woody debris accumulations, p, v, and L have been chosen as the repeating

variables yielding the following functional relationship between ten dimensionless variables:
g<R€L,FI’L,,,, e waT/v’{'> =0, (3.2)
p

where Re L:%L and F'r L=ﬁ are respectively the debris Reynolds and debris Froude numbers
(i.e. using L as the characteristic length), % is the dimensionless length of individual debris
elements with respect to the pier size, d/ L is the size ratio between a debris diameter and length,
h/L is the dimensionless ratio of water depth and debris length, and wz%, 17:%, and m:% are

the three dimensionless variables used to describe the geometry of the accumulation.

The relationship in (3.2)) can be simplified with a few assumptions. In fully turbulent flows,
effects of the Reynolds number are usually neglected under the assumption of Reynolds invari-
ance (Wallerstein et al.,2001;|Bocchiola et al., 2008; Heller, |2011},2017), so that Rey, is dropped
from (3.2), resulting in:

L dh p, B
Frp, = 20 PL 2 —0. .
g< erDaLaLv vavwvnﬂ%) 0 (33)

The functional relationship (3.3) relates the three variables characterising the geometry of a de-

bris jam (w, 1, k) to variables that describe the characteristics of both flow and individual debris
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FIGURE 3.1: Idealised 3-d view of a debris jam with indication of geometrical and flow char-
acteristics involved.

elements. Thus, any attempt to describe a jam size, whether theoretically or experimentally,

should take into account the relationship found in (3:3).

A further analysis about other possible dimensionless group combinations is proposed in Ap-
pendix [A]

3.2 Experiments

An extensive experimental campaign was planned in order to thoroughly understand the process

of formation and growth of debris jams. The experiments were aimed at:
i Analysing the process of woody debris accumulations throughout their growth and forma-
tion;
ii Evaluating the maximum size that debris jams can form during their lifetime;

iii Analysing the effect of the intervening variables in (3.3) on the formation process and max-

imum size;

iv Comparing accumulations obtained by uniform size debris (i.e. with constant length and

diameter) with those resulting from non-uniformly distributed size (in length) debris;
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v Evaluating the importance of debris shape comparing wooden dowels with natural non-

branched sticks and the effects of branches on accumulations.

Table [3.2] summarises all the experiments carried out in this thesis and then categorised in dif-
ferent groups. For each group, F'ry, was varied in the widest possible range for available values
of velocity v and debris length L and identifies the number of experiments conducted. These

groups were sorted according to each individual factor analysed for the debris jams:

* Groups U analysed the ratio L/ D for different values of both L and D;

* Groups D analysed the ratio d/ L for different values of d and keeping L constant;
* Groups H analysed the ratio h/ L for different values of h and keeping L constant;
* Groups T analysed the ratio p, /p for different values of py;

* Groups N analysed the ratio L/ D for different values of both L and D with non-uniform

length elements;
* Group R repeatedly analysed an experiment under same conditions;
* Groups B analysed the effects of debris shape;

* Groups P analysed the effects of pier shape.

A detailed description for each group is provided in the following sections. In total, 732 experi-

ments were conducted.

3.2.1 Experimental Facilities and Instruments

Experiments were carried out at the internal flume located at the Hydraulic Laboratory of the
University of Southampton Science Park in Chilworth, Southampton. The tilting flume has a
rectangular cross-section, glass-walled, and is 22 m-long and 1.375 m-wide. Figure[3.2]shows a
picture of the Chilworth internal flume. The width of the flume ensured that interactions between
debris rafts and the walls were minimal, preventing unwanted effects that likely influenced some
previous studies (e.g. Rusyda et al. 2014; De Cicco et al.l 2016). Water was pumped from a
sump located underneath the flume by three pumps with capacity of delivering discharges from
0.08 m3/s up to 0.42 m?/s. The nominal power of these pumps is 22.4 kW for pump 1 and 11.2
kW for both pump 2 and 3, for a total nominal power of 44.8 kW. Flow discharge delivered to
the flume was controlled by three valves (one for each pump) as shown in Figure [3.3] Flow
depths at the pier section were controlled by a flap gate installed at the downstream end of the

flume.
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TABLE 3.2: Summary of all experiments carried out.
Group L (mm) d(mm) D h range Number  F'rrange Fry range
(mm) (mm) of exper-
iments
Ul 375.0 11.85 100 282 - 461 18 0.16-0.43 0.14-043
U2 250.0 11.85 50 296 - 395 21 0.13-0.42 0.14 - 0.51
U3 312.5 11.85 50 296 - 396 21 0.13-0.42 0.12-0.47
U4 375.0 11.85 50 260 - 394 19 0.15-043 0.12-0.43
U5 375.0 11.85 25 282 - 420 18 0.16 - 0.44 0.14-043
D1 375.0 7.64 50 285 - 377 21 0.14 - 0.51 0.13-0.48
D2 375.0 9.65 50 285 - 377 21 0.14 - 0.52 0.13-0.48
D3 375.0 14.85 50 285 - 377 21 0.14-0.51 0.13-0.47
D4 375.0 17.85 50 286 - 377 21 0.14 - 0.51 0.13-0.48
D5 375.0 21.59 50 286 - 377 21 0.14-0.51 0.13-0.48
D6 375.0 29.26 50 295 - 394 21 0.13-0.42 0.12-0.42
H1 375.0 11.85 50 290 - 299 20 0.13-0.46 0.12-0.41
H2 375.0 11.85 50 366 - 373 21 0.12-043 0.11-043
H3 375.0 11.85 50 442 - 454 17 0.10-0.32 0.11-0.35
T1 375.0 11.85 50 288 - 377 21 0.14 - 0.51 0.12-0.41
T2 375.0 11.85 50 288 - 377 21 0.14-0.52 0.11-043
N1 500.0 11.37 100 268 - 402 17 0.16 - 0.42 0.11-0.35
N2 625.0 11.38 100 268 - 407 18 0.16-0.43 0.10-0.33
N3 375.0 10.86 50 268 - 412 15 0.15-0.42 0.13-0.40
N4 437.5 10.65 50 268 - 409 16 0.15-0.42 0.12-0.38
N5 500.0 11.37 50 275 - 408 18 0.15-043 0.11-0.37
N6 562.5 11.40 50 277 - 405 18 0.15-0.44 0.11-0.35
N7 625.0 11.38 50 274 - 408 18 0.15-043 0.10-0.33
N8 687.5 11.65 50 271 - 405 17 0.15-043 0.09 - 0.32
N9 750.0 11.35 50 271 - 405 18 0.15-0.44 0.09 - 0.30
N10 437.5 10.65 25 274 - 400 16 0.16-0.43 0.13-0.37
N11 500.0 11.37 25 274 - 401 18 0.16 - 0.44 0.12-0.38
N12 625.0 11.38 25 274 - 409 18 0.16 - 0.44 0.10-0.34
N13 750.0 11.35 25 274 - 402 18 0.15-0.42 0.09 - 0.30
R1 687.5 11.65 50 355-365 22 0.23-0.24 0.17-0.18
B1 375.0 12.00 50 269 - 393 19 0.14 - 0.40 0.14 - 0.39
B2 375.0 11.85 50 261 - 395 19 0.15-043 0.12-043
B3 375.0 11.85 50 261 - 396 19 0.15-043 0.12-043
P1 375.0 11.85 50 279 - 412 21 0.13-0.42 0.11-0.42
P2 375.0 11.85 50 305 - 395 21 0.13-0.42 0.11-0.43
P3 375.0 11.85 50 299 - 381 21 0.13-043 0.12-043
P4 375.0 11.85 50 306 - 392 21 0.13-0.42 0.12-043
P5 375.0 11.85 50 304 - 379 21 0.13-0.42 0.12-0.42
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FIGURE 3.2: Side view of Chilworth internal flume at the University of Southampton Science
Park.

Instruments and equipment used were carefully selected in order to provide a high level of mea-
surements accuracy. An Acoustic Doppler Velocimeter (ADV) SonTek IQ® Plus was used to
measure the average cross-section flow velocity and was placed on the bottom of the flume. Fig-
ure [3.4] shows the IQ Plus structure and position of probes. This ADV generates three acoustic
beams upstream (two skewed 60° off vertical and horizontal axis and one 25° off vertical axis
along the centre axis of the channel) and one downstream (skewed 25° off vertical axis along the
centre axis of the channel). The results for each beam are provided in up to 100 cells (depending
on flow depth) as small as 2 cm in diameter. An upward-looking beam measures the flow level
in tandem with a pressure sensor and the resulting water surface is combined with the averaged

cross-section velocity to give the discharge. The nominal accuracy of the instrument is +1%

of measured mean-profile velocity (Fulford and Kimball, 2015)). Prior to the experimental cam-

paign, velocity was measured at 36 points evenly distributed in 4 rows and 9 columns along a
cross-section for three different flow conditions by a Nortek Vectrino ADV. The measured data
was used to estimate the accuracy of the average velocity measured by the 1Q. A systematic
difference between the two instruments was on average 2.8%, indicating that the IQ could be

considered a reliable instrument for measuring average flow discharge in these experiments.

The total load applied to the pier was measured by attaching a load cell onto the top of the pier,
which was not touching the flume bed. A Thames Side T66 (50 kg capacity) cell was used, with
maximum error of £0.017% of the capacity. Sampling frequency was 10 Hz and recorded data

was analysed by a custom LabVIEW program.
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FIGURE 3.3: Regulation valves for the Chilworth Internal flume. Top to bottom: pump 1,
pump 3, pump 2.

Continuous video recordings were performed using two cameras Logitech HD Pro Webcam

C920 (1920x1080 pixels, recording at 30 fps) and an underwater camera.

Water level upstream of the pier was continuously monitored by a series of four ultrasonic sen-
sors Senix ToughSonic® 14. The data collection frequency was 10 Hz and recorded data was
acquired by a custom LabVIEW program. The nominal accuracy for these instruments is bet-
ter than +0.5% of the target distance, depending on temperature and environmental conditions.
When the use of ultrasonics was not possible (as well as for instruments calibration) a standard

point gauge was used, the accuracy of which is 0.2 mm.

A detailed description of instrumental calibration and methodology employed for data analysis
is reported in Appendix
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FIGURE 3.4: Drawing of the IQ Plus device indicating the main features. Figure from the
SonTek IQ® user’s manual.

3.2.2 Flow Conditions

The flow rates used in this study ranged between 0.08 m?/s, that is the minimum discharge
that can be delivered by one pump, to 0.42 m3/s, that is the maximum discharge with all three
pumps fully operational and valves completely opened. Within this flow range, each experimen-
tal group was tested from a minimum of 15 to a maximum of 21 flow conditions, in order to
vary the debris Froude number F'ry, in intervals of approximately 0.02. The number of F'rp,
conditions studied for each group corresponds to the number of tests performed in Table
except for group R1 as explained in the following section. Average flow velocities reached at
the pier section varied from a minimum of 0.21 m/s to a maximum of 0.82 m/s (for test groups
U, N, R, B, and P). Each experiment was performed under approximately steady flow conditions
and horizontal flume. The practical reason of this last configuration was due to the tilting system
being dysfunctional at the time in which the first experimental campaigns were conducted. The
maximum flow velocity was extended to 0.91 m/s for test groups D, H, and T, since the tilting
system was functioning for this experimental campaign, allowing increased velocities for the
highest range of discharges. Water depth between experiments varied in the range of (approx-
imately) 250 mm and 450 mm. Water depth was controlled by the downstream flap gate and

(when functioning) the tilting system.

Overall, Reynolds number Re = puvh/u ranged between 5.10x10* and 3.06x10° - that cor-
respond to transitional and turbulent flow regimes, and Froude number Fr = v/+/gh ranged

between 0.12 and 0.52, i.e. subcritical flow.
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3.2.3 Debris

Natural sticks (twigs and branches fallen from trees) were used to model debris elements, as
also previously recommended by |Lyn et al.|(2003)) in order to represent shape irregularities com-
monly observed in debris found in natural environments. Sticks used for experimental purposes
were collected from limbs and fallen branches (from different trees commonly found in UK and
Europe, e.g. beech, oak, birch etc.) around the external compound of the Hydraulics Labora-
tory in Chilworth (Southampton). The same sticks were also re-used across several tests. The
diameter d of all debris elements was measured at both ends using a digital calliper (accuracy
£0.1 mm), and the average value between these two was adopted as the element diameter. For
selection purposes, the sticks employed for the experiments were chosen having a distribution of
diameters with a maximum coefficient of variation of 10.5%. For all experiments (except tests
T1 and T2) debris dry density p;, was kept in the range 450-550 kg/m?. It was also assumed that
in the short travel time between the dropping point and the pier section, changes in density were
negligible. Debris density was controlled for all tests by a system which dried the water ab-
sorbed from debris sticks after each experiment and monitored by spot measures of the density
of debris samples. The mass of the debris sample was measured by a precision scale (accuracy
41 gram), whilst the sample volume was obtained by immersing the debris in a prismatic tub

filled with water and measuring the water level change (and thus the volume change).

Debris pieces were used according to two different classifications: uniform and non-uniform
length debris. The former were sticks of uniform size (i.e. length and diameter of all pieces
were kept relatively constant) and adopted for groups U, D, H, T, B, and P, whereas the latter
were sorted according to a distribution of the length of the elements and used for groups N1-N13.

Field observations of woody debris accumulations suggest that jams are more likely to be formed
by elements the length of which is non-uniformly distributed (Sedell et al., |1988}; Blersch and
Kangas|, [2014), i.e. the length of debris pieces can significantly vary within the same jam. An
exception to this non-uniform distribution would be found in those forested areas subject to
logging or similar human activities. Accumulations are typically initiated by a key-element
and then completed by smaller pieces (Diehl, |1997; Manners et al.,2007; Manners and Doylel,
2008; [Lagasse et al.,|2010). In natural rivers, distributions of these lengths are typically skewed
towards smaller sizes (Blersch and Kangas|, [2014). For the definition of a suitable function rep-
resenting the lengths distribution, published data by |Hess|(2007) was used. The author measured
the length of 156 debris on the South River (Virginia, US). This data was used to fit a log-normal
probability density function:

o) = o (") (3.4)

eV 2ro

where ¢ is the ratio between debris length of a smaller piece L; and the length of the key-element

Liey (i-e. L;/Lyey), v and o are respectively mean and standard deviation of In e.
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Through maximum likelihood estimation (MLE) regression analysis, values of p and o for the
data by Hess| (2007) were computed as u=-1.3039 and ¢=0.7367. To produce the sets of debris
pieces distributed according to (3.4), the probability density function was discretised in ten
different class intervals for the ratio L;/ Lijey between 0 and 1. Frequency p; of each size class

was determined as 1 .
pe [ 5

612.

where Ace is the class width for given values of the ratio L;/ Ly, fixed at 0.1 for all cases and
e1, and g9, are the two limits of each class interval. The integral in (3.3) gives the frequency of
each class and can therefore be used to determine the number of sticks for a length class rela-
tively to the key-element. Figure [3.5]shows both the curve form (3.4) and bars from integration
in (3.5). The distribution in (3.4), with the p and o values as found, displays a trend similar to
data by [Sedell et al.|(1988)), which was based on about 2000 observations. It also resembled the
trend of other published distribution curves (e.g. [Manners and Doyle, 2008; |(Cadol and Wohl,
2010; MacVicar and Piégay, |2012; Blersch and Kangas| |[2014)). According to the above defined
distribution, a set of 13 distributed debris mixtures was produced, each of which was charac-
terised by the length of the longest debris (i.e. the key-element). Smaller elements were added
to each group in order to complete the length distribution. Figure [3.6| depicts two samples of

100 debris pieces produced from two different key-elements.
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FIGURE 3.5: Bars and log-normal function of debris lengths frequency in rivers expressed as
the ratio between the piece length L; over the key-element length Lj.,,.

An exception to the above types of debris elements is made for groups B1 to B3, which will be

discussed later.
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(A) Liey=375mm (B) Liey=500mm

FIGURE 3.6: Sets of 100 pieces distributed according to (3.3)) for two different key-elements.

3.2.4 Pier Types

Bridge piers were modelled using 600 mm-long solid circular cylinders of different sizes. For
the large majority of experiments, piers were used with circular shape of diameter 25 mm, 50
mm, and 100 mm. This shape was adopted as an example of the many possible piers that can be
found globally and the diameter was chosen in order to produce values of L/ D that are typically
observed in the real-world, e.g. in the range 5.2-43 in the US (Lagasse et al., 2010). The influ-
ence of this variable on the formation of accumulation was the object of experimental groups
Ul to U5 and N1 to N13. For any other test, pier size was kept at 50 mm. Figure [3.7] shows the

three PVC piers adopted. Nevertheless, diameter and shape of bridge piers vary significantly
and it is therefore necessary to understand their potential influence on the formation of debris

jams.

For experimental groups P1 to P5, the pier shape was varied, as will be discussed later.

3.2.5 Experimental Groups

The goal for each experimental group was to analyse the impact from a specific dimensionless
variable (as found in (3:3))) or factor on the formation and size of debris jams. The variation of

the debris Froude number F'ry was studied for all groups.

Experimental groups Ul to U5 in Table [3.2] were performed with the purpose to analyse the
influence of the ratio L /D on the characteristics of the formed jams. In these experiments, both
the debris length L and the pier diameter D were varied. The tested values of L/D ranged from
3.75 to 15 which are within those observed in natural environments (Lagasse et al., 2010)). Table
shows detailed values of L, D, and L/D for each U group.
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FIGURE 3.7: PVC model piers used for experiments. Left to right: 25 mm, 50 mm and 100

mm diameter.

TABLE 3.3: Detailed values for experimental groups Ul to US.

Group Debris length L (m) Pier diameter D (m)

L/D

Ul
U2
U3
U4
us

0.375
0.250
0.3125
0.375
0.375

0.100
0.050
0.050
0.050
0.025

3.75
5.00
6.25
7.50
15.00

Groups N1 to N13 were performed with a goal similar to the experimental groups U, varying

values of L /D between 5 and 30. Nevertheless, these experiments were conducted with non-

uniform length debris distributions and had the additional objective of evaluating the growth of

a debris jam when formed by these mixtures. In this case, the debris length L value reported in

Table [3.4] corresponds to the length of the key-element from which the mixture is derived.

An additional set of tests was carried out with non-uniform length debris in order to evaluate

the stochasticity of the phenomenon and the dispersion of the formed dimensions. These tests

were conducted with the same key-element length (687.5 mm) and (approximately) same flow

conditions and was repeated 22 times. This group of tests is identified by the R1 group in Table
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TABLE 3.4: Detailed values for experimental groups N1 to N13.

Group Debris length L (m) Pier diameter D (m) L/D

N1 0.500 0.100 5.00
N2 0.625 0.100 6.25
N3 0.375 0.050 7.50
N4 0.4375 0.050 8.75
N5 0.500 0.050 10.00
N6 0.5625 0.050 11.25
N7 0.625 0.050 12.50
N8 0.6875 0.050 13.75
N9 0.750 0.050 15.00
N10 0.4375 0.025 17.50
NI11 0.500 0.025 20.00
NI12 0.625 0.025 25.00
N13 0.750 0.025 30.00

Experimental groups D1 to D6 were aimed at investigating the effects of the diameter of debris
elements on the accumulation process. For this purpose, debris used for these groups were cho-
sen with fixed length L (375 mm) and diameter varying between each group. Table reports
the value of diameters used and the d/L ratio. It should be noticed that the d/L ratio was also
varied for U and N experimental groups - as diameter was kept constant while debris length var-
ied - even though this range (3.16x102<d/L<4.74x10" for U1-U5 groups) was smaller than
that tested for groups D1 to D6.

TABLE 3.5: Detailed values for experimental groups D1 to D6.

Group Debris length L (m) Debris diameter d (mm) d/L (x1072)

D1 375 7.64 2.04
D2 375 9.65 2.57
D3 375 14.85 3.96
D4 375 17.85 4.76
D5 375 21.59 5.76
D6 375 29.26 7.80

For experimental groups H1, H2, and H3, water depth (and the dimensionless ratio h/L) was
kept approximately constant for all experiments within each group, with the aim to evaluate the
influence (if any) of the dimensionless ratio h/L. Water depth was controlled by varying the
downstream flap gate, the flume slope, and the flow rate. Table summarises values of h and
h/ L for each H test group. In these experiments, debris length L was kept constant at 375 mm.
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TABLE 3.6: Detailed values for experimental groups H1 to H3.

Group Waterdepth h (m) h/L  Standard deviation of h (m)

H1 0.294 0.783 0.002
H2 0.370 0.986 0.002
H3 0.448 1.195 0.004

Groups T1 and T2 were performed with two different debris densities, respectively 396 kg/m3
and 860 kg/m3, in order to assess the effects of the dimensionless group pr/p on the jam dimen-
sions. Density was kept under control in two different ways: for T1 experiments, debris were
dried by a drying system until reaching approximately an equilibrium (i.e. constant density).
Then, after each experiment they were dried again until reaching constant density. On the other
hand, for the T2 group debris pieces were submerged into a water tank overnight and then tested
on the following day. Both T1 and T2 had debris length 375 mm and diameter 11.85 mm.

Groups B1-B3 were aimed at analysing the influence of shape complexity on the process of
entrapment of individual debris pieces and the growth of the jam. Figure displays a repre-
sentative element for each group B1, B2, and B3 (as well as a standard uniform stick used for the
other experimental groups), showing the differences in debris shape complexity studied in this
work. The lowest level of complexity is represented by dowels (B1), which are perfectly cylin-
drical and have a smooth surface. The dowels density was (approximately) 560 kg/m?, which is
very close to the range used for natural sticks. The next level of shape complexity refers to non-
branched sticks (all experimental groups already discussed) which are not perfectly straight,
may display slight variations of diameter and are rougher than dowels. The introduction of
branches is used to add further complexity to the geometry of large wood debris. In general,
the characterisation of the complexity of debris shape is of difficult definition due to the many
combinations of number of branches (and sub-branches) and their corresponding dimensions.
For this reason, in this work a pragmatic approach is adopted where only single-branched debris
elements (i.e. natural sticks with a single branch) are tested. However, the potential influence
of the size of branches has been analysed by using two values of the perpendicular distance
b between the centre of the main straight element and maximum extension of the branch (as
shown in Figure . Namely, groups B2 and B3 were characterised by values of b/L=0.25
and b/L=0.50, respectively. The values of b/L were arbitrarily selected in order to evaluate
the potential influence of this variable on the jam size in a broad range. All sticks had a length
of 375 mm and diameter of 11.85 mm (on average, standard deviation of 1.24 mm). The only
exception to this was group B1, in which a diameter d=12 mm was used because of commercial

availability of dowels. Table shows a summary of properties studied for groups B2 and B3.

Experimental groups P1 to P5 were focused on the effects of pier shape on LWD jam growth
and maximum size. In this study, five of the shapes studied by De Cicco et al.[(2016) were repli-
cated with some minor differences. Figure [3.9] shows the detailed cross-sections for piers used

in groups P1 to P5. Maximum width of the pier in the streamwise direction was kept constant
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FIGURE 3.8: Types of debris elements used in this experimental study for uniform length

pieces. From left to right: wooden dowel (group B1), non-branched natural stick (groups U,

D, H, T, and P), branched sticks - small branch (group B2), and branched sticks - large branch
(group B3).

TABLE 3.7: Detailed values for experimental groups B2 and B3.

Group Debris length L (mm) Branch length b (mm) b/L

B2 375 93.75 0.25
B3 375 187.5 0.50

for all groups at D=50 mm. For group P1, a square pier of side 50 mm was used, whereas pier
P2 was an isosceles triangle having internal angle at the upstream vertex of 45°. Experimental
group P3 tested an ogive-shaped pier, based on the von K4drman ogive function, the shape of
which minimises drag [2013). This particular ogive shape was chosen only for the wide
use of the function in engineering applications, but did not have a specific use for the debris piles
problem. For groups P4 and PS5, the cross-sections used were, respectively, a regular trapezoid
having minor base 25 mm and major base 50 mm, and an upstream looking half-circle of diam-
eter 50 mm. The pier used for experiments in group P1 was a square rod of polyvinyl-chloride,
while piers for groups P2 to P5 were made by 3D-printed hollow shells. These were then filled
with fine aggregate concrete and coated with bituminous paint in order to leave a surface finish

comparable to the other piers. Table [3.8|presents the main characteristics of all shapes used.
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TABLE 3.8: Detailed values for experimental groups P1 to P5.

Group Pier width D (mm) Shape Notes
P1 50 Square PVC bar
P2 50 Triangle 45° vertex angle
P3 50 Ogive von Karman ogive
P4 50 Trapezoid minor base 25 mm, height 25 mm
P5 50 Half-circle 50 mm-wide, 50 mm-long
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FIGURE 3.9: Model piers used for different pier shapes. Left to right: square, triangle, ogive,
trapezoid and half-circle. Measures are in mm.

3.2.6 Experimental Set-Up

3.2.6.1 Set-Up

Figure [3.10]illustrates (not to scale) the flume used and the experimental set-up adopted. Model
piers were placed 11 m downstream of the flume inlet. This position guaranteed fully developed

flow conditions, according to past studies in the same flume (Myers et al.,2013)). The load cell

was attached onto the top of the pier by a bolted joint measuring the force in the streamwise

direction. To prevent loss of measured load due to friction between pier and flume bed, a small
gap of approximately 0.5 mm was left between the pier and bottom of the flume, as sketched in
figure 3.1 A bracing structure was placed at the joint with the load cell to minimise vibrations
due to the elasticity of the bars.

All tests were continuously recorded by the three cameras positioned at right angles, which al-
lowed the continuous monitoring of the three variables W, H, and K. A camera Logitech C920
was placed on the top of the flume 70 cm upstream from the pier, in the centre line and at a height
of 145 cm from the flume bottom, slightly angled pointing downstream, that measured the width
W and the length K. Another camera Logitech C920 was placed on the hydraulic left side of the
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FIGURE 3.10: Sketch of the flume set-up showing the position of the instruments used (not to
scale). Sumps and pipes are simplified for ease of representation and only the ultrasonic sensor
closest to the pier is represented.

flume, 30 cm upstream from the pier and 30 cm from the flume bed, recording the vertical (i.e.
H) and longitudinal (i.e. K) growth of the accumulation. The cylindrical underwater camera
held by a thin bar was placed in the channel centre line, 25 cm from the flume bottom and 60 cm
downstream from the pier, measuring the height H and the width W. Its size (a diameter of 35
mm), shape, and location were chosen to minimise the alterations on the upstream flow condi-
tions. These three cameras together provided a detailed description of the time evolution of the
shape and size of the accumulation in three dimensions. Size measurements were made possible
by using a reference mesh, the image of which was captured prior to each experiment. For the
top camera, a ruled paper with a square mesh of 10 mm side was used, which was positioned
at different elevations in order to account for depth variations during the experiments. A wired
square mesh of 12.7 mm side was submerged to serve as a reference for the other two cameras.
Appendix [B] shows pictures of the calibration meshes. Figure [3.11]shows the set-up at the pier

location, displaying pier, cameras, and load cell.

The acoustic doppler velocimeter (ADV) 1Q Plus was placed 6 m downstream from the pier.
This position was preferred to an upstream location in order to ensure that flow measurements
were occurring at a relatively undisturbed cross-section at all times, e.g. not being subject to
backwater effects. However, in presence of large accumulations (generally for L >625 mm) the
flow field recorded by each cell showed some modifications due to the extension of the wake

at the section of measurement. The resulting velocity profiles were typically slowed down at
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FIGURE 3.11: Experimental set-up displaying pier, load cell, cameras and aluminium braces.
Downstream viewing.

the central beam and accelerated on the external beams. However, since the IQ Plus recorded
the cross-section averaged velocity and discharge before and after the accumulation formation,
comparisons between the undisturbed and disturbed situations showed only very minor alter-
ations (i.e. typically less than 1% on the average values). Therefore, the wake did not invalidate

the discharge measurements even under large accumulations.

A series of four ultrasonic sensors was placed at the flume centreline at 6 m (US1), 4 m (US2),
2 m (US3), and 1 m (US4) upstream from the pier nose. A closer position would have not
been possible as the accumulation could have reached the sensors recording location, altering
the results. The combined use of ADV and ultrasonics allowed the definition of the average
velocity at the pier cross-section. The velocity at the pier cross-section was computed as the
ratio between the discharge measured by the ADV and the cross-sectional area at the pier. This
approach was possible since all experiments were carried out with steady flow conditions and

constant discharge.

3.2.6.2 Experimental Procedure

Although each group of experiments was aimed at investigating different variables, the exper-
imental procedure was kept consistent throughout all 732 experiments. Experiments started
turning on the pumps (with all equipments and instruments already positioned and calibrated)
and then regulating the flow with valves and flap gate until reaching the desired velocity or water
depth. Water was pumped from the sumps underneath the flume. Flow conditions were checked

by real-time data from the downstream-placed ADV. Data collection and debris-feeding were
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begun as soon as the desired flow conditions were established.

Debris elements were individually introduced into the flume at a distance of 7 m upstream of
the pier. Debris elements were manually dropped onto the water surface at a distance of (ap-
proximately) 50 mm and released parallel to the streamwise direction, reproducing the mode
of transport of individual logs observed in natural streams (Diehl, |[1997). The only exception
regards the non-uniformly distributed debris (groups N1 to N13) in which, unlike all the other
tests, experiments were started with a key-element already in place at the pier. The dropping
point was at the flume centreline, after which debris elements were left free to move with the
current, remaining at the water surface. A dropping frequency of approximately 20 debris/min
was used in all experiments, which represents the uncongested mode of debris transport (defined
by [Braudrick and Grant/ (2000) as the condition when logs or branches are transported individ-
ually, rather than in clusters). This type of transport has been previously described as the most
commonly observed in rivers (Braudrick and Grant, 2000; Lyn et al., 2003 |Lagasse et al., 2010).
The analysis of video recordings of a preliminary set of tests indicated that in uncongested mode
of transport, the debris dropping frequency could change the speed of the growth, but would not
significantly change the final dimensions of the formed debris piles. Therefore, the dropping
frequency was kept constant for all experiments and focused on the analysis of other variables
that were deemed to play a more important role on the final dimensions. Only short interrup-
tions were necessary to remove non-accumulated sticks and which did not have any influence on
the process. These non-accumulated sticks were prevented from reaching the sumps by a wired
screen placed at the flume outlet, and were frequently removed to avoid any unwanted backwa-
ter effect. In experiments with high flow velocity, a small number of debris elements needed to
be manually placed at the pier in order to initiate an accumulation, which would otherwise have
taken too long to form by the stochastic process of self-assembly observed in other experiments.
This operation was conducted only for a reduced number of tests, typically those at the highest

range of F'ry, and only to initiate the accumulation process.

3.3 Summary

The knowledge gap about woody debris accumulations revealed that a deep understanding of the
formation and growth of these jams is required. Therefore, in order to bridge this gap an exten-
sive experimental analysis was planned. A preliminary dimensional analysis was carried out in
section|3.1| with the goal to define a relationship among the dimensionless variables important to
the LWD phenomenon. Furthermore, this ensures similarity between laboratory and prototype
scale. The choice of the debris length L as part of the repeated group in the dimensional analysis
suggested that the resulting dimensionless ratios of the debris jam size are a function of other
dimensionless groups, e.g. the debris Froude number F'rr. Experimental planning was based on

these findings and dimensionless groups obtained from dimensional analysis were individually
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tested for assessment.

Experiments were conducted at the University of Southampton Internal Flume in Chilworth. The
main factors identified by the dimensional analysis were tested by several experimental groups.
Measurements were performed through state-of-the-art devices, which allowed the highest lev-
els of accuracy. All tests followed the same standardised procedure: once flow conditions were
established, debris elements (modelled by natural sticks) were individually dropped and left free
to travel and accumulate at the bridge pier. Each experimental group was studied varying only a
relevant variable per time. Also, a broad range of flow conditions was tested for each group. In

total, 732 experiments were conducted.
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Experimental Results

This chapter presents the results from 732 experiments in which the formation of woody debris
jams accumulations at bridge piers was modelled as described in the previous section. The chap-
ter describes the temporal evolution, and identifies key-stages of jams growth and formation. A
detailed analysis of the maximum size that jams reached over their life-time and an assessment

of the intervening factors on the formation processes are then presented.

4.1 Time Evolution of Debris Jams at Piers

The evolution of debris accumulations observed in all experiments presented in this study re-
peatedly showed a similar pattern that can be conceptually classified as three different phases,
hereafter referred to as unstable, stable and critical. This conceptualisation is developed from
quantitative and qualitative observations. Figures 4.1)and 4.2]show the evolution of w, 7, &, and
the measured drag force (vertical axes) in time (horizontal axis) for three examples at different
values of F'ry, for, respectively, group U4 (uniform length debris) and group N5 (non-uniform
length debris). At the beginning of the build-up process, the debris pile is formed by only a few
elements that are anchored to the pier at the water surface. These members significantly increase
the width of the debris recruiting area, resulting in a rapid increase of the three geometrical vari-
ables W, H and K as well as of the force exerted onto the pier. During this initial development,
which was classified as unstable, debris can be easily detached from the jam either individually
or in clusters resulting in frequent variations of the geometrical variables, or even in an early

jam failure.

After the LWD pile has created a stable net of entangled elements, its width is subject to smaller
and more gradual variations. The accumulation height follows a similar trend, although it
reaches a more regular state later during the experiment. This stage is classified as a stable jam
condition. During the development of this phase, the shape of all debris accumulations resem-

bled a half-cone pointing downwards, which results in a triangular cross-section, although minor

43
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FIGURE 4.1: Time evolution of dimensionless width w (in blue), height 7 (in red), and length
x (in magenta), as well as drag force (in green) for three uniform length debris experiments
from group U4.
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FIGURE 4.2: Time evolution of dimensionless width w (in blue), height 1 (in red), and length x
(in magenta), as well as drag force (in green) for three non-uniform length debris experiments
from group NS.
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FIGURE 4.3: Typical accumulation shape during the stable phase for a non-uniform size debris

test (L=500 mm, D=50 mm, v=0.411 m/s resulting in L/ D=10 and F'r;=0.186). Images were

captured at the same instant from: (@) top camera, (b) underwater camera located downstream
from the pier, (¢) side camera.

deviations were observed because of the inherent imperfection of geometric shapes formed by
debris. The base of the jam is not circular as the values of K can differ significantly from W/2.
Figure [4.3] shows a typical accumulation shape in this stable condition as observed by the three
cameras. The cross-section of the accumulation was found to be asymmetrical in all experiments
when reaching the stable phase. Asymmetry is defined here as the condition in which the ratio
between the left and right semi-widths W}, and W of the accumulation at the water surface
(where W1, and Wx, are respectively cross sectional distances from the pier centre to the left and
right edges of the debris jam) is different than unity. Although the duration of each phase varied
for each test, it was clearly observed in all experiments that the stable condition lasted longer

than the other two phases.

Finally the last stage (critical) is reached when the jam begins an oscillatory rotational move-
ment about the pier. This motion begins autonomously and it is not a consequence of the impact
of individual debris, but rather the result of the jam growth and spatial development. During this
phase debris feeding continued uninterrupted. Eventually, these oscillations lead to the disen-
gagement of the accumulation from the pier, which then drifts away (i.e. is dislodged from the
pier by the flow). Figure [4.4] shows the final rotational sequence of an accumulation during the
failure stage. The duration of this last phase varied for each test. At high flow conditions fail-
ure occurred abruptly through a single and sudden rotation. Figure 4.5 shows a conceptualised
example of the jam size growth in time and a sketch of the different stages observed during the
lifetime of an accumulation in order to qualitatively represent the vast majority of accumulations

observed.

The failure behaviour described above was observed in all tests and began when W, H and K
were very close to their maximum values over the course of the experiment. Thus, the accumu-
lation size at the onset of the critical stage can be regarded as a proxy for the maximum potential
dimensions that modelled jams can reach, even though in some cases they were not strictly max-
ima. In this work, values of width, height, and length measured at this stage (hereafter denoted
by the superscript c¢ for critical) are shown as the maximum values obtained during the experi-

ments.
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FIGURE 4.4: An example of accumulation failure for uniform size debris at the upstream face
of the pier. The jam gradually rotates about the pier axis until it is completely dislodged from
the pier and drifts away. Photos a to f are taken with intervals of 1 second between each other.

UNSTABLE STABLE CRITICAL
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FIGURE 4.5: Conceptual sketch of the three growth phases typically observed in a jam. On
the top: exemplified planar view. On the bottom: conceptualised plot based on actual data for
growth in time of the main geometrical variables and of the applied force.
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In all tests, failure occurred as a rotation towards the side of the largest semi-width. For in-
stance, a jam as sketched in Figure [3.1] fails rotating clockwise if the semi-width on the left side
is greater than the semi-width on the right side of the pier (i.e. Wy >Wg), otherwise it will
rotate anticlockwise. This is what occurred to the jam in Figure[#.4] in which rotation was anti-
clockwise and the right semi-width Wg larger than the left semi-width Wp,. The deepest point
of the jam was observed at the pier face in virtually all experiments. In order to understand the
influence of asymmetry on failure, two asymmetry factors ¢ = W7 /W5 and ¢ =

(where W, ... and W . are respectively the largest and smallest of W} and W, at the crit-

max min

max/ mzn

ical stage) are introduced. The values of ¢ and ¢/ for all experiments with both uniform and
non-uniform debris are plotted as a function of F'ry, in Figure f.6] These results show that an
accumulation generally fails at values of ¢ within the narrow range of approximately 0.70-0.95
and 1.05-1.30 (¢ between 1.05-1.30), and that ¢ and % are also independent of F'r;,. No failure
occurred for values of ¢ and ¢ close to unity, which suggests that failure is primarily caused by
the moment of the drag force induced by asymmetry (i.e. a shift of the centre of pressure away
from the pier axis, that is the axis of rotation). In addition, in Figure i.6| no noticeable differ-
ences are observed between the results of uniform and non-uniform debris experiments. Finally,
it has been observed that flow conditions distinctly affect the life-time of a woody debris jam,

substantially reducing the time of all phases with increasing F'ry, as it can be noted in Figures

ddland 421

The following sections will separately analyse the relations between the potential geometry of
debris jams (represented by w®, n° and x°) and flow and debris characteristics for uniform and

non-uniform debris.
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4.2 Maximum Size of Large Wood Jams

The following section analyses the maximum dimensionless size that was reached by woody
debris jams during the experimental analysis. Appendix |C| provides an overview on the corre-

sponding dimensional results.

4.2.1 Uniform Length Debris

Figure shows the three relations between the variables characterising the critical geometry
of the debris accumulations (i.e. w® 1n° and x°) and F'rp for all experiments with uniform
debris, i.e. groups Ul to U5, D1 to D6, H1 to H3, and T1 to T2. The figure shows a clear
and strong dependency of the geometry of accumulations on flow, with all values clustered
within a relatively narrow band. At low F'rp the critical width is largest, reaching a value
of 2.5 to 3 times the length of an individual debris element (i.e. w®=2.5 to 3). The value of w*
gradually decreases with F'rj, down to w°~1.5 for the highest values of F'ry, tested. An opposite
trend is observed for the dimensionless height ¢, which displays an increase with increasing
Fry. Namely n° values vary from around 0.1 at F'r;,<0.15 up to n°~0.5 at F'ry;~0.47. In
other words, the cross-sectional shape of the accumulations changes from wide and superficial
for low F'ry, values to narrow and deep with increasing F'ry. The dimensionless streamwise
length of the accumulation x¢ gradually drops with increasing F'r;, down to an average value
of approximately x°=0.5. The other dimensionless parameters showed limited influence on the

size of debris accumulations and will be discussed in detail in section

4.2.2 Non-Uniform Length Debris

Results for the critical width w®, height ° and length ¢ for all 13 groups of experiments per-
formed with non-uniform length debris (N1 to N13 on table are presented in Figure {4.8
Similarly to the results of the uniform debris tests, w® and k¢ decrease whereas 7 increases with
increasing F'rr. The highest values of w® range approximately between 1.1 and 1.5 at low F'rr,
and decrease down to around 0.8~1 for the highest values of F'rj tested. For F'r;,>0.25 an
important number of experiments displayed values of w® below 1, i.e. the accumulation width
is smaller than the length of the key-element. This occurs when the key-element is tilted from
its initial position perpendicular to the flow, resulting in a smaller cross-sectional width. The
dimensionless height ° shows small values (around 0.1) at low F'r,, which then increases with
Frr up to n°~0.4. As previously observed for the uniform debris, the dimensionless length x°
decreases with increasing F'ry, ranging from approximately 0.4-0.6 at the lowest to 0.2-0.3 at
the highest values of F'rr, tested.
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length k¢ against F'rj, (horizontal axis) for uniform debris tests.
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Interesting insights into the influence of the distribution of debris length on the critical geometry
of accumulations can be obtained by comparing the values of w®, n° and ¢ in uniform and non-
uniform experiments from Figures[4.7jand[4.6] This comparison shows that under the same F'ry,
the potential width of a debris jam formed with non-uniformly distributed debris is considerably
smaller than the corresponding width of a uniform debris jam. In particular, at low values of F'rp,
(around 0.1), observed values of w® were up to 2.5 times higher in the uniform than in the non-
uniform experiments (w°~3 and w~1.2 respectively). With increasing F'ry, this difference is
reduced (uniform w®a1.5 and non-uniform w®==0.9 at F'r;~0.47 and Fr;~0.40 respectively),
although it is still high (i.e. the non-uniform debris accumulation is 40% smaller in width). The
dimensionless height n° reveals a less pronounced difference between non-uniform and uniform
debris than w®. In particular, for low F'r;, the non-uniform 7° tends to be slightly larger than in
the uniform case. For higher F'ry, this difference is inverted and 7 for uniform debris is slightly
larger than the non-uniform case. In the lower range of F'r; the values of k¢ observed in the
non-uniform debris experiments were approximately one third of the corresponding x¢ values
obtained with uniform debris, while at high F'rj, the ratio between non-uniform and uniform x¢

values was approximately half.

4.2.3 Repeated Tests

In order to understand the dispersion associated with the dynamics of debris accumulation and
the predictability of the geometrical variables w®, n°, and k¢, one particular test was repeated 22
times using the same flow conditions and debris characteristics (debris from group N8, L=687.5
mm, D=50 mm, F'r;,=0.173 and L/D=13.75).

The mean value, standard deviation and coefficient of variation (C'V') of w® in these experiments
were 1.0552, 0.1047 and 0.0992, respectively. The values of the same statistical parameters of
n° were 0.2036, 0.0491 and 0.2410, while ¢ displayed values of 0.3193, 0.0889 and 0.2784.
The values of C'V for w® denote a relatively small dispersion (less than 10%) whereas for n¢
and «¢ C'V is higher, indicating a greater degree of stochasticity for these two variables. These

results are summarised in Table 4.1

TABLE 4.1: Statistical values obtained for the repeated tests of group R1.

Quantity Mean Standard deviation Coefficient of variation

w* 1.0552 0.1047 0.0992
n° 0.2036 0.0491 0.2410
K€ 0.3193 0.0889 0.2784




52 Chapter 4 Experimental Results
A N1 A N2 @ N3 O N4 @ N5 @ N6 © N7
O N8 @ N9 ¢ N0 ¢ N1 ¢ N12 ¢ Ni13
2 T T T T T T
A
151 A A 1
o Zﬁ o' 2
3 % A,
4%a s Bo
1+ A |
My g 4
A A
05 Il Il Il
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0.5 T T T T T T
0.4 A
03+ ﬁ g&é@ %A ﬁ 4
0.2 - _
A\
01k %g A i
0 Il Il 1 Il Il Il
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0.8 T T T T T T
0.6 —
o | iﬁ‘ﬂ ]
¢ 04 A A
A%! %e% aN
0.2 F A N M LN %ﬁ%ﬂéA .
0 Il Il Il Il Il Il
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
FrL
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FIGURE 4.9: Drag coefficient Cpy values as a function of F'ry for all experiments (except
groups P and B).

4.3 Drag Force

The force measured by the load cell allowed the analysis of the drag force exerted on the woody
debris accumulation. The approaches employed to estimate the drag force exerted by the debris
Fpg and the drag coefficient of the debris C'pg are detailed in Appendix

As expected, over the course of the experiments drag evolves in time following a trend similar
to the growth of the LWD jam. Namely, drag increases at a fast rate during the unstable phase of
the jam growth, when it is subject to rapid changes that are clearly linked to the changes in the
jam size. When the jam achieves the stable phase, the rate of change becomes milder and only
dependent on the small changes of the jam size. During the critical phase, the oscillations of
the woody debris pile induce a slight reduction and small variations in the measured force, until
it eventually drops abruptly during the jam failure. During each individual test, the maximum
drag force values were reached at the onset of the critical phase and are hereafter used for the
estimation of the drag coefficient. A sketch of the temporal evolution of the drag force, together

with jam size variables, is shown in Figure [4.5]

Figure displays values of C'pg4 for all experiments relatively to Fry. While dispersion is
relatively high, at low F'ry, most Cpq values are within the range 1.0~2.0. No systematic differ-
ences have been observed in terms of the values of Cp, for the different groups of experiments

with uniform and non-uniform debris.

0.55
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4.4 Main Factors Influencing the Critical Dimensions of Debris Ac-

cumulations

The analysis carried out in sections 4. I|and[4.2] highlighted the most important features observed
for the formation of woody debris jams and the maximum size that was obtained for both uni-
form and non-uniform length debris with respect to the debris Froude number F'ry. In this
section, the influence of other individual dimensionless variables identified in the dimensional

analysis is assessed, together with other debris and pier features.

4.4.1 Debris Diameter

Figure [d.10] compares the values of w€, 1, and ¢ for experimental groups D1 to D6 against the
overall experimental results as shown in Figure The figure shows that results are clustered
around the same range of values for all dimensionless jam size variables. There is only a (slight)
trend that can be noted in regards to debris with the largest diameter (i.e. D5 and D6) in which
the accumulation size tends to be in the smaller than other groups for w® and n°, although still

within the narrow band of observed data.

4.4.2 Debris Density

Figure d.1T]shows w®, n°, and k¢ for experimental groups T1 and T2 overlapped onto the results
of other uniform length debris tests. The results of these experiments showed no noticeable
differences for the horizontal dimensions w® and k¢ between different values of the relative den-
sity pr/p. Nonetheless, as shown in figure d.11] T2 tests (i.e. debris with the highest density)
displayed values of n° up to 30% greater than those with smaller pr/p values, whilst T1 ex-
periments followed the general trend. The tendency shown by group T2 could be particularly

noticeable for the higher range of F'rr, whilst less marked for the lowest values of F'ry, tested.

4.4.3 Shape of Individual Debris Elements

Figure [4.12] compares the critical dimensions of debris jams formed by natural sticks (4.12a]
for an example from group U4), dowels group B1), and the two branched debris
and4.12d] groups B2 and B3, respectively) for a range of F'ry,. The figure illustrates important
differences among the four types of debris studied. Qualitatively, through visual observations
jams formed by dowels are more densely packed and display a more regular geometry. Dowels
tended to be oriented perpendicularly to the streamwise direction of the flow in the first layers of
the debris pile, although at the higher range of F'ry, this pattern was less evident. During these
experiments, for (approximately) F'rr,>0.40, jams could not form under any circumstances. All

debris pieces were rapidly removed by the flow, and single elements were entrapped only for a
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FIGURE 4.10: Values of the dimensionless (top to bottom) width w®, height n° and length x°

against F'ry, (horizontal axis) for experimental groups D1 (d/L=0.020), D2 (d/L=0.026), D3

(d/L=0.040), D4 (d/L=0.048), D5 (d/L=0.058), and D6 (d/L=0.078) and compared to groups
U, H, and T (in light blue).

very short period of time. Furthermore, even when a large number of elements (i.e. more than
15) was placed at the pier in the attempt to initiate an accumulation, they were rapidly dislodged
from the pier. Therefore, F'r;,=0.40 can be approximately regarded as the maximum value of

F'ry, under which jams formed by this idealised type of debris can possibly develop.

Debris accumulations formed by branched sticks displayed a different behaviour. An example
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FIGURE 4.11: Values of the dimensionless (top to bottom) width w®, height n° and length x°
against F'rp, (horizontal axis) for experimental groups T1 (p1/p=0.396) and T2 (pr/p=0.860)
and compared to groups U, D, and H (in light blue).

can be observed in figures #.12¢| and 4. 12d] which show two jams from groups B2 and B3 un-

der very similar values of F'ry. Jams formed by branched debris tended to be very unstable
with frequent dislodgement of elements and size variation, and never displaying the long sta-
ble periods that were frequently observed for non-branched debris. Furthermore, the packing
density (defined as the ratio of the solid volume and the overall volume) of jams formed by
branched debris was significantly smaller than the packing of jams formed with non-branched
sticks. Qualitative observations indicate that this trend depends on the dimensionless ratio b/ L

(i.e. visual inspections indicates that B3 experiments displayed higher porosities than B2).
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(A) U4 test at F'r;,=0.196 (B) Bl test at F'r;,=0.194

(c) B2 test at F'r;,=0.191 (D) B3 test at F'r;,=0.196

FIGURE 4.12: Examples of accumulations before the jam failure, during experiments with

non-branched debris (#.12a), debris jams formed by dowels in group B1 (#.12b), branched in

group B2 @12c), and branched in group B3 @.I12d) for similar Fr;, and equal length and
diameter of debris pieces.

Figure [4.13] shows the maximum width, depth, and length (made dimensionless by L) reached
by accumulations formed during experiments of groups B1, B2, and B3 as a function of F'ry,
and overlapped to the experimental results for non-branched debris. At the lowest range of F'ry,
(e.g. for F'r;,<0.20), jams formed by dowels (group B1) reach maximum dimensions compara-
ble to those previously observed for natural non-branched debris, i.e. w°~2.7-3.0, n°~0.2, and
Kk%~1.5. However, at larger F'rj, the jam dimensionless width w€, and length ¢ drop signifi-
cantly compared to the corresponding values obtained with natural sticks. At the highest range
of F'rr, the values of w®, n°, and k¢ are approximately 1.1, 0.25, and 0.2, respectively. Visual
observations at these flow regimes revealed that both individual and bunch of elements were
less likely to be entrapped by the forming debris jam, suggesting that interlocking and frictional
forces were smaller than in jams formed by natural sticks.

The maximum size reached by branched jams (groups B2 and B3) also displays important differ-
ences compared to non-branched sticks. Figure {.13|shows that for F'r7,<0.20 jams formed by
branched sticks can be significantly narrower (up to 35% less) than jams made of non-branched
elements. For example, at low F'ry, jams of group B3 showed a maximum dimensionless width
w® of approximately 1.9, whereas values for non-branched sticks ranged between 2.5 and 3.2.
Although this difference is more clearly observed for w€, the same tendency (albeit less marked)
also holds true for n° and ¢, with the latter being the least affected. With increasing values

of F'ry, differences in w® for non-branched and branched debris are reduced to approximately
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FIGURE 4.13: Values of the dimensionless (top to bottom) width w®, height 1, and length x°

against F'rp, (horizontal axis) for experimental groups B1 (dowels), B2 (small branches), and

B3 (large branches) and compared to standard uniform length sticks used for other experimental
groups.

20%. Differences between jams formed by debris elements with branches of different length
(i.e. groups B2 and B3) are less pronounced than with non-branched elements, although the

values of w® in B3 are in general smaller than those of B2.
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4.4.4 Pier Diameter

The influence of the pier width (i.e. pier diameter for circular piers) on the critical dimensions
of the debris accumulations was tested by the dimensionless variable L/D. Figure shows
the maximum size of debris jams for experimental groups Ul to U5. Although L/D was varied
between 3.75 (group Ul) and 15 (group US5) for uniform debris, values of w®, n°, and k° are
all clustered within a narrow band. Likewise, for non-uniform debris L/D varied between 5
(group N1) and 30 (group N13) In other words, for a given size of debris the influence of the
pier diameter D on the accumulation size is negligible within the range of values of L/D tested

in this study.

4.4.5 Pier Nose Shape

Figure shows the maximum size of accumulations as a function of F'ry, for groups P1 to P5,
along with the data for circular piers. Overall, these results for w® and € of all tests lie on the
same scatter band previously obtained for a circular pier, except for square piers, which resulted
in slightly wider and longer debris accumulations. The depth of accumulations formed at all pier
shapes lie on the same band, and no significant differences can be attributed to any particular
shape. At the lowest values of F'ry, tested (i.e. say, 0.12<F'ry;<0.15), w® for experiments in
groups P2-P5 ranged between 2.4~3.1, n¢ between 0.04~0.08, and «° between 1.2~1.6, all of
which falling within the range of scatter of results obtained with circular piers. For increasing
Fry,w® and k¢ decrease, whereas n° increases. Around the highest value of F'ry, studied in this
work (i.e. F'rp;=~0.42) w® for P2-P5 ranges between 1.4~1.9, n° between 0.35~0.55, and k¢
between 0.50~0.90.

Varying the shape of the pier had only minor or negligible effects on the formation and max-
imum size of large wood piles. Qualitatively, jams accumulated on piers of groups P1 to P5
showed consistency with those formed at a circular pier. No substantial differences were ob-
served with regards to this formation process, with the exception for piers with flat surfaces (i.e.
square in group P1 and trapezoidal in P4). These groups were typically more efficient in recruit-
ing debris at the early stages of the jam formation, which reduced the duration of the unstable
phase. However, the results provided in this study show that the shape of the pier has only a

minor influence on the final, maximum dimensions of formed jams.

4.4.6 Flow Depth

The influence of the dimensionless depth h/L was also tested. In tests H1 to H3 three different
values of h/L (namely 0.783, 0.986 and 1.195) were kept approximately constant for each group
and are plotted in Figure compared to the other experimental groups for uniform debris
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FIGURE 4.14: Values of the dimensionless (top to bottom) width w®, height n°, and length

k¢ against F'rp (horizontal axis) for experimental groups Ul (L/D=3.75), U2 (L/D=5), U3

(L/D=6.25), U4 (L/D=1.5), and U5 (L/D=15) and compared to groups D, H and T (in light
blue).

elements. No clear difference in the values of w®, n°, and x° was observed across tests with
different values of h/L. All values of w®, n°, and k¢ follow the same trend and data points are

not indicating any significant influence of h/L.
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against F'ry, (horizontal axis) for experimental groups P1 (square pier), P2 (triangular pier), P3

(ogive pier), P4 (trapezoidal pier), and P5 (half-circle pier) and compared to groups U, D, H,
and T (in light blue).
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FIGURE 4.16: Values of the dimensionless (top to bottom) width w®, height n° and length x°
against F'ry, (horizontal axis) for experimental groups H1 (h/L=0.783), H2 (h/L=0.986), and
H3 (h/L=1.195) and compared to groups U, D and T (in light blue).

4.5 Analysis and Discussion

The results from the experiments presented in this thesis provide important insights into the phe-
nomena of debris accumulations at bridge piers. A detailed analysis and discussion is provided

in the next sections.
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4.5.1 Formation and Failure of Debris Jams

The evolution of debris accumulations at bridge piers is halted when a critical size is reached,
after which a failure mechanism was observed in all tests. In addition, during all tests the dimen-
sions of the accumulations at this critical condition were either highest or close to highest. This
provides an opportunity to define variables that for practical purposes represent the maximum
dimensions that these accumulations can reach under given conditions of flow and a continuous
supply of debris of given length. Previous studies on woody debris accumulations at bridges
have not investigated the entire jam lifetime and therefore have not reported this key behaviour.
In particular, the accumulation process has only been studied marginally in the laboratory by
Lyn et al.| (2003). However, a field survey by [Lyn et al.| (2007) noted that a few accumulations
disappeared at some point, and in one case they proposed that the debris jam could have been
disengaged from the pier and then transported and accumulated again downstream at another
bridge pier. The experimental results presented in this work provide strong evidence supporting
this observation. The shape observed during the experiments was also consistent with field ob-
servations by Diehl (1997); |/Abbe and Montgomery| (2003)); |[Lagasse et al.| (2010). Namely, the
shape of the jams formed in all of the experiments shown in this work resembled a half-cone,

with only minor deviations observed.

The experimental results reported in this thesis have shown that failure always occurred when
accumulations were asymmetric and through a rotation towards the widest side. This suggests
that failure is caused by a shift in the centre of application of the drag force from the pier axis
towards the widest side. The observed values of the asymmetry factor ¢ indicates that only a
relatively small asymmetry is needed to drive failure (on average, failure was observed when the
largest semi-width was approximately 17% greater than the smallest). Values of i) below 1.1
are rare, confirming that when the accumulation is almost or perfectly symmetrical (i.e. y~ 1)
failure is unlikely. On the other hand, lack of v values over 1.5 indicates that at these values
cannot be formed because the failure rotation takes place before they can be reached. The idea

that jam failure is governed by forces induced by asymmetry is analysed in detail in chapter 5

4.5.2 Maximum Size Estimation

The comparison of the size of accumulations that are formed by uniform and non-uniform de-
bris has unveiled important differences. Although both show the same qualitative behaviour,
experiments with debris of uniform length produce accumulations that are considerably larger
than those formed with a log-normal distribution of lengths having the same maximum length.
This indicates that idealised laboratory tests with uniform size debris may not correctly rep-
resent real-world processes that take place in natural environments, where debris is typically

non-uniform. One exception to this rule may occur when the main supply of debris to the river
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comes from human activities that can produce more uniformly distributed sizes, such as logging.
In spite of these considerations, uniform debris offer less complex experimental conditions that
can be advantageous in the development of a mechanistic explanatory theory for the processes
observed in these experiments. It is also interesting to observe that the value of w=1 proposed
by Diehl (1997) based on field observations falls within the experimental results conducted with
non-uniform debris (w=1 for F'r;~0.25). However, the same results show that w® can reach

values approximately between 0.8 and 1.4 depending on F'rr,.

The experiments in this work on both uniform and non-uniform debris reveal clear relations
between the three variables characterising the geometry of accumulations w®, n°, k¢ and F'ry.
Furthermore, results clearly indicate that the length of individual debris elements L is key for
determining the potential size reached by LWD piles, as previously suggested by field observa-
tions (Diehl, [1997). Results also showed that for practical purposes, the maximum size of the
jam can be assumed independent of L/D, d/L, and h/L within the range of values tested in
these experiments. For instance, the dimensionless group d/ L displayed only modest effects on
the dimensions of the accumulations. The dimensionless water depth 4/ L showed no influence
on the geometry of the LWD accumulations, confirming observations by [Lyn et al.| (2003) that
for h sufficiently high (e.g. no interactions with the bed), its effects on the debris jam growth
are null. [Lyn et al.| (2003) observed that this variable can have an influence on the accumula-
tion process at shallow depths, in which case the accumulation would get anchored to the river
bed. In this study, all tests were performed with enough water depth to prevent any interaction
between debris and flume bed. Likewise, pier diameter D and debris length L were varied re-
sulting in a wide range of the L/D variable, but no noticeable influence on the geometry of
the formed accumulations was observed. As a result, for the range of conditions analysed in
this study the influence of d/L, h/L, and L/D is minimal and can be neglected from the func-
tional relation (3.3). Similar considerations are partially applicable to the dimensionless debris
density pr./p. While pr,/p has no effects on w® and ¢, its influence on 7 is important as for
the highest debris density the accumulation depth was significantly higher than other tests with
smaller pr,/p values. In the following analysis, this influence of pr,/p on n° is neglected, and
as a consequence, these results are strictly valid only for values of pr, within the experimental
range of 450-550 kg/m3. The experimental results shown in this thesis have also confirmed the
isolated pier assumption adopted previously. Figure shows the width blockage ratio W¢/B
for all experimental tests. The values of this ratio were 0.23<W¢/B<0.67 in most (90%) ex-
periments. Higher values of 1W¢/B were formed only in a few tests (i.e. 0.67<W¢/B<0.87
in only 10% of the experiments), but even within this higher range no substantial differences in
the dimensionless variables w€, 1°, and ¢ have been observed for different 1W¢/B values. For
example, at low F'r, in figure[4.7] results for groups U1, U2, U3, and D3 display similar values
of w’=W¢€/L despite substantially different values of W¢/B across these points. The amount
of data at high values of W¢/B is however limited and further tests are needed to determine the

influence of this variable on the dimensions of debris accumulations (i.e. for non-isolated piers).
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FIGURE 4.17: Frequency of occurrence of the width blockage ratio W€/ B for all experimental
tests.

Under the above assumptions and further assuming that w®, n°, and k¢ are mutually independent,
the functional relation (3.3)) can be simplified as

G =F(Frp) 4.1

where G = [w®, n¢, k°]7 is the vector representing the critical geometry of the accumulation and
F = [fi(Fry), f2(Fry), f3(Fry)]" is the vector function. Equation enables predictions
of the potential dimensions of debris accumulations to be made as a function of the length of de-
bris supplied from upstream and the approach flow velocity. This assumes that the accumulation
is ‘supply unlimited’, - i.e. the river or stream provides enough floating debris for the processes
observed in these experiments to develop - and that the hydrological event is long enough for
a jam critical stage to be reached. Therefore, this represents a worst-case scenario that can be
useful to assess horizontal loadings and afflux under extreme conditions. The results of the re-
gression analysis of the data presented on Figures yields the following three components of
F:
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W’ = 0.988 + 3.238¢4625F7L
n° = 0.703 — 0.887¢~3-004FL
K = 0.466 + 3.720e 7 930F L for 0.11< Fr;<0.51

4.2)
The corresponding regression of the non-uniform length debris results in:
w® = 0.774 + 0.939¢ ~6-139FL
n° = 0.394 — 0.458¢ > 770FL
K¢ = 0.246 + 1.178¢ 939 - for 0.10< Fr;,<0.40
(4.3)

A plot of these regressions is shown in Figure fitting the experimental data with (4.2)) and

@3).

A further analysis has been carried out in order to assess whether correlation is strong and results
are significant. Since the proposed equations are non-linear, regressions in (4.2) and (4.3) and
data from Figure have been mapped onto the plane F'r;,—e~“f"Z where c is the parameter
used for each of the regressions. This mapping linearises the regression curves i.e. they become
straight lines and allow computation of correlation coefficients against observed data. Figures
[4.19] and [4.20] show (for uniform and non-uniform debris respectively) these functions in the
linearised space and the fitting of the data. The values of the coefficient of determination R? for
equations (4.2)) in the mapped space were 0.82, 0.79, and 0.77 for w€, 7 and k€ respectively,
which suggest a very strong correlation. The corresponding values of R? found for the non-
uniform tests from equations (@.3) were 0.60, 0.69, and 0.45, which indicate a moderately strong
correlation for w® and 7 and a moderate correlation for x°. A p-value test carried out for each
variable yielded p-values well below the significance level of «=0.01 in any case, which suggests

that results are statistically significant.

These regressions can be regarded as a first attempt for estimating potential dimensions of LWD
accumulations at bridge piers. While equations and both display similar trends, uni-
form length debris produce jams that are substantially larger than those formed by non-uniform
elements. In most real-world situations, should be used to model a woody debris accu-
mulation. However, (.2)) could be adopted to simulate certain scenarios involving the supply
of debris of approximately uniform length (e.g. in areas subject to logging or harvesting) or as
a more conservative estimate. An analysis of (4.2) and (#.3) under the two scenarios is shown
in Appendix [D] based on the historical event of Charles’ Bridge collapse in Prague during the
1890 flood due to the accumulation of a very large LWD jam. It is important to highlight that
the relations above have been derived from experiments conducted in a straight prismatic flume

in which the pier was located at the centre of the rectangular cross section. Therefore, strictly
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FIGURE 4.18: Fitting (black curve) of regressions in (@.2) and (@3) with experimental data for
both uniform and non-uniform debris.

speaking equations (4.2) and (4.3) are only valid under similar conditions. Flow in rivers can
display complex patterns such as secondary currents that are likely to influence the processes
of formation, growth and failure of debris jams at piers. It is unclear how these effects will

influence the critical dimensions of accumulations formed under these conditions.
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FIGURE 4.19: Plot of regressions (@.2)) with experimental data mapped onto a linearised space
for all dimensionless geometric values.

A statistical analysis has been carried out on experimental data of groups B1, B2, and B3 in
order to assess whether values are significantly different from the data of jams formed by natural
sticks or not. Since the sample size of these groups is considerably smaller than the combined
size of the other groups, a Welch’s t-test was carried out for each of the maximum size variables
(i.e. w n°, and k°) for each experimental group. Data from group B1 was only assessed for
values of F'rr>0.20, since it was shown in figure @ that observations below that value of
F'ry, were consistent with natural stick jams. The resulting p-values for group B1 at F'r;,>0.20
were below the significant level of a=0.01 for all jam size variables, suggesting that the size of

jam formed by dowels is significantly different from those formed by natural sticks. Likewise,
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FIGURE 4.20: Plot of regressions (@.3)) with experimental data mapped onto a linearised space
for all dimensionless geometric values.

test for groups B2 and B3 revealed that the resulting p-values were substantially smaller than the
significance level of a=0.01 for w® and n°, whilst this was not observed for ¢, in which case the
resulting p-value is 0.101, suggesting that the length of jams formed with branched debris is not
significantly different than those formed with natural unbranched sticks. This is consistent with

the observations in figure §.13] whereby x¢ was deemed less affected by branched elements.
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4.5.3 Drag Coefficient of Accumulated Jams

The analysis of the drag coefficient presented in Figure completes the set of variables nec-
essary to determine the drag force exerted on a debris jam. In this work, the large majority of
Cpq values is gathered between 1 and 2. These results are consistent with other preliminary
works described in section [2.2.3.1] For example, [Parola et al.| (2000) experimentally examined
the forces that can be exerted by LWD on a pier in laboratory tests using different jam models
(flat plates, solid cones and model debris elements), in which Cp varies broadly between just
over 0 and 2. The present study provides further evidence and a substantially larger data set than
Parola et al.|(2000).

The values of the drag coefficient reported in this thesis should be used with caution. [Parola
et al.| (2000) observed that C'py decreases with an increase in the blockage ratio (i.e. the ratio
between the obstructed area and the free flow area) when this ratio exceeds 36%. In the present
work, the values of the blockage ratio were much smaller (the maximum value was smaller than
20%), therefore representing the condition of an isolated pier. In addition, the dispersion ob-
served in figure 4.9 highlights the difficulties in obtaining accurate and consistent predictions of
Cpg from laboratory experiments of debris accumulations. For example, an accurate measure
of the frontal area was not always possible and could have led to large errors and the velocity
approaching the pier-debris structure could be substantially different than the velocity in undis-

turbed conditions.

4.5.4 Factors Influencing Debris Jams Characteristics

The use of dowels to model natural woody debris in rivers (e.g. Rusyda et al., 2014} |De Ci-
cco et al., [2016; (Gschnitzer et al.l 2017) needs to be carefully re-considered for a number of
reasons. First, dowel jams never formed for F'rz,>0.40, which is lower than the maximum val-
ues of F'rp~0.5 for which an accumulation of natural sticks was experimentally observed to
develop. In addition, accumulations formed by dowels are smaller than those formed by nat-
ural sticks, particularly when F'rp>0.25. Another difference was observed for the shape and
disposition that debris assume. The regular structure displayed by the accumulation of dowels
may not be representative of real-world jams that are formed by natural wood drifts, which -
as field observations show - display a less regular shape. For these reasons, results reported in
this thesis provide evidence in support of previous recommendations by Lyn et al.[(2003), who

suggested that use of dowels should be avoided for experimental studies on LWD accumulations.

Debris jams formed by branched sticks were significantly smaller and less stable than those
formed by non-branched elements. This is counter-intuitive, as branches are expected to pro-

vide interlocking and therefore robustness to the accumulation. Here it is proposed a hypothesis



Chapter 4 Experimental Results 71

that would potentially explain this observed behaviour. The asymmetry between the two semi-
widths on the left and right (W, and Wg) has been previously observed to be a primary factor
inducing the torque required to dislodge the debris jam from the pier. During the experiments
presented in this work, it was qualitatively observed that during tests in groups B2 and B3, the
planar asymmetry varied widely as new debris pieces were recruited. Namely, the widest side of
the accumulation changed from one side to the other several times during the experiments. The
reason for this behaviour is related to the higher porosity of jams formed by branched debris.
High porosity values means that each element’s contribution to increasing one semi-width is
higher, leading to a more discontinuous growth and increased probability of large asymmetries
being formed by chance, which causes the inherent instability of the branched debris jam. Fur-

ther work is needed to study this hypothesis.

For practical purposes, natural non-branched sticks of uniform length appear to model the nat-
ural phenomena of the accumulation of woody debris at single piers more representatively than
uniform length dowels. On the other hand, as discussed above, uniform length sticks used as
debris elements still remain an approximation about the type of material transported in rivers
and may not capture all the possible characteristics of real-world accumulations, e.g. as for
the case of branched debris. Nevertheless, since the largest accumulations observed are formed
with uniform length non-branched sticks, results from these experiments can be regarded as a

worst-case scenario that is useful for practical engineering applications.

The results of the experiments with different pier shapes presented in this work shows that the
pier shape does not substantially influence the dimensions of formed debris jams. The only
exception to this rule was observed for squared piers, which displayed widths and lengths ap-
proximately 15% larger than the other groups. This last observation, combined with previous
findings by De Cicco et al.| (2016), who concluded that square piers are more likely to entrap
debris elements, indicates that piers of square shape should be avoided in rivers where debris
accumulations may occur. As a result, the regression shown in and for prediction of
woody debris jams size can be applied without introducing any shape factor, in consideration of

the highly similar data values obtained.

4.6 Conclusions

Experimental results shown in this work provide a detailed analysis of the whole life of debris
accumulations at bridge piers including their formation, growth, and failure. The key-points

observed from experimental analysis are:

* The growth of woody debris jams can be conceptualised into three phases classified as

unstable, stable, and critical conditions. The unstable phase occurs at the beginning of the
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recruitment process, when a debris framework is formed and the accumulation displays a
rapid growth. During this phase individual debris elements are easily disengaged and drift
downstream. Once a robust framework is formed, a stable phase is observed during which
only moderate changes in the accumulation structure occur and the jam either stops from
growing or grows at a slow pace. Finally, the critical phase denotes the terminal stage
of a debris accumulation when an oscillatory rotational movement is observed, which

eventually leads to the failure of the accumulation (i.e. complete removal from the pier).

The failure phenomenon is ubiquitous and occurs for all experiments. Furthermore, in
almost all tests the oscillations began when the size of the debris jam was maximum.
Therefore, this failure condition can be used to define metrics to characterise the dimen-

sions of potentially large accumulations.

Results have shown a clear and strong dependency of the accumulation dimensions on the
dimensionless parameter F'r=v/+/gL. For all cases, at low values of F'r1,, dimensionless
width w® and length x° are highest, while dimensionless height 7 is smallest. w® and ¢

were observed to decrease with increasing F'ry,, while n¢ displayed the opposite trend.

A comparison between the dimensions of debris jams formed with uniform and non-
uniform distributions of the length of individual debris pieces has shown considerable
differences between the two type of elements. Accumulations formed by single sized
debris are notably larger than those formed by log-normally distributed debris of equal
maximum length. This indicates that idealised experiments with uniform debris length
will overestimate accumulations that are likely to be formed in the real-world, where

debris is typically non-uniform in size, although this is not always true.

The dimensionless pier size L/D, debris diameter d/L, and water depth h/L were ob-
served to have negligible influence on the maximum size achieved by an accumulation
within the studied range. Namely, values of w®, n¢ and x¢ obtained in all experiments
were clustered within a narrow band for values of L/ D ranging from 3.5 to 30, d/L from
0.020 to 0.078, and h/L from 0.783 to 1.195. The relative debris density pz/p had no
influence on the width w® and length k¢ of the accumulations. However, experiments
performed with the highest value of p/p resulted in accumulations that were up to 30%

deeper than those formed with the lowest values of pr/p.

The size of the jams obtained from experiments with six different pier shapes revealed that
the dimensions of the formed debris jams are not significantly influenced by the shape of
the pier. A relatively minor exception to this was observed for the square shape. In this
case, the maximum width of the accumulation was approximately 15% larger than the
corresponding width found for accumulations with other shapes. Square piers were also
observed to initiate the accumulation process more rapidly, although this has not been

assessed quantitatively.

Debris jams formed by dowels (i.e. perfectly cylindrical elements) tend to reach sizes that

are comparable to those formed by natural sticks only for the lowest range of the debris
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Froude number F'rr,. However, at the highest range of F'rr, these jams can be up to 40%
smaller than those formed by natural sticks. Moreover, dowel accumulations could not be
formed for F'r;,>0.40. Under these conditions, elements were promptly removed from
the pier by the flow, even if attempts were made to place them manually at the pier as a

large bunch.

* Experiments with branched debris elements showed that branches play a significant role
on the formation process. Accumulations of this kind were observed to be less stable than
those formed by non-branched sticks, displaying frequent early failures and a continuous
change of the jam shape. Furthermore, the maximum size reached by branched jams was
significantly smaller than those formed by non-branched natural sticks, with differences

up to 35% for w*, at the lowest range of F'ry,.

* A function to estimate the maximum size of a debris accumulation based on experimental
data is provided in this work. Furthermore, an estimation of the drag coefficient of debris
jams is shown. The values of Cp varied between 0.9 and 3.5. The drag coefficient together
with the maximum size of the jam, may provide valuable applications to a number of
practical uses, e.g. the effects of debris jams on upstream water levels during floods, as

well as the estimation of horizontal loadings exerted by debris on piers.






Chapter 5
Theoretical Analysis

The experimental results observed in Chapter [4] provided the description of a crucial stage of
woody debris accumulations at bridge piers, that is the dislodgement of these jams through
an oscillatory motion once the maximum size has been reached. The ability to theoretically
describe these events may provide fundamental insights into the stability of these jams. This
chapter develops a simplified model that describes the motion of a conceptualised debris jam

develops in presence of asymmetric geometry and under the effect of the sole drag force.

5.1 Model Construction

Consider the problem of the rotational motion of a porous half-conical body about a cylinder
immersed in a predominantly unidirectional free-surface flow field. Further, it is assumed that
the diameter of the cylinder is negligible compared to the size of the solid, so that the position
of the pivot point is assumed not to change with the motion of the body. The geometry of the
body, which generically reproduces the main characteristics observed in chapter 4] is described
by the width W in the direction normal to the main flow, a longitudinal length K, and a depth
H below the water surface, as shown in ﬁgure@ In addition, the dimension A K is introduced
to represent the downstream extension beyond the pivot point (hereafter referred to as tail). For

simplicity, the tail length AK is assumed equal on both sides.

To describe the motion of the solid, two Cartesian frames of reference are adopted. In the first
frame, z, y, and z denote the transverse, streamwise, and vertical coordinates, respectively.
The second frame is defined by the coordinates 2/, 3/, and 2’ and is used to describe a rotation
6 of the first frame about the vertical axis (z=z"). The coordinates of the edge of the debris
body are denoted by x., y., and z. (or ., y., and z. for the second frame of reference). A
shape asymmetry is introduced by the condition W’ W/ (figure , where W’ and W/
are, respectively, the smaller and larger semi-widths of the jam in the rotation frame and thus

75
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(A)

-~
h

(B)

FIGURE 5.1: Conceptualised geometry of a debris jam at a pier. (A) and (B) show respectively
the plan view and the maximum projected area of the jam for a given angle of rotation 6. It can
be noted that in (B) W_>W_ being the projection of W’ and W .
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by definition W’ <W!. The rotational motion of the debris jam about the vertical axis can
be modelled by the principle of conservation of angular momentum [ 6 = T, where I is the
moment of inertia of the debris body with respect to the axis of rotation z (which must include
the added mass effect) and IT" is the torque of all external forces applied to the debris body.
The proposed model assumes that drag Fip = 0.5pCp Av?, which is also assumed parallel to
the streamwise direction, is the dominant force governing the rotational motion; where p is the
water density, Cp the coefficient of drag, A the frontal area of the solid projected onto the x — 2
plane and v the streamwise component of the average flow velocity. Other forces that take part
in this process, such as friction between the pivot and solid, hydrostatic force difference between
the upstream and downstream sides of the solid or the lift force, are neglected in the proposed
model. The motion of the debris mass is assumed much slower than the flow velocity, so that its
potential effects on the forces are also ignored in the model. In addition, it is assumed that drag
is applied at the centroid of the cross-sectional area A. In essence, it is therefore postulated that
the rotational motion is mainly governed by variations of the torque of drag induced by changes
in A and the x position of its centroid x., which occur as a function of 6 and the geometry of
the solid (e.g. W, W', K, AK), which yields

.. 1
10 = Fpx. = EpCDA’UQZCC. (5.1)

Equation (5.1I), implies that for #=0, a perfectly symmetrical solid (W’ =W’ ) would remain
static (I'=0). From this stable condition, any asymmetry (i.e. W’ <WJ) or small rotation ¢

would lead to x.7#0 and initiate the flow-solid dynamic interaction.

The geometry of the debris body (figure[5.1]b) is modelled by a piecewise second order polyno-
mial describing the position e’=[x,, 4] of the leading (i.e. upstream) boundary of the body at

the free-surface:

, K+AK ,

R o for z, € (0, =W")
K+ AK
Yyl = ;{//2 2_K for 2, € (0, £W})
+
(5.2)

To account for the effect of asymmetry, the asymmetry factor is defined as

o

¢_W7

(5.3)

therefore, horizontal planar asymmetry (i.e. W #W', also considering that W/ >W' by defi-

nition) implies 4> 1. Considering that W +W’ =W, W’ =¥ and W} =14, yields
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FIGURE 5.2: Examples of the curves used to model the shape of the accumulations. The

background image shows debris accumulations obtained during the experiments analysed in

section ff] The pier-jam contact point represents the origin of the 2 and y axes (solid black
lines) as sketched in ﬁgure@

| K+ AK) (149

Yl = 2 - K, for z, € (0, =W”)
(K +AK)(1+9)*

Y, = e i, - K. for 2, € (0, £W)

(5.4)

Two dimensionless variables a=W/K and f=AK/K are introduced to describe the shape of
the debris body and the relative size of the tail. Substituting « and /3 into (5.4) yields

/ (1+ﬁ)(1+¢)2x/2_w

for 2}, € (0, W)

¢ aW ¢ a’
1 1 2
Yl = ( +3‘£¢: ¥) R % for z, € (0, £W,)

(5.5)

Figure [5.2] shows examples of how (5.5) can model the top geometry of debris jams formed at
laboratory scale. Equation (5.3)) is here used to define the expressions for the area A, centroid ..,
and moment of inertia /. Since A and z. depend on the projection of e’ onto the x — z-plane (see
figure [5.1)), they change with the rotation of the debris body. The area A and the position of its
centroid x. are obtained by determining the maximum values of the projection e=Re’ of e’ onto
the = axis (herein referred to as W_ and W, respectively) within the domain -7/2<6<7/2,
where R is the rotation matrix and e’ is defined by (5.3). Since only the first component of e is
of concern to this work:
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x’CCOSQ—waSinH%—ESinG for ', € (0, =W’
l,e(:r/ 0) — aW e [0 ( _) (56)

9 2
‘ x'.cosf — %x’g sinf + % sinf  fora/e € (0, :I:W_’F)

For low absolute values of the angle of rotation (8, <6<6;"), the optima of (5.6) is given by
W_, Wy]=[xe(W!,0),z.(W,,60)], which for W' < W yields

w
W_ (0) = m COS (9 — '7_) s for 9;§9§7T/2
W+(0) = (1—}—:2;1(18@008 <9+5) . for -7T/2§6§6;_
6.7

where 6, and 6, are the limit angles for which the maximum projection of z, onto z is no

longer given by the projection of W'’ and W respectively, and:

7 = arctan <ﬁ (1 + ¢)> ,

a

6 = arctan </8(1a20_¢)> ,

(5.8)

are the angles formed by the two tails of the jam with the z’-axis, as shown in figure

On the other hand, if 6>6;" or §<6, , the optima of (5.6) may occur within the interval -
W' <a'.<W'_, in which case it can be defined by:

dv, [coso— 2O Gng— 0 foral € (0, £W) 59)
dz, cosf — %x'g sinf =0 foral, € (0, £W}) '
Solving (5.9) for z,, yields
1 w
/ tan 6 2(1+5a)(1+¢)2 for xé € (O, :l:Wi)
TeT ) aWyp? , , (5.10)
moammarey 0% € (0 FWL)

substituting (5.10) into (5.6) for >0, or <0, yields

2

w_(0) = = ? oW W,
Sinf 4(1+5)(1+v)7 @

cos® 6 aWy?

sinf 4(1+5) (1+ )

W
W (0) = 3+ —sind.

5.11)
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FIGURE 5.3: Plot of the normalised W, according to (5.7) and (5.11)) (indicating also 6" as a
convolved function) for fixed values of a=2, 1=1.2 and varying S3.

Figure [5.3] displays the normalised W - i.e. the ratio between W in (5.7) and (5.11) and W' -
projected onto the x-axis for arbitrary values of « and v varying 3. The figure shows that W
decreases with the rotation for then increasing again, whilst larger tails result in smaller values
of W+.

At 0=0; and 0=0;", the values of respectively W_ and W, given by (5.11) and (5.7), must
coincide. Combining these equations yields:

I = et | )
O = arctan [2 1+ g)w(l T w)] '

(5.12)

The geometrical variables x. and A can be now be obtained from (5.11)) and (5.7). The projected
area A is a triangle of height H and base W, (0)+W_(6):

(Wo(0) + W (0) H

A(6) = 0

(5.13)

Thus, from (3.7) and (3.11):
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FIGURE 5.4: Plot of the normalised z.. according to (5.16) (indicating also ;" as a convolved
function) for fixed values of =2, ¥)=1.2 and varying .

WH a cos? 9 sin 9 W cos(6+9) o _
2 {4(¢+1) 2(155) smf T T P+ cos(d) } for —5<0<0;
_ WH cos(6+6 cos(6—T _
A(Q) ) 2(p+1) |:w Co(s(é)) + CO(S(T)) for Qt SQSQ:_ (5.14)
WH ay? cos? 9 511’19 cos(0—7) + T
2 {4(¢+1) 2(135) sm0 T T T cos(m) } for ;" <6<3

Since the projected cross-section is a triangle, the centroid in the x-coordinate is defined as:

W..(0) - W-(6)

z.(0) = 3

(5.15)

Substituting (5.7) and (5.11) into (5.13)), the z-coordinate of the centroid may be written as

w cos(0+96) 29 in@ —
3 [ +1 cos(d) 4(¢+1;12(1+5) Csoiflé) B Sl?x :| for _%§9<9t
w cos(6+9) cos(0—7) _ +
ze(6) = { sy [welfED — <) for 6, <6<6; (5.16)
w > 29 9 1 cos(0—7) +
3 [ ¢+? (1+5) C;i@ + sin T Y+1 cos(r) ] for 6 <0§g

The centroid z-coordinate on the plane shown in figure [5.1] corresponds to the distance between
the application point of the drag force and the pivot point, since the origin O is placed at the
pier-jam contact point. Figure[5.4] presents the normalised z-coordinate of the centroid for given
values of « and ¢ varying (3. It can be noted that with increased values of 3 the centroid tends
to lie in the negative domain, since the projection of W_ becomes larger than the projection of

the jam on the W side.
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The moment of inertia of a body as sketched in figure with respect to the axis of rotation
z, can be found by applying the perpendicular axis theorem to a horizontal disk of infinitesimal
thickness dz, and then integrating along the z-axis. The density of the debris jam is defined
here as pj=¢ (p, + Crrp) where Cyy is the coefficient of added mass, ¢ is the fraction of jam

volume occupied by the solid (in this case wood), p,, is the density of wood.

From (5.2)), the two moments of inertia with respect to the =’ and y’ axes are:

we 1+ & we
e% y «@ (8]
L. =p; W 2 W d/_ / /2</>d/
o = Pj /Yy<\/ v W) v vg)d
0

2
I, = Pj/ . ' [—a:’2 (1+ ﬁc)ﬂ(/Il/+ ¥) + % — 2’ (1+ ) g dz'+
BEEEY
X 2
+ pj/ v 72 [_$’2 (10;1/5) (1 L‘);ﬁ) + % + l’/(l ;Z@Z}) i] da’
(5.17)
The resulting integrals are:
Lt = pios (158° + 24537 — 328 + 64)
o WY -9 +1) (8+30)
v 60 (1 + )
(5.18)

The moment of inertia of the disk for the perpendicular axis theorem is I, = I, + I, and can

now be integrated along the z-axis, yielding:

(Lo +1,) H

I—/O (Lo +1 )(1+i>4d S R A (5.19)
= . ! Y H Z = 5 . .

Replacing into yields the moment of inertia about the z-axis:

e 2 3 2 _
o WHH [(w V1) (8+30)  155° +245° — 325464 (5.20)

I =
300cx (14 1) 7a?

For simplicity, some terms that are assumed time-independent (which include the dimensions of

the solid) are grouped into a single parameter

1 pCpW?2Hv?

X=13 7 ; (5.21)
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Substituting Equations (5.14] , and (5.21) into (5.1) and defining w=>0, yields the follow-
ing system of equations:

0=w

[ 9 cos(6+9) 29 0 2 _
X (W cosd ) ( T B) @) smd T “ ) for —5<0<0,

o= } 2 cos®(0+9) () _ N

YT (wi{l)2 [ C(::Sosz(é) o C(‘):Sos2(7)7 } for 0, <6<6;
1 ; ;

p 6 in 6 1 (0—7) + -

X (4(1+g>(1+¢>2 o+ ) - (mmiosf) for 0, <0<

(5.22)

Equations (5.22)) will be used to model the rotational motion of the solid in the range of —7/2<0<x/2.
The phase plane object of the following analysis has coordinates 6, w.

5.2 Analysis of Fixed Points

5.2.1 Non-Tailed Accumulation

This section analyses the fixed points (i.e. steady state or equilibrium solutions of an ODE
system) of equation (5.22)) for the particular condition given by =0 (that is, a half-cone body
with no tails, i.e. AK=0). Under this condition, equation (5.22)) simplifies to:

0=uw

X (1-%@& cos 0)2 — (4(14?1#)2 C;ffee + S‘gg>2 , for —m/2<6<0,
W= x% cos? 0, C for 67 <6<6;

X <4(fﬁz)2 cos®0 5129)2 (1+¢ Cos 0)2 . for6<0<3%

(5.23)

The fixed points of the system (5.23) are first determined. Within the sub-domain 6, <6<6;",
Equation (5.23)) only admits one fixed point at (5, 0). This is, however, outside the sub-domain
within which the function is defined (i.e. 9? is always less than 7/2). Therefore no fixed points

are found within this region of the phase plane. Regarding the sub-domain 6, <0<r/2, four

solutions for ([5.23)) set equal to zero are found at w=0 and #=arctan | « ilif +1w)w . However,

none of these points are real, since 1)>1 by definition. It follows that no fixed points are found
in the interval 0," <0<m /2.
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In the sub-domain —7/2<6<0,, [0, w]=0 (from Equation (5.23))) admits four solutions given by

w = 0 and f=arctan <aiw2i(1 %) . Two of these solutions cannot be accepted as they would

result in a positive value of ¢; hence, outside of the sub-domain of study, being 6, <0 (i.e., from
(5.12))) for any conditions. For the other two solutions, one of them will always be larger than
6, and cannot be accepted for the domain of study. Within the sub-domain —7/2<6<6,", only

one fixed point is found at w=0 and

2(1+)

The nature of this fixed point can be determined by analysing the eigenvalues \,; of the Jaco-
bian J,; of (5.23) at the fixed point 6,,; (where the sub-index nt is used to denote the specific

condition of a non-tailed body):

[2
0,: = arctan (—aw—i_w). (5.24)

0 1

Ty = o 21 (Gt 1) cos?On)” (5.25)
; P 4(p+1)
2x [— sin (260,,¢) il g o 0
2
2(14+ (=2 —1)cos26

. )2 ( (4(w+1)2 ) ”t>
At = E/2YA | — 20, - . 5.26
t X s (26n:) (v + 1)2 a2 sin® 0, (5.26)

Since 6,,; is always negative, the term inside the square root of must be positive, result-
ing in real and distinct eigenvalues. Thus, the fixed point 6, is a saddle. Saddle nodes are
surrounded by open trajectories except along the stable manifold. Therefore, considering the
problem of a body immersed in a turbulent flow, the problem of a non-tailed accumulation can
be practically assumed as inherently unstable. In simple terms, the torque exerted on a non-
tailed body with planar asymmetry will never be opposed by a counteracting torque, and the
body will simply continue to rotate about the pivot. This makes impossible for such body to

remain in a stable equilibrium, unlike experimental observations of debris accumulations.

5.2.2 Tailed Accumulations

In this section it is shown that other fixed points emerge for values of 3>0 by analysing the
system (5.22)). A fixed point for the sub-domain 6, <0<0," of (5.22)) occurs at w=0 and

0, = arctan <Z:;B> . 5.27)

Since 61 <6;" and considering Equation (5.12), it follows that for 6 to exist a necessary condi-

tion is
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P <14p5. (5.28)

A second solution of (5.22)) equal to 0 at 6, = 7/2 is omitted as it falls outside the sub-domain
considered here. It is now possible to analyse the nature of the fixed point ;. The Jacobian of
(5:22) for 9, <O<O;" and at the fixed point #=0; is given by

cos? § cos? T

0 1
J1 = [ 2sin(2(f146))  sin(2(61—7)) ] (5.29)
(w+1 [@0 } 0

the eigenvalues of which are:

Al:i\/_ 2y [¢Qsin(2(01+5))_Sin(2(91—7))]. 5:30)

(¥ +1)? cos? § cos? (1)

The sign of the terms inside the square brackets define the nature of the fixed points in the phase
plane. If positive, A\; is purely imaginary, hence the fixed point is a neutrally stable centre; if
negative, A has two real and opposite values and the fixed point is a saddle (i.e. unstable node).
For the case of \; the term within square brackets is always positive; hence, the eigenvalue is

purely imaginary. As a result, the fixed point #; will always be a neutrally stable centre.

For the interval H;F <0<m/2, the same analysis reveals four additional solutions of equation
(5.22)) set equal to zero at w=0 and

Yy
2(0+ 1) (1+5)

1++/1—42
2W+1)(1+5)

| \/1_¢21+ﬂ

(w+ DI-p6)]"

IRERA Rt

(¢+ 1)1 -5)

03 = — arctan [a

04 = — arctan [a

05 = arctan

0 = arctan

(5.31)

Since ¢>1, 63 and 6, are not real and cannot be fixed points of Equation (3.22)). On the other

hand, 05 and 0g are real only if 1 — P20 B>0. As aresult, the fixed points 05 and g can only

1+8=
exist in the phase plane if
2

-1

B> T (5.32)
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0 0.2 04 0.6 038 1

B

FIGURE 5.5: Region of existence for 65 and 6g: the former is found only in the darker area
(which corresponds to the non-existence of #;), while the latter is defined for both darker and
lighter shaded areas. Values of ) and 3 outside of this region would result in no fixed points 605

and 6.
or, alternatively:
1+
l<y?<—L 5.33
<¥ S1 g (5.33)

In other words, 05 and 6¢ can only exist for values of <1 (i.e. AK <K). In addition, the fixed
points 05 and fg must satisty the condition 95,629t+ . First, G;F <0g can be simplified as:

1 ,1-8 1-5
Jw rﬂgu,h—wrﬁ. (5.34)

The second term on the right hand side of (5.34) is real only if w2%§1. Therefore, the left
hand side is always less than 1 (since, by definition, ¥)>1), while the right hand side must be
greater than 1; hence, >0, in any case. The condition §5>0;" leads to ¢y>1 + 3. As 6y is
only defined for ¢<f+1, it follows that 61 and 05 cannot coexist in the phase plane, resulting
in maximum two fixed points (i.e. 0 and either 65 or 6;) in the positive domain. Figure [5.3]
shows the region of existence of 05 and g for values of ¢ and 5. When conditions in (5.32) or
are not satisfied, neither 65 nor g exist in the phase plane, thus there will only be open
trajectories. Practically, this implies that a small tail or a very large asymmetry factor would lead
to a rotation that eventually causes the failure of the debris body. On the right end of the figure,
for values of 5>1, neither 05 nor 6¢ exists, there will only be #; which (if neutrally stable) would

result in a highly stable situation for any condition.
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To understand the nature of 5 and g, the eigenvalues of the Jacobian matrix of (5.22) are
analysed within the sub-domain 6, <6 <7/2:

0 1

ey Y
J2 = 9y | 5n(2(05.6-7)) +2<1+(4<1+5)<w+1)2 1) 60329%6> 0 (5.35)
cos? 7(¢+1)2

O¢2 sin3 95,6

for which case 6 can be either 05 or . The resulting eigenvalues are

a?yp? 2
oy 2(1 (1) cos2Bs 6
Ao = /By | 2o m 7)) ( <4(1+5)(2¢+.”3 ) ) . (536)
cos?7 (¢ +1) a?sin® 05 ¢

Equation (5.36) shows that A can be either real or imaginary, depending on the sign of sin (2 (656 — 7)).
For values of 05 ¢ sufficiently large (e.g. 056>7), A2 could be real, resulting in a saddle point,
otherwise a neutrally stable centre is observed. This results in the alternation between a centre
and a saddle, as will be observed in the phase plane analysis presented in section [5.3] whereby

0, (or 05 depending on [3) provides a centre, while g is a saddle.

Finally, for the interval —7/2<6<6, solutions to Equation (5.22) set equal to zero occur at w=0

and

BB 402 (B 1)+ 62 1]
200+ 1) (B~ 1) ’

07 = arctan |«

BB RBP4 1]
200+ 1) (3~ 1) ’
PV

09 = arctan |«

2+ 1) (14+5)

IR/
(Y +1)(1+5)

fs = arctan |«

9

010 = arctan [a2
(5.37)

The two results for 0y and 61 will be positive; hence, these will not be part of the sub-domain.
On the other hand, both 67 and 03 will be negative for 5<1. Comparing 7 with 6, , the former
will always be smaller than the latter, thus a fixed point of the system; conversely, fg will always
be greater than 60, , thus not included in the sub-domain. This is the analogous situation to the

non-tailed case analysed in the previous section. In order to understand the nature of the only
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fixed point @7, the Jacobian of (5.22) within the sub-domain -7/2<6<6;" is analysed:

0 1
o? 2
J3 = 2y _sin(2(67+9)) o2 _2<1+<4(1+ﬁ>(w+1>2_1>C05297)] 0 (5.38)

cos2d  (y+1)2 a?sin? 07

The resulting eigenvalues are:

cos? § (¥ +1)2 a?sin® 07

2
' ) 2(1+ (2 1) cos?26;
A= :t\/ﬂ _sin (2(07+0)) ¥ ( (4(1+ﬂ)(¢+1)2 > ) . (5.39)

In consideration that 87 is always negative, the term inside the square root in (5.39) will always
be positive, thus the eigenvalues are distinct and real, which will result in a saddle in the phase

plane.

5.3 Phase-Plane Analysis

In this section, the phase-plane of the system of differential equations discussed in the previous

section is analysed to provide further insights into the behaviour of the proposed model.

Figure shows different phase portraits plotted for the constant value of the asymmetry fac-
tor =12, 1<a<3 and 0<5<1. The blue lines in this figure represent arbitrary trajectories,
whereas the black solid line is the boundary between a stable (i.e. orbits around the first fixed
point) and unstable (i.e. open trajectories) solutions. These phase portraits were plotted for
particular values of other intervening parameters, namely W=0.6 m, H=0.15 m, p;=800 kg/m?,
Cp=1.5, v=0.4 m/s. These values are within the range tested in the experiments in chapter 4}
and are adopted here in order to enable an analysis of the proposed model under conditions for
which evidence is available. Sub-figures on the top row of figure [5.6] depict the condition anal-
ysed in section where $=0 and only open trajectories are possible, except for the stable
manifold of the saddle in the negative domain. For 3>0 two fixed points emerge in the positive
domain (namely a centre and a saddle), as also discussed previously. The size of closed orbits
about the neutrally stable centre increases with the value of 3, which translates into increased
stability to the system. Furthermore, for increasing /3 the distance on the € axis between these
two fixed points increases; the first fixed point (i.e. the neutrally stable centre) is shifted towards
the origin, whilst the second fixed point (i.e. the saddle) moves towards higher values of 6. This
increases the chances of an oscillatory motion being stable even when the values of the angular
displacements are large. At the highest range of 3, very large angles and/or angular velocities
would be needed in order to reach open trajectories leading to the failure of the debris jam. The
value of =1 is used to illustrate the extreme case of a jam with a very large tail, in which case

a strong stability is observed. Indeed, the model implies that for 3 = 1, it would be possible
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to observe a rotation approaching #=7/2 that would remain in oscillatory motion about the pier.

The figure also shows that when 3>0, the stable area of the phase plane increases with a.

Figure[5.7]shows the phase portrait of the system for a constant value of 3=0.40, and o and
1 varying within the ranges 1<a<3 and 1<t <1.60 (values of W, H, p;, Cp, v in this figure
are the same as those used in figure [5.6). The sub-figures at different rows are used to highlight
the influence of asymmetry on the stability of the system. The top row shows the phase portrait
for a perfectly symmetric body ()=1). Under this condition the stable centre is located at the
origin, and it is observed that a large perturbation would need to be introduced to induce failure.
In addition, the required perturbation from =0 increases significantly with «, as has also been
previously pointed out in figure As v increases, the two fixed points approach each other,
reducing the region of the domain where closed orbits are possible. For 1)=1.6 the system is
intrinsically unstable; no fixed points are observed and any small perturbation would eventually
lead to a non-periodic motion. This occurs because v is larger than the critical condition as
observed in (5.33)), which for $=0.4 is ¢=1.53.

The phase planes shown in figures[5.6|and[5.7]also reveal a saddle point in the negative side of the
domain. This implies that, in theory, the body could reach an open trajectory towards negative
values of 6, although this would require relatively large initial displacements, compared to those

required for open trajectories along the positive side of the domain.

5.4 Exact Solution

An exact solution of Eqs (5.22)) can be obtained, as described in this section. The solution that
is sought here represents a relationship between the angle ¢ and the angular velocity flj—g. The
approach used is typically adopted for the exact solution of the motion of a pendulum, and it is
detailed in|Strogatz| (2015). An application is first provided for the simplified non-tailed system
in (5.23)) and then extended to the complete model in (5.22)). Furthermore, the analysis is only
provided for the positive domain of #, in which the failure of a debris accumulation has been

observed to consistently occur.

5.4.1 Non-Tailed Accumulation

Consider the equation in (5.23) for 6, <6<6,". Both terms on the left and right hand side can
be multiplied by % which yields
do d*6 Y+ 1d0

-_— = R 2
7 a2 qu— Ll cos” 6. (5.40)
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FIGURE 5.7: Phase portraits for constant 5=0.40 and varying 1) and «. Horizontally, « takes
values of 1, 2, and 3 from left to right. Vertically, ¢ takes values of 1, 1.15, 1.30, 1.45, and 1.60

from top to bottom.
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The second derivative of § in is also the first derivative of 4 dt’ therefore, the term on the
left-hand side (5.40) can be rearranged as

dod*0 1d |/do\>
L A 41
dt dt2 ~ 2dt [<dt> ] (541

Likewise, the right-hand side of (5.40) can be reformulated as:

XﬁﬁCOSQQZXZi—iZ( sin f cos 6 + 9> (5.42)

As a result, equation (5.40) can be rearranged using (5.41)) and (5.42)), which yields:

2
jt[ (CC?Z) —Xz//ji_1<zsmﬁcos€+ 9)

Equation (5.43) is true only if the term within square brackets is a constant, namely C'; hence:

;(flf) —XZ+1 <2sm€cos€—|— 9) = (1. (5.44)

(5.43)

The constant C'; can be determined by providing initial conditions. Assuming that at the time
t=0 the jam is not tilted and at rest - i.e. § (¢t = 0)=0 and Z—? (t = 0)=0 - the constant C is null.
As aresult, (5.44) can be solved with respect to the angular velocity, which yields:

do Yp+1
i \/2 ¢_ <sm€cos€+ 9> (5.45)

This represents the exact solution of the motion in the phase plane of a non-tailed jam in the
domain 0<#<0;". Using the same approach adopted for the first part of the domain, the equation
in (3.23) for 6;" <6< /2 may be solved as:

d do\? 1 x 7161 1 A B
dt [ (dt> 20+ 1) < o2 +72<2+E04 (G ’Y3> =0, (5.46)

where

1 1
n=-g cosfsinf + 59,

1 1
Yo = §cosﬁsin9+ 56,

cos® @

V3= —— — 372,
sin 6

G =@+1)",

<z=%w4+¢3—%¢2—2¢—1.
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FIGURE 5.8: Exact solution for the motion on the phase plane of a non-tailed jam according

to equations (5.48). Constant values used for this figure were: W=0.6 m, H=0.15 m, ¢)=1.2,

v=0.4 m/s, p=1000 kg/m®, p;=800 kg/m®, Cp=1.5, a=2, and $=0. The blue curve is for
0<6<0;", whereas the red curve is for 0;" <0<r /2.

Even for this situation, the content within square brackets must be a constant value C5. Never-
theless, unlike O this constant Cy cannot be null, since at t=t,", =6, and the angular velocity
is %=\/X% (sin ;" cos 0 + 6;"). Thus:

Y11
(W +1)* < a?

—1
Cs zg [w (sin ;" cos 0 +6;") —

L 9 4
+ +— 4
b1 Y2t (2 1604 (0 '73t>] , (5.47)

where v1¢, Yot, and ys; are respectively 71, v2, and 3 at G:H;F . As a result, the motion of an

idealised woody debris jam in the phase plane is described by:

%: \/Xz:_i(sinﬂcosﬂ—ka), for 0<0<6}

do 2x  (mb 1, .

av _ 1 | <

dt \/(1/} + 1)4 < 042 + 7262 + 1604 ¢ Y3 + 202 for 91& <0_7T/2
(5.48)

Figure shows the angular velocity of an idealised jam in the phase plane for both 0<6<6;"
(blue curve) and 9? <0< /2 (red curve) domains.
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5.4.2 Tailed Accumulation

For the tailed accumulation scenario, the approach for the exact solution of the motion of a
jam is the same as for the non-tailed case. All terms in (5.22)) are multiplied by %, which for
0<0<0;" yields:

dt |2 \ dt v+1 cos2§ cosZ T

(5.49)
Once again, the content within square brackets in (5.49) must be a constant C'3. For initial
conditions 6(0)=0 and %(0):0, this constant is

d|1/d0N\*  x 208 (0 +8)sin (0 +6) +0+6  cos(@—7)sin (0 —7)+0—7Y| _
[<> 2( )2@ > '

1 X ( QCOS(SSin(S—I—(S_i_COSTSiHT—i-T). (5.50)

Co— -
3 12 (4 + 1)2 cos2 cos? T

Therefore, the angular velocity is found as:

dG_\/ X <w2cos(9+5)sin(9+5)+9+5_cos(9—7)sin(9—7)+c9—7'

E_ 6(’¢+1)2 >+203.

(5.51)

cos? § cos? T

Similarly, for 6;" <6< /2 the above approach yields:

da |1 CLH 2_# 2 2 P2y a?yd ) B
[2 (dt) 12(1 +¢)2 (27105 (Y +1) Yr + 1+ 3 + a +5)2’74 =0, (5.52)

cos(0—7) sin(0—7)+0—7

where ~; and <3 are as defined for the non-tailed case, whilst .= c0s2(7) and
_cos3(6)—30sin(8)—3 cos(0)
V4= 16 sin(0) ’

The terms within square brackets must be equal to a constant value Cy. This is calculated for

both 6 and % at 0=(9;r (expression of Cy is omitted for length of calculation).

Figure shows two plots of the exact solution for a tailed debris accumulation in the phase
plane in which respectively a failure and a stable orbit occur, only by changing the value of 3
(i.e. 0.3 and 0.4 respectively). For the former, it can be observed that the trajectory is open
(hence, a jam failure) and that after a slow down in angular velocity, this is accelerated again.
For the latter, the trajectory is closed, indicating a stable situation, in which there is no failure of

the woody debris jam.
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FIGURE 5.9: Exact solution for the motion on the phase plane of a tailed jam according to

equations (]318[) Constant values used for this figure were: W=0.6 m, H=0.15 m, ¥=1.2,

v=0.4 m/s, p=1000 kg/m?, p;=800 kg/m®, Cp=1.5, a=2, and 3=0.3 and 0.4 (5.9b). The
blue curve is for OSHSG? , whereas the red curve is for 6,” <0<w/2.
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5.5 Comparison Against Experimental Observations

In this section the models ability to capture different patterns of the formation, growth, and
failure of debris accumulations that were observed during previous laboratory tests is analysed.
The following subsections relate some of the key observations extracted from the experiments

to the predictions provided by the theoretical model described in the previous sections.

5.5.1 Impossibility of Formation of Non-Tailed Accumulations

It is first tested the ability of the proposed model to capture the impossibility of an accumulation
to form a non-tailed accumulation. During the experiments in chapter ] such a shape was never
observed, neither during a stable nor a critical (i.e. immediately prior to failure) condition.
The results of the analysis presented in section confirms that the model agrees with these
laboratory observations. Namely, no fixed points are possible in the positive domain of the
phase plane. The only fixed point occurs for negative values of § and is a saddle node. While
in theory stability occurs along the stable manifold of the saddle, in the real-world any small
disturbance from this state - e.g. induced by turbulence - would result in open trajectories.
Therefore, in practical terms, such a system is always unstable, and any small perturbation (i.e.
planar asymmetry ¥#1) would result in large rotations ultimately leading to the removal of the
jam from the pier. In this case, the force exerted by drag would neither establish a rotation that
is periodical nor tend to a static equilibrium. Thus, non-tailed accumulations are impossible to
form since they would be intrinsically unstable and would inevitably lead to the rotation and

removal of the debris jam.

5.5.2 Shape Characteristics of Stable Accumulations

Experimental data-sets provide the opportunity to compare the shape characteristics (i.e. «, 3,
and ) of debris accumulations formed in the laboratory against the model’s predictions. Figure

.10| shows the values of v and [ observed during 105 different experiments, along with the
curves defining the limits of existence of fixed points (as previously defined in figure [5.5)). In
this figure, the blue circles represent values of S and ¢ at time 7" immediately before the failure
of the accumulation (that is the elapsed time between the first piece of debris is entrapped and
the beginning of the dislodgement of the whole debris jam), whereas the red squares represent
the same values measured at 7/3, when the body can be assumed stable (i.e. when very small or
negligible periodical rotations were observed). The figure shows a clear distinction between the
two groups. Stable jams are observed on the right-side of the graph, where the model predicts
that both #; and fg exist and 6; (i.e. the neutrally stable centre) is closer to the origin of the
phase plane, which translates into high stability. On the other hand, unstable jams are found

on the left of the graph, very close to the boundaries that define the existence of 6; and 65 and
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FIGURE 5.10: Region of existence of fixed points according to figure|5.5|overlapped to exper-
imental data.

in many instances above the upper boundary, in which case no fixed points are found and only

open trajectories are possible.

5.5.3 Repeatability of Observed Dimensions at Failure

The experiments in chapter[d]showed that all debris piles, formed by the successive accumulation
of individual logs, fail upon reaching maximum values of W, K, and H. In addition, repeated
experiments conducted under the same flow conditions showed that the dimensions at failure
display a relatively small variation. At first, this last observation is somewhat puzzling, since
the process of collection of debris elements is inherently stochastic. It is here argued that such a

behaviour can be explained based on the proposed model, as follows.

Section has shown that the model predicts increasing stability with increasing values of «
and (3. This is in agreement with the process of accumulation of debris pieces observed in the
laboratory. Shortly after the first mesh of debris is formed, only a few debris elements are col-

lected on the upstream side of the pier. The orientation of these elements is such that the initial
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values of AK and W are large compared to the longitudinal dimension K, resulting in the max-
imum values for « and 5. Under these conditions, the model predicts a debris jam that is very
stable, and experimental observations show that indeed no failure is observed during these initial
stages. As other debris elements accumulate upstream, the growth rate of K is faster than the
corresponding growth of W and AK, thus both « and 3 gradually decrease. Eventually, when
the values of « and /3 are very low the jam is removed from the pier. The model predicts that
low values of a and §3 result in a significant reduction of the stable region of the phase plane,
thus increasing the probability of failure. This indicates that the condition in which failure oc-
curs, while influenced by processes that are inherently stochastic, also has a strong deterministic

component, which agrees with the repeatability of dimensions observed in various experiments.

5.5.4 Direction of Failure

The phase portraits presented in show that open trajectories leading to a rotation towards
the negative direction can be observed in the phase-plane. For the body to follow this open
trajectory, it must rotate by a certain negative value of 6 that depends on «, 3, and ¢ (i.e.
6<0, ). However, if the body is to reach these trajectories, it must first pass through a region of
the domain filled with open positive trajectories, which would lead to a positive failure. In other
words, failure by a rotation towards the side of the lowest semi-width is, in practice, virtually
impossible. This agrees with the observations in chapter[d] which show that all failures observed

in 732 experiments occurred through a rotation towards the positive (i.e. widest side) direction.

5.6 Conclusions

The analysis developed in this chapter provides the description of rotational and oscillatory mo-
tion of a woody debris jam at a bridge pier, idealised by an asymmetric solid having half-conical
shape with extended tails immersed in a fluid and left free to rotate about a pivot. The model
was developed on simplified hydrodynamic actions and a second-order polynomial geometry,

which included an asymmetric shape typically observed in debris jams.

The main geometrical variables of the model - width W, length K, and tail extension AK - are
rearranged in terms of three dimensionless variables, i.e. a=W/K, f=AK /K, and the already
defined asymmetry factor ib. Applying the principle of angular momentum conservation, a
second order ODE system is developed, in which for simplification only the moment originated

by the drag force is considered.

The equations resulting from the interaction between the idealised geometry and the drag force
exerted by the flow were analysed on the phase plane. For a tailed, asymmetric solid, two fixed
points can be observed in the system, that typically show the alternation between a neutrally sta-

ble centre node (the first fixed point) and a saddle (the second fixed point). The dimensionless
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variables previously defined play key roles for the stability of the system, that is the periodic
rotation around the first fixed point. First, the tail factor 3 is crucial in order to provide stability:
in a non-tailed situation (i.e. §=0), a jam is unstable at any conditions, leading to open trajec-
tories (i.e. a failure) even with very small asymmetry in place. On the other hand, a non-null
B yields the appearance of a fixed point. Increasing values of 3 produce a higher degree of sta-
bility, shifting the neutrally stable node towards the origin (thus strengthening the orbits around
the fixed point) and the saddle towards higher values of # reducing its potential attraction. The
asymmetry factor v is also necessary to assess the overall stability: at the limit case of ¥=1 (i.e.
a symmetric solid), the neutrally stable node lies on the origin, there are no oscillations, and
only a very large perturbation could lead to a failure. On the other hand, if v is greater than a

threshold value (depending on 3), the system is unstable for any conditions.

A further analysis on the ratio o/ provides important insights into the solid motion and the
condition for which open trajectories can be observed. An analysis of varying « and S but
keeping constant o/, displays that the motion of the solid is very stable for high «, while
its decrease (and, consequently, the decrease of () yields instability, which could eventually
lead to non-periodical oscillations of the solid. This final analysis is helpful in providing a
deterministic explanation to the experimental observation of a jam failure, which occurred only

to fully developed jams, i.e. after that o and 3 decreased by several factors.

In conclusion, factors influencing the stability of porous asymmetrical bodies immersed in fluids
(i.e. woody debris jams) are various. Tails (intended as protrusions downstream of the pivot
point line) provide stability and this increases with increasing tail extensions. Planar asymmetry
plays a vital role in the stability of the solid since no motion occurs without its occurrence and
instability increases with increasing asymmetry. On the other hand, the combined effect of «
and S is key to determine the conditions for which a solid could be moving either in a neutrally
stable orbit or in open trajectories. The relationship between these two variables highlighted that
a jam becomes unstable not only for large asymmetries, but also when a relatively small tail and

large upstream extension occur together.






Chapter 6

Conclusions

Understanding the phenomenon of the formation and growth of woody debris jams at bridge
piers is of primary importance for assessing the risk of bridge collapse and flooding, as well as
for the design of new bridges. This doctoral thesis provides a detailed experimental analysis
of the whole life of debris accumulations at bridge piers including their formation, growth, and
failure. In addition, a theoretical model of the jam final failure has been developed based on
the experimental observations, which captures the most important aspects of the behaviours of
debris jams observed in the laboratory. In this chapter, a comparison with the state-of-the-art is
shown and a summary of the main conclusions drawn from the analysis of the experiments and

theoretical model are presented.

6.1 Comparison Between this Thesis and the State-of-the-Art

In the context of the current state-of-the-art, the results from this thesis showed that it is possible
to provide an estimation of the maximum size that debris accumulations may reach at a single
bridge pier. Currently, other research provided useful information for estimating scour at sin-
gle piers or increase of upstream afflux, that can be used for scour and flood risk assessments.
However, these applications would need input data that is relative to the assessment flow and
the size and features of the obstruction. The ability to estimate the size of debris accumulations
and the drag coefficient at single piers would provide key parameters (e.g. the frontal area of the

accumulation) for this type of analysis.

Furthermore, previous research focused mostly on the probability of entrapment of single de-
bris elements at piers, with little consideration of the processes that follow this initial stage.
The results presented in this thesis provide a comprehensive description of the accumulation of
large woody debris at a bridge pier and the factors influencing the jam formation and growth.

In addition, key-phenomena that were observed (e.g. the failure at the end of the jam life) are

101
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also presented and discussed. Thus, the results of this doctoral thesis further develop and sub-
stantially increase our understanding of the interactions between woody debris and piers, and

provide practical methods that can be applied in engineering practice.

6.2 Observations on the Time-Evolution of Debris Accumulations

at Bridge Piers

Experimental observations unveiled three distinct phases that are conceptually classified as un-
stable, stable, and critical conditions. The unstable phase occurs at the initial stage of the
accumulation process. The debris pile grows at a rapid pace and a framework of debris pieces
is formed. During this phase, individual elements can be easily mobilised and disengaged from
the jam, resulting in frequent size variations. This stage is followed by a slower but more stable
growth phase. Only moderate changes can be observed and the jam assumes the typical half-
cone shape that characterises all debris jams experimentally observed. Finally, at the critical
phase an oscillatory rotational movement about the pier occurs, which eventually results in the
dislodgement of the jam from the pier. In the large majority of the experiments, the maximum

size of the debris jams was observed at the onset of this stage.

6.3 Factors Affecting Debris Jams

The experimental analysis conducted in this work included several factors that were tested in the
lab, that are the length and diameter of individual debris elements, the size of the bridge pier, the
flow velocity, the water depth, the density of debris elements, the shape of debris elements, the
shape of the bridge pier. Three maximum dimensions have been defined and used to characterise
the geometry of debris accumulations immediately prior to failure in this thesis (i.e. width W€,
height H¢, and length K¢, and the respective variables made dimensionless with the length of
debris element w®, 1¢, and ). The influence of a number of parameters on the geometry of

debris jams has been analysed through a set of 732 experiments.

Results have shown a strong correlation between the jam size and the debris Froude number
Frp = v/\/gL. Typically, at low values of F'ry, the dimensionless height n° is at its minimum,
whereas w® and € reach their maximum values. With increasing F'ry,, the values of w® and k¢
decrease, while n° displays the opposite trend. An important difference was observed between
debris jams formed with uniform and non-uniform distributions of the length of individual de-
bris elements. Debris piles of the former are significantly wider than those formed by the latter
(the length of the elements of which follows a log-normal distribution). As a result, jams in

the real-world (that are arguably more likely to be formed by elements of mixed size) might be
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overestimated if modelled by idealised jams formed of single-size debris pieces. A functional
relationship based on a regression of the experimental data is proposed in this thesis, in which
the maximum size of a debris jam can be predicted based on the length of the debris elements
L and the velocity v at the pier section. This function can be used for bridge design and afflux

estimation purposes, and may also inform further research on the topic of LWD accumulations.

Under the experimental conditions studied in this thesis, the diameter of the circular piers was
observed to have negligible influence on the values of w®, n°, and x°. In a similar way, the
dimensionless debris diameter d/L, the dimensionless water depth h/L, and the shape of the
pier displayed no notable effects on the maximum size reached by an accumulation within the
studied range. The same conclusions can be drawn for the relative debris density pr,/p but only
with respect to the width w® and length ¢ of an accumulation. This was not the case for the
dimensionless height 7, for which the experiments performed with the highest value of pr,/p

resulted in an accumulation that was up to 30% deeper than debris jams with lower densities.

The comparison of the dimensions of debris jams formed by individual elements of different
shapes - namely, dowels, natural unbranched sticks, and branched sticks - has revealed sub-
stantial differences. Debris jams formed by dowels (i.e. perfectly cylindrical debris) displayed
dimensions similar to those obtained in experiments with natural sticks for the lowest range
of F'ry. Nevertheless, for increasing values of F'ry, the size reached by dowel jams decreased
significantly, up to 40% for w® with respect to natural sticks. In addition to the above, it was
not possible to form these jams for F'ry>0.40, since elements were removed from the pier by
the flow under any condition. On the other hand, experiments with branched debris elements
displayed a different formation process with respect to non-branched sticks. The accumulations
formed by branched elements were highly unstable, in which early failures were frequent and
elements were constantly accumulated and removed. In all instances, a size substantially smaller
than natural sticks was observed for jams formed by branched debris, especially at the lowest

range of F'ry, tested.

6.4 Theoretical Analysis

In this thesis it is proposed a modelling framework to analyse the interactions between flow and
a debris jam that is free to rotate about a bridge pier. The model was built upon the assumption
that the motion of the jam is primarily driven by dynamic changes of the point where drag force
is applied, which in addition is assumed to depend on the geometry of the body and its orienta-
tion only. The geometry employed in the model was defined as an asymmetric half-cone with

extensions that are referred to as tails.
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The main geometrical variables of the model, namely the jam width W, length K, and tail exten-
sion AK, defined two dimensionless shape parameters a=W/K and f=AK /K, which along
with the asymmetry factor ¢/ were found to govern much of the observed behaviour. A non-
linear system of ODEs resulted from the application of conservation of angular momentum of
the jam subject to the moment of the drag force. The system was analysed on the phase plane.
For a tailed, asymmetric solid, three fixed points can be observed in the phase plane, which
typically show the alternation between a neutrally stable centre node and a saddle, that is the
alternation between a region of periodic oscillations (i.e. stable rotations) and open trajectories
(i.e. unstable rotation of the jam). The dimensionless variables previously defined play key roles
in the stability of the system (that is the periodic rotation around the first fixed point). First, the
tail factor (8 is crucial in order to provide stability. The model predicts that a non-tailed body
(i.e. 8=0) is inherently unstable, leading to open trajectories (i.e. a failure) even if it is almost
perfectly symmetric. On the other hand, increasing values of 5 produce more stable conditions
by shifting the neutrally stable node towards the origin and the saddle towards higher values of
0 (thus increases the area of the phase plane corresponding to closed orbits). The asymmetry
factor v is also key to the stability of the system. For symmetric bodies (i.e. 1)=1), the neutrally
stable node lies on the origin and only a very large perturbation could lead to a failure. On
the other hand, if ¢/ is greater than a threshold value (which also depends on ), the system is
unconditionally unstable.

A comparison between experimental observations and model predictions confirmed the ability
of the proposed model to capture the main characteristics of the motion of debris jams observed
in the laboratory. This includes i) the model’s prediction of the impossibility of the formation of
a non-tailed body (which, as a confirm, was never observed to form during the experiments); if)
its ability to capture key differences in the shape of stable and unstable jams related to the values
of o, 8 and ; iii) an explanation for the repeatability of debris jam dimensions at failure; and
iv) the model’s prediction of the direction towards which the rotational motion leading to failure

should occur, which agrees with all experimental data available.



Chapter 7

Limitations and Further Research

This chapter provides an overview of the limitations that have been encountered during the
experimental and theoretical analysis and therefore an indication of those elements that should
be considered with caution. Moreover, further research is advised in the following section,

indicating the main topics that should be further studied based on the findings of this thesis.

7.1 Limitations

Despite all efforts that were made to obtain the most accurate and detailed analysis resulting
from this research, some limitations were unavoidable and are therefore reported here. These

should be taken into account when results in this thesis are being used.

7.1.1 Range and Stochasticity of the Variables Studied and Transferability

The experimental tests covered a wide number of variables, as well as their widest possible
range in consideration of the available time and resources. Nonetheless, the analysis resulting

from the experiments should include some caveats.

The analysis reported in chapter[d|is only applicable to the observed range for each variable stud-
ied. It is unclear whether the experimental observations reported in this work would be valid
outside of this range. Moreover, despite the relative low dispersion of the results of the jam size
the phenomena of debris supply, transport, and accumulation are inherently stochastic. A set
of repeated experiments was carried out to shed a light on the variability that the jam size may
reach and showed that data scattering was limited, but this was studied for only one particular

condition and may not be representative of the entire data set.

105
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The experimental results at laboratory scale can be transferred to full-scale analyses by the di-
mensional analysis conducted in this study. However, only Froude similarity could be provided,
whereas Reynolds invariance was assumed, despite the flow conditions at laboratory scale were
not fully turbulent. It is unclear under this assumption whether Reynolds scale effects could
be significant. The experiments were also carried out under idealised conditions, including a
fixed bed and a constant flow. At full scale, scour may occur at the pier base and flows can vary
significantly in short periods. These dynamic changes may have important effects on the debris

jam formation and failure, and should be considered for further developments of this research.

7.1.2 Uncertainties in Measurements

Limitations due to instruments sampling accuracy or to the methodologies adopted need to be
considered. In general, instruments had high accuracy that can be relied with confidence. Cross-
checks between instruments were made to calibrate and test the suitability of these instrument
(for example, the ultrasonic probes with a point gauge). However, in some cases measurements
were made combining the data from two instruments (e.g. velocity at the pier section was
measured by using the discharge, measured by the 1Q, and the water depth, measured by the
ultrasonic probe), the combined accuracy of which may be lower than a single instrument would

provide.

On the other hand, some inaccuracies could be possible for the measurements of the jams size.
In this case, the size of the reference grid was 10 mm (top camera) and 12.7 mm (side and sub-
merged cameras). The visual measurement of the jam size was conducted up to half the size of a
cell. Therefore, errors up to a quarter of a cell, respectively 2.5 mm and 3.2 mm, were possible.
Another source of uncertainty was the definition of the exact boundaries of a jam. For example,
some elements out of the water were visible from the top camera but not effectively contributing
to the hydraulics of the jam-pier interaction. The use of multiple cameras provided practical
and substantial help in matching sizes and minimising uncertainty, although this could not be

excluded in its entirety.

Caution should also be adopted when considering the values of the drag coefficient obtained
from this work. For this particular case, sources of uncertainty are more marked than for other
variables. First, the drag coefficient was computed assuming triangular cross-sections. While
this is an accurate approximation for many of the observed accumulations, it may not properly
represent some of the jams that were formed. Another factor that might have limited the accu-
racy of the computed drag coefficient was the flow velocity used to discount the drag exerted by
the flow on the pier section under the debris accumulation. In fact, the actual velocity at the pier
with a debris pile is likely to be different from the undisturbed situation. All of these reasons

may explain the scattering observed for the drag coefficient, which is not negligible. A more
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accurate computation of the drag coefficient would require experiments specifically designed

for this purpose, which were out of the scope of this thesis.

7.1.3 Theoretical Model Approximations

The theoretical model developed in chapter [5| provides a description in the phase plane of the
rotation of a jam and the dependency on dimensionless factors. However, the model is a sim-
plified version of the actual phenomenon. The shape of the jam is idealised and although there
is a good match between the polynomial function used and the actual shape observed, this is
still an approximation. Another limitation is represented by the intervening forces adopted in
the model. Drag is arguably the most important force acting on the jam-pier system, but other
factors may affect the motion too, such as the pier-jam friction, viscous forces, lift forces, the
drag force induced by the rotation of the jam. A further simplification is the assumption that the
jam porosity is uniform across the jam structure and that the drag force is applied at the centroid
of the debris jam. Despite the simplifications adopted in the formulation, the model provided
a reasonable approximation of the actual phenomenon that provides the identification of key-
processes observed experimentally, but a more accurate description might require the inclusion

of forces and factors that have been neglected in this work.

7.2 Recommendations for Further Research

The research shown in this thesis represents a first step forward a robust assessment of woody
debris accumulations at bridge piers. Despite the extensive experimental observations and the
mechanistic analysis provided, there are still many aspects that will need to be developed with

further research.

7.2.1 Scour, Flood Risk, and Mitigation Measures

Localised scour around a bridge pier is one of the main effects of the flow alteration induced
by the pier-jam obstruction. While experimental research was conducted in the past to esti-
mate the scour at a pier under debris accumulations, they adopted arbitrary shapes and sizes
of debris accumulations. In fact, the size and shape of LWD accumulations can have a signifi-
cant contribution in exacerbating the scour hole at the pier (Melville and Dongol, [1992; |Pagliara
and Carnacinal 201 1a). Outputs from the research shown in this thesis will inform future experi-

ments, allowing the introduction of the jam dimensions as new variables in the scour assessment.

Another key-factor to be considered for further research is the impact on flood risk. For exam-
ple, blockage scenarios are typically included in Flood Risk Assessments; predicting the size

that woody debris blockage may reach at bridge piers could be a significant improvement for
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the accuracy of the models. However, current modelling approaches may not be representative
of the actual increase in water level, e.g. adopting arbitrary energy losses. Further research
should focus on how to estimate the afflux from both LWD blockage at a single pier and flow

conditions, including also the dependency of the former on the latter.

Further research should also be focused on the mitigation measures that might be developed
in order to reduce the risk of debris accumulations or limiting their effects. The experimental
analysis and the theoretical model showed the processes that govern a debris accumulation for-
mation. This can inform future studies on the development of measures aimed at minimising the
size that a jam can reach (for example, considering those factors that are key for the stability of

the jam).

7.2.2 Non-Isolated Piers

The main aim of this thesis was to study the accumulation of woody debris at single piers.
Nevertheless, in many instances the isolated pier condition (i.e. the growth of a debris jam is not
limited in any direction) is not possible. For example, this could be the case when adjacent piers
are bridged by a debris, or when two or more jams (formed independently) are then bridged
by additional debris elements. In other situations debris may interact with the boundaries of
the channel, i.e. W/B=1 and H/h=1, in which further complexity is possible with a mobile
bed. It is unclear how the formation and failure processes would change under these conditions,
therefore additional research is needed in order to provide a wider and more comprehensive

understanding of the accumulation of large woody debris at piers.
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Further Dimensional Analysis

Section [3.1] described the dimensional analysis of the phenomenon of woody debris accumu-
lations at bridge piers. The resulting functional relationship (3.2)) is only one of the possible
combinations of dimensionless groups that can be formed, since application of the Bucking-
ham 7-theorem allows a broad combination of dimensionless groups depending on the repeated
groups chosen. Once a group is obtained, it can still be multiplied or divided by any of the other
groups and forming a new group. Thus, any combination with a certain repeated group could be
re-obtained with a different set of repeated variables with simple manipulations. The expected

functional relationships will be in a form like
g (w1, 2, T3, T4, W5, M6, 77, T, T9) = 0.

The next section presents a list of many possible combinations of 7-groups - depending on the
repeated group used - that may provide additional insights and inform further research on the

phenomena of debris accumulations at bridge piers.

A.1 Water Density p, Velocity v, and Debris Length L

This first combination of repeated quantities corresponds to those adopted in section 3.1}

The dimensionless group relatively to viscosity y yields:

I

Wl:m}T,

that is the inverse of the Reynolds number having characteristic length the debris length L. The
second group is the dimensionless form of g. This is
gL
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The group mo corresponds to the inverse of the squared Froude number. It is interesting to
observe that the first two m-groups are the most important dimensionless groups for fluid me-
chanics problems.

Groups with respect to h, d, D, W, H and K are all simple ratios with the debris length L (e.g.
ms=h/L). Similarly, the dimensionless group of debris density py, is the ratio with the water

density, i.e. mg=pr/p. Therefore, the functional relationship is

w gL h d D pr W H K

—_—, = =0. Al
g(va7UQ7L7L7L7p7L7L7L) ( )

A.2 Viscosity u, Gravity g, and Pier Width D

Group 71 is relative to density p and yields

_p*D’%
™ = 2
L

that is the Galilei number GGa, the ratio between viscous and gravity forces. Likewise, the same
group is obtained for p;. The second relevant group is relative to velocity v. Once again, this is
the squared Froude number having the pier width D as characteristic length, i.e. mo = ;—]23. All

the other variables are in a simple ratio with the pier width D. It is finally obtained

A.3 Water Density p, Gravity g, and Velocity v

The first w-group relates the repeated group with viscosity p. As a result,

S}

pv3’
that is the inverse of the product between Reynolds and squared Froude numbers. For all remain-
ing terms with a length dimension, groups formed are the inverse of Froude numbers squared
(e.g. mo = %) For py,, the resulting dimensionless group is the ratio with the water density, i.e.

p/pr. Therefore, the functional relationship becomes

#ng gh gD gd gL pp gW gH gK\
pv372}272}27v2”027p71}27’027 .
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A.4 Other Sets

The same approach is used for other repeated groups, which yields other sets of dimensionless
groups. Table displays the first three sets with additional sets. Any other repeated group
chosen outside of those shown in Table [A.T| will have shown similar resulting groups.

Repeating group ™ T 3 Ty 5 T ive s o
B h gL D 4 PL w H K

puv L oLy L v2 L L o L L L
D p’Dlg w2 h L 4 Al w H K
nyg 22 9D D D D 12 D D D
v g hg Dy Lg dg PL Wg Hg Kg

Py o3 02 ) 02 2 o 2 02 02
d _p v? h D L PL w H K

Py 2gd® gd d d d P d d d
vpL h gp*L3 D a PL w H K

ppL m L 2 L L o L L L
P hpy g Dpv Lpv dpy pL Wpv Hpv Kpv
© pv3 © @ o p p B ©

oL WLk 11 D il oL W i1 K
m L v L L o L L L

v3p RPp?g  D3p’g  L3p’g  dPpg pL W3p?g  H3p?g K3p’g
wgp g L2 12 2 12 P 2 2 2

TABLE A.1: Dimensionless parameters for different repeating groups.






Appendix B

Calibrations

B.1 Mesh

The measurement of the jam size using the video recordings was possible by employing a refer-
ence mesh for each camera. For the top camera, a mesh with a ruled paper (10x10 mm squared)
glued to a wooden board was used and photos captured at different heights at a distance of ap-
proximately 5 cm. This was necessary to take into account variations of the water depth (an
example is shown in Figure B.I)). For the lateral and submerged cameras the mesh was adapted
by a wired net with a squared mesh of !/5 inches (12.7 mm) placed at the pier location (Fig-
ure B.2). These recorded pictures showing the mesh were then post-processed with a CAD
(Computer-aided design) software (i.e. AutoCAD), drawing a polyline mesh over the captured
pictures (an example is shown in Figure[B.3). Geometrical data of the debris jams was computed
by superimposing snapshots of the video recordings onto the polyline grid and then measuring
directly the geometrical variables (Figure shows an actual example for measuring width W
and length K'). When water depth was not at the exact height as any of the top camera meshes,

a linear interpolation was applied using the two closest mesh heights.

B.2 Ultrasonic Sensors

Ultrasonic sensors were calibrated comparing the recorded data with a point gauge for the range
of flow levels used for the experiments. An example of these results (for the US4 sensor, the
closest to the pier) is shown in Figure [B.5] For each ultrasonic sensor a linear function was

derived at each experimental campaign.
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(A) h=31 cm (B) h=41 cm

FIGURE B.1: Ruled paper used as mesh at two different water depths captured by the top
camera. Mesh size 10 mm.

ASmEE i

(A) Side camera mesh.

(B) Underwater camera mesh.

FIGURE B.2: Meshes used for side 1%# and underwater camera.

B.3 Load Cell and Drag Force

The load cell was calibrated comparing measured data with a series of known weights attached
to one end of the cell, i.e. weights were hung to the load cell and measured. Results of the

calibration are shown in Figure [B.6|and a linear relationship was derived.

In order to provide an accurate estimation of the drag coefficient, previous studies have parti-
tioned the force exerted on the pier into drag and static components. The latter results from the
difference in the hydrostatic forces induced by the drop in the free surface from upstream to
downstream. [Parola et al.| (2000) estimated this static component as the hydrostatic force that

would be exerted on a solid block with the same dimensions as the debris accumulation. For sim-

plicity, this static force component was assumed negligible and the measured force was assumed
to represent the drag force only. In order to understand the effects of debris on loadings, the total
drag force measured by the load cell Fp; must be decomposed into the drag force exerted on the

debris Fpg plus the drag exerted on the part of the pier that is below the accumulation Fp,,:

Fpt = Fpa + Fpp.
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FIGURE B.3: Polylines drawn over the mesh snapshot at 31 cm height. Blue and red lines are
placed at a distance of 5 cm for ease of understanding during data analysis.

The term Fp,, was estimated for each experiment using Reynolds dependent values of the drag
coefficient for cylindrical bodies from the literature [1988) and the approach flow aver-

age velocity vy, i.e. the cross-section averaged velocity upstream of the debris jam in undis-

turbed conditions. This simplified approach (also adopted by [Parola et al.| (2000); Hygelund
and Manga) (2003)); Manners et al.| (2007)) is, however, only an approximation, as the flow field

under the debris jam is complex (Pagliara and Carnacina, [2013)). Nevertheless, measurements

of velocity close to the pier by intrusive methods available were not possible as they would have
disturbed the flow and influenced the process of growth of the jam. The estimated values of Fipgy
thus obtained were used to determine the drag coefficient of the debris:

4Fpq

Cpi=——75-
bd = yWH v2,
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FIGURE B.4: An example of superimposition of the polyline mesh with a top camera snapshot.
It is also shown the measured width W and length K.
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FIGURE B.5: Calibration data between water depth measured by ultrasonics (for the US4
sensor) and point gauge with the interpolating linear function.
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Appendix C

Dimensional Results

Experimental results reported in chapter[d are shown in the main text as dimensionless variables,
derived by the dimensional analysis in (3.3). Nevertheless, the dimensional results may provide
additional insights into the process of woody debris accumulations. In this appendix, dimen-
sional values are shown for groups Ul to U5 and N1 to N13. All the other groups have been
excluded since the debris length L is always the same (i.e. L=0.375 m) and therefore values on

the vertical and horizontal axes are scaled by the same factor for all conditions.

Figure shows the dimensional results for W€, H¢, and K¢ on the vertical axis and the flow
velocity v on the horizontal axis for groups Ul to US. Unlike results in chapter[d] in which data
points are clustered within a narrow band and that suggest no visible differences among groups,
dimensional values are clearly distinguishable based on the length of the debris elements L for

each group.

Figure depicts dimensional results for experimental groups N1 to N13, for which the ele-
ment lengths are non-uniformly distributed. Similarly to uniform length debris, there is a clear
and distinct pattern among experimental groups, which depends on the length of the debris key-

element L, that is not observable when made dimensionless.

Some small gaps can be observed in the two figures (e.g. for 0.31<v<0.33). These occurred
when a switch between pumps was necessary (e.g. from one single pump to two pumps), but the
minimum discharge delivered by individual pumps could not be reduced in order to cover the
small gap. Nevertheless, these gaps are limited and showed no differences on the dimensionless

variable F'ry,.
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FIGURE C.1: Graph of dimensional results for experimental groups U1 to US.
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Appendix D

Practical Application to the Case of
Charles’ Bridge in Prague

Woody debris accumulations at bridge piers were found to produce the failures of many bridges
around the world. An emblematic example is the failure of Charles’ Bridge in Prague during
the 1890 flood, which is shown in Figure [I.I] On the night between 4th and 5th September
1890 during a severe flooding (the peak of which was characterised by a maximum discharge
of 3970 m3/s (Munzar, |1998}, Miiller and Kakos, 2003; |Bfezina et al., 2014} Elleder, 2015) and
water depth at the bridge section 506 cm (Brazdil et al., |2005))), three arches and two piers of
the bridge collapsed (Munzar, |1998} Zeman et al.| 2008)) after being obstructed by a vast ac-
cumulation of large woody debris collected from rafts and construction timber in the upstream
areas (Munzar, [1998; |Brazdil et al., 2005). This large amount of wood significantly reduced the
free flow surface and exerted additional loads to the pier, as well as exacerbating local scour and
causing flow velocity acceleration|Munzar|(1998)). The bridge destruction was regarded as a na-
tional disaster (Brazdil et al., [2005)). There were severe disruptions to the main transport routes
to the city, but most importantly one of the symbols of Prague was destroyed, which shook and
profoundly disconcerted the Bohemian population of that time (Neruda, [1890; [Munzar, (1998}
Brazdil et al.l 2005). The anthropic activities in the riverine areas upstream of the city favoured
the mobilisation of a significant amount of logs, most of which showed uniform size. Could this
event be avoided, or at least mitigated? In this study, the woody debris jams that had formed
at Charles’ bridge piers during the 1890 event are reproduced, with particular emphasis on the
likelihood of bridging between adjacent accumulations. Then the resulting jam is compared
with the accumulations that could have formed in a non-anthropised environment. The resulting
method is a pioneering approach to assess the risk of large and extended blockages and will be
potentially applied to any other bridge believed to suffer of heavy accumulations, significantly

improving the ability to predict (and thus, prevent or mitigate) such catastrophic events.

The dimensionless width of debris accumulations in (4.2 and (4.3)) can be written as
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FIGURE D.1: Sketch of two bridge openings with debris accumulations at each pier. Debris
width W, span width .S, and debris length L are indicated.

W€ = a+ be~ e (D.1)

in which a, b, and ¢ are regression parameters and differ between debris having uniform and
non-uniform length. Equation (D)) is referred to the idealised case in which an accumulation
occurs to a single isolated pier. However, to obstruct an entire bridge opening a more complex
process may occur. Figure [D.T]shows a sketch of single pier accumulations at a bridge and the
distance between two jams both reaching their maximum size. The likelihood that two jams at
adjacent piers can be bridged by an oncoming debris depends on the width of the debris jam W,
the span width S, and the length of an individual debris element L. It is here defined a span
capacity factor o

_S-w 8

L = E — w, (D.2)

g

whereby the probability of bridging (Pp) two adjacent debris jams can be assumed as:

0.0 for o>1
Pp=400<Pg<1 for0<o<l
1.0 for =0

Combining together equations (D.I)) and for w=w*, the span capacity o is found as a
function of approach velocity v and debris length L if the span length S is known. This means
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FIGURE D.2: Span capacity factor ¢ mapping for any given approach velocity v and debris

elements length L in the uniform length debris case. The maps are referred to the smallest

(16.6 m) and largest (23.4 m) spans lengths of Charles’ bridge. The red curves represent the
intersection between the map and the planes.

that o can be mapped for any values of v and L, depending only on the parameters of equation
(D.1). Figures[D.2]and [D.3|show the 3-dimensional mapping of the span capacity o for uniform
and non-uniform length debris for varying velocity and debris length under the two span widths
of Charles’ bridge, that are 16.6 m and 23.4 m respectively. To assess whether the span blockage
of a bridge is likely, the interception between the 3D map and a plane for o=1 defines two areas
where, respectively, bridging between jams is unlikely (i.e. 0>1) and span blockage is likely
(i.e. 0<1). The projection of this intersection onto the L-v plane defines the same limits for
values of approach velocity and debris length. A limit function can be obtained from equation
(D2): at the limit value for which a bridging is considered likely (i.e. o=1) and employing
the debris length as independent variable and approach velocity as dependent variable (only for

analytical purposes), yields

(D.3)

v=—

\/g—Lln[%—mH)
c b

Figures [D.5] and [D.6] show the projection on the length-velocity plane of the span capacity for
respectively the smallest and largest bridge spans of the Charles’ bridge for both uniform and
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FIGURE D.3: Span capacity factor ¢ mapping for any given approach velocity v and debris

elements length L in the non-uniform length debris case. The maps are referred to the smallest

(16.6 m) and largest (23.4 m) spans lengths of Charles’ bridge. The red curves represent the
intersection between the map and the planes.

non-uniform length debris. The interpretation of these figure is as follows: any accumulations
formed under values of approach velocity v and debris length L on the left of each curve would
result in a bridge span length that is unlikely to result in a bridging effect - i.e. o>1. On the
other hand, if an accumulation were to form with v and L values on the right of the curve, the
maximum expected accumulations at two adjacent piers might result in a bridging effect since
0<1 and a bridging between adjacent debris jams is likely; hence, a large and potentially sig-
nificantly more destructive woody debris accumulation can form. The figures also highlight that
accumulations formed by uniform length debris are substantially more prone to span blockage

than those formed by non-uniform length elements.

In these figures, Charles’ bridge data is represented by the green shaded area. The flow velocity
approaching the bridge is estimated through the hydrological data available for the event. Be-
ing discharge and flow depth known, the river width (and assuming a rectangular cross-section)
would give the average velocity. Although the total bridge length is 516 m, part of it is used
by the old town mills, which reduces the overall available area. The approach velocity at the
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flood peak can then be assumed to be within the interval of 1.32 (full bridge width) to 2.27 (par-
tial bridge width) m/s. These velocity values are lower than those reconstructed at the bridge
approach cross-section for the epochal European flooding in 2002 (Zeman et al., 2008) which
is reasonably consistent with the different discharges between the two events, since the return
period of the 1890 event was 100 years, whereas for the 2002 event was 500 years (peak dis-
charge of 5250 m3/s). On the other hand, the data relatively to the debris length was obtained
through scaling of the photos taken after the event during the debris removal (an example is
provided in Figure D.4), in which the height of the men at the debris removal work can be used
as a reference. The average height of a man in central Europe at the end of the 19th century
was estimated as between 1.66 m and 1.70 m (Hatton and Bray, [2010), thus the length of the

accumulated logs were likely to be in the interval between 7.10 and 8.80 m.

The area highlighted in figures [D.5]and represents the range of velocity and debris lengths
that presumably occurred during the 1890 flooding. Consistently with the actual event, the
smallest span (16.6 m opening) was beyond the span capacity limit with uniform debris. The
largest span (23.4 m opening) shows a better performance, although the vast majority of the
plausible data area lies beyond the span capacity (i.e. potential blockage), which is what oc-
curred during the actual event. Nevertheless, the results are totally different when considering
non-uniform debris. For the smallest span, the condition o>1 is satisfied for the majority of
possible combinations, while a minority part would be more likely of bridging accumulations.
Therefore, it is reasonable to assume that the likelihood of the bridging between two adjacent
accumulations was low. The situation is clearly different for the largest span: here it can be
observed that span blockage is unlikely and only a dramatic increase of the debris length may

yield a more likely blockage.

Considerations about the aforementioned results are twofold: first, if the upstream section of the
Vltava river would have been kept clear of anthropic woody debris (e.g. rafts and logging), it
is unlikely that large accumulations could have formed, potentially avoiding the bridge failure.
In fact, the widest spans corresponded to those that collapsed during the event, while the anal-
ysis here proposed clearly indicates that a span blockage was unlikely with non-uniform length
debris. Second, the method adopted for this study is applicable to any existing bridge which is
at risk of debris accumulations and in which two or more adjacent piers can form debris jams,
since equation (D.T]) is valid for any conditions (the only constraint of which is the debris Froude
number F'ry) and the limit function is used to assess the risk that a bridge has to get completely

clogged or that only a single pier accumulation develops.

In conclusion, the large and potentially destructive woody debris accumulation that occurred to
Charles’ bridge in Prague during the September 1890 event could have been avoided. Simple
restrictive measures regarding the use of rafts and timber wood could have significantly changed

the outcome of such a destructive event. Furthermore, the analysis carried out in this study paves
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FIGURE D.4: Accumulated debris at Charles’ Bridge during the 1890 flood. The photo shows
the relatively uniform length logs and the people working on the debris removal. Source:
Museum of Prague.

the way to scientists and engineers for a totally new approach regarding this underestimated
hazard from the anthropic use of the territory. Logging or systematic reintroduction of large
woody debris in streams should be limited only to biodiversity purposes and when not possible

otherwise, adequate countermeasures should be in place.
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FIGURE D.5: Boundary function according to equation (D.3) for the span opening of 16.6 m.

Accumulation resulting from approach velocity v and debris element length L on the left-hand

side of each curve would result in the likelihood of a single pier accumulation, while those on
the right-hand side would be likely to cause a bridging effect between adjacent piers.
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FIGURE D.6: Boundary function according to equation (D.3) for the span opening of 23.4 m.

Accumulation resulting from approach velocity v and debris element length L on the left-hand

side of each curve would result in the likelihood of a single pier accumulation, while those on
the right-hand side would be likely to cause a bridging effect between adjacent piers.
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