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Abstract

The effectiveness of temporary flood protection is highly variable depending on the location,
application, and the nature of flood events. This thesis evaluates sand-filled geotextile
containers used as flood protection products within a framework of standardized tests. This
allows informed decisions to be made regarding appropriate applications for each temporary

flood protection product, and identifies areas for product improvement and development.

The Syn-Tex Wave Breaker, an open-topped geotextile temporary flood protection product with
interconnected chambers, was selected as the product to be the focus of this research. A
laboratory testing program was developed to investigate the influence of geotextile selection on
seepage rate, stability and durability, and to determine the relative contribution of product/wall
interface seepage to the overall rate. Two 0.76 m (2.5 ft) wide, 0.91 m (3 ft) tall Wave Breaker
chambers made of different geotextiles were tested simultaneously under hydrostatic,
hydrodynamic and debris impact loading conditions in a wave flume, both with and without the
use of a developmental-stage interface seepage reduction product. The interface seepage
reduction product was found to be effective, limiting seepage to between 0 and 9.69 L/min/m
(0.78 USgpm/ft) at upstream water levels between 0.3 m (12 in) and 0.72 m (28.5 in). At the
same water levels, seepage rates ranged from 5.59 L/min/m (0.45 USgpm/ft) to 146.55 L/m/min
(11.80 USgpm/ft) without the interface seepage reduction product installed. Cumulative average

horizontal and vertical displacements after testing were 54 mm (2.1 in) and 45 mm (1.8 in),



respectively, and were a result of the settling and bulging of the product associated with

densification of the sand fill.

An outdoor testing facility was designed and constructed at the University of Manitoba to
administer tests outlined in the US Army Corps of Engineers Standardized Testing Protocol for
Evaluation of Expedient Floodfight Structures. This testing protocol evaluates the
constructability of a flood protection product, as well as its performance under various flood
conditions including: hydrostatic loading, wave-induced hydrodynamic loading, overtopping, and
debris impact. Four product configurations were tested: two single-layer configurations
investigated the performance of the 1.52 m (5 ft) and 0.91 m (3 ft) Wave Breakers in isolation,
and two stacked configurations studied the behavior of the 0.91 m (3 ft) Wave Breaker stacked
on top of the 1.52 m (5 ft) Wave Breaker, and Super Sandbags stacked on top of the 0.91 m (3
ft) Wave Breaker. Water levels tested ranged from 0.33 m (13 in) to 1.83 m (6 ft), and seepage
rates ranged from 2.24 L/min/m (0.18 USgpm/ft) to 12.3 L/min/m (0.99 USgpm/ft). Cumulative
average displacements ranged horizontally from 16 mm (0.7 in) to 56 mm (2.2 in), and vertically
from 8 mm (0.3 in) to 14 mm (0.6 in). Super Sandbags stacked on top of the 0.91 m (3 ft) Wave
Breaker was found to be an unstable configuration, and provided insight into stacking

requirements for geotextile sand-filled containers.

The Wave Breaker proved to be a stable, durable and effective temporary flood protection
product over the range of loading conditions applied. This, and products of similar design, would
be well-suited for situations where stakeholders have a low tolerance for risk, and there is
adequate site access for the construction equipment required for installation. An ideal
installation would be a long, relatively straight stretch where vertical product/wall and

product/product interfaces can be minimized.
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Chapter 1  Introduction

Large-scale flood protection infrastructure has dramatically reduced the damage caused by
flooding in Manitoba. While these permanent flood protection systems take significant time and
investment to implement, temporary flood protection plays a vital role in quickly adapting to flood
events for which permanent flood protection structures have not been built, or are under-
designed. Temporary flood protection has become a perennial solution to protecting homes and
property from floodwaters in many areas where permanent flood protection has not been

developed or is not feasible.

Traditionally, implementing temporary flood protection has involved constructing sandbag dikes.
Building a sandbag dike is both labor- and time-intensive, so industry has responded with a
variety of temporary flood protection solutions that aim to provide better flood protection than
conventional sandbags, while improving the ease and speed of installation. One such company
is ITW Syn-Tex, which is developing innovative products to improve flood protection locally,
nationally and internationally. Their flagship product is a sand-filled woven geotextile container
system called the Wave Breaker. The company also produces Super Sandbags, which are large

sand-filled bags that are placed individually.

As with many new temporary flood protection products on the market today, the Wave Breaker

and Super Sandbags have been tested qualitatively in the field under a limited set of flooding
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conditions. Ideally, to properly select an appropriate flood protection system for anticipated site

and flooding conditions, quantitative performance data are required.

1.1 Research Objectives

This research aims to evaluate the overall performance of the Syn-Tex Wave Breaker and Syn-
Tex Super Sandbag under various flood conditions, in a controlled environment. By performing
standardized tests, the quantified performance of each product can be used to determine
relative strengths and weaknesses compared to other flood protection products on the market,
and provide insight into appropriate product applications. With both qualitative and quantitative
data, this testing should result in the ability to anticipate the performance of the products tested
in future installations, and highlight aspects of product design that can be improved upon.
Although the focus of this research project has been on the specific Syn-Tex products identified,
the results are applicable to the wider engineering community through providing a better
understanding of the performance of large interconnected sand-filled container configurations as

a flood protection system.

1.2 General Description of Experimental Testing

Laboratory testing was conducted in the wave flume in the Hydraulics Research and Testing
Facility at the University of Manitoba (U of M). This testing focused on the Wave Breaker, and
investigated seepage rates and deformation. Methods of reducing interface seepage and the

effects of a lighter geotextile on Wave Breaker performance were also explored.

An outdoor test facility was developed at the U of M to test flood protection devices in general
accordance with the U.S. Army Corps of Engineers Standardized Testing Protocol for

Evaluation of Expedient Floodfight Structures. Each product is evaluated for constructability and
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its ability to withstand increasingly extreme flooding conditions including static loading, wave

action, overtopping and debris impact.

1.3 Organization of Thesis

This thesis is divided into five chapters with two appendices. Following this introductory chapter
there is a literature review, a summary and discussion of the laboratory testing performed, an
overview of the field testing results and implications, and finally conclusions drawn from the
research and recommendations for future work going forward. Throughout the text, select
figures and tables are presented to illustrate patterns in product behavior, and to summarize
large quantities of data. Additional detail can be found in Appendix A and Appendix B, which
provide comprehensive sets of figures for each individual test generated from instrumentation

used during laboratory and field testing, respectively.



Chapter 2 Background and Literature Review

2.1 Flooding in Manitoba

Much of the province of Manitoba was once covered by glacial Lake Agassiz, which after
draining left behind a relatively flat topography and wide floodplains (Geological Association of
Canada, 1983). Resulting annual flood events cause substantial damage to homes, businesses,

and farmland across the prairies. Several historical flood events and flood protection

developments remain as defining and progressive moments in Mani t obaés history,

resulted in the province becoming recognized a leader in flood protection.

In the spring of 1950, saturated soil, heavy May rainfalls, and a rapid snowmelt resulted in
record flood levels and property damage. The Red River peaked at 9.2 m (30.1 ft) (measured at
James Avenue in Winnipeg) necessitating the evacuation of one third of the residents of
Winnipeg. The river remained at flood levels for 51 days, and following the recession of the
flood waters 10,000 Manitobans were left homeless (Government of Manitoba, 2012a). The
flood of 1950 sparked many new flood protection developments throughout the province. The
Winnipeg Floodway, the largest of these developments, was completed in 1968 after 6 years of
construction. This massive excavation resulted in a way to divert floodwaters around the city,
and has saved Winnipeg an estimated $30 billion since it was put into service 44 years ago

(Government of Manitoba, 2012b).

In 1997, as a result of saturated soil conditions from the fall of 1996, above normal snowfall

throughout the winter and a | ate and heavy

snowf a
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of the Centuryo occurred in southern Malghdrob a.

flows than the last major flood that occurred in 1950, damages were limited to 1,000 homes in

Manitoba (Government of Manitoba, 2012a).

The ground conditions and accumulated snow in Manitoba in the spring of 2009 set the stage
for what was expected, at the time, to be a much smaller flood than ended up occurring. Rapidly
changing weather conditions often result in more severe flood events. In this case, unusual river
ice behaviour resulted in ice jams on the Red River that raised the water level by 2.7 m (9 ft) in

one night (Government of Manitoba, 2012a).

All flood events are different, and each provides unique lessons and more knowledge about how
to better prepare for floods in the future. Permanent flood protection structures have proven
quite effective, but the unpredictable nature of flood events also necessitates flood protection
systems that can adapt to new situations quickly and efficiently. When unforeseen disaster

strikes, temporary flood protection (TFP) is essential to save homes and property.

2.2 Classes of Temporary Flood Protection

There are two broad classes of temporary flood protection available: opening barriers and
perimeter barriers. Opening barriers are designed to fit in or over doorways, windows, or other
points of entry in a structure. These products work in tandem with the structure itself to provide
protection from flooding for whatever lies within or behind the structure. The efficacy of this
system, therefore, depends on both the ability of the product and the structure itself to hold back

water.

Perimeter barriers are the desired alternative for structures that are not themselves waterproof.
This much more common class of TFP is designed to form a stand-alone protective barrier to
prevent water from reaching structures or property entirely. This broad class can be further

subdivided into different types which are described in the following sections.

A
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2.2.1 Sandbags

The traditional sandbag dike is a widely used and versatile form of TFP. A typical sandbag is
0.36 m x 0.66 m (14 in x 26 in), and is made of a woven slit film polypropylene (WSFPP)
(Hellevang, 2011). These bags are filled approximately half way with sand and stacked in offset
layers to form a dike with a triangular cross section. A polyethylene sheet (PES) is typically

placed within the dike to provide an impervious layer for seepage control.

Sandbag dikes are designed to be assembled by hand, and although there have been
developments to increase the efficiency of filling sandbags, the construction of a sandbag dike
is still labour intensive and often relies on many volunteers. For example, to build a 0.91 m (3 ft)
tall, 30.48 m (100 ft) long sandbag dike requires 4,000 sandbags (City of Winnipeg, 2013), all of
which must be placed by hand. The need for volunteers, who may not always be available,
along with the long construction duration are the most notable drawbacks to traditional sandbag
dikes. Ward (2007) reports traditional sandbag dikes taking from 6 to 10 times longer to
construct than alternative cellular and removable TFP technologies, both of which will be

reviewed in following sections.

Another weakness of sandbags is that proper dike construction is not common knowledge. The
quality of the dike design and installation technique dictates how well the dike will perform
(Krahn, 2005). There are two primary ways in which to vary the design of a sandbag dike: vary
the physical geometry of the bag placement, and vary the placement of the PES. An example of
typical instructions provided to the public that show how to build a sandbag dike is shown in

Figure 2-1.
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Figure 2-1: Instructions for building a sandbag dike provided by the City of Winnipeg (City of
Winnipeg, 2013)

It is important to note that the efficacy of the structure to hold back water is highly dependent on
how these instructions are interpreted and followed. It has been shown that dike performance
can be greatly reduced when volunteers are given instructions and build a dike without
additional guidance (Krahn, 2005). There are many new flood protection products that have
been developed with the aim of improving upon the traditional sandbag; products that require

fewer people to install and are easier to install properly.

The natural evolution of the traditional sandbag dike resulted in a larger bag amenable to being
filled and placed by heavy machinery. These Super Sandbags come in a variety of sizes, and
are typically filled with a front-end loader and lifted into place by loops attached at each of the
four top corners of the bag. Figure 2-2 shows a Super Sandbag wall constructed along the

highway in Brandon, Manitoba.
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Figure 2-2: Super Sandbag wall being constructed along the highway in Brandon, MB (c/o Garry
Smith, Syn-Tex, A Division of Signode Packaging Group Canada)

2.2.2 Inflatable

Inflatable temporary flood protection products (TFPPs) are typically tube-shaped, and can either
be filled with water or air. The primary concern in the design is to prevent floating in the case of
air-filled tubes, and excessive deformation that would result in rolling in the water-filled products.
Figure2-3a i |l lustrates the 06skirt -filledktubasofrdnd flodtimgaand
Figure 2-3b shows a typical internal baffle design that prevents excessive deformation and
rolling of water-filled tubes under loading. Alternatives to the internal baffle and skirt to provide
overturning resistance include externally anchoring the tube in place, placing a wedge behind

the tube, and using two tubes side-by-side contained in an outer sleeve.
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(@)

This is how the NOAQ Tubewall works

N e e e e e e e e s s s

Air filled tube of
reinforced PVC

The skirt is pressed against the ground by the pressure of
water from the flood. The tube is anchored by the skirt
because of the friction.

vy v v v v
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vent leakage. layer leads underseeping water out to the dry side. tube is easy to handle.

— MOMUM DISIANCS e

Figure 2-3: (a) NOAQ Tubewall air-filled tube schematic (c/o NOAQ Flood Protection AB, 2003)
(b) ABC WaterBloc water-filled tube schematic (c/o ABC Canada Technology Group Ltd., 2012)

Biggar and Masala (1998) conducted a comprehensive desktop study of alternative TFPPs to

identify promising technologies for use in the province of Alberta, Canada. This study identified

inflatable (either by air or \iaatésenstallatibnl anddovespr ot e ct

requirement for | abour and professional ski

The biggest weakness of the inflatable tube technology is the potential for vandalism and
damage by debris (Biggar and Masala (1998), Ogunyoye et al. (2011)). One puncture or tear of
a tube causing it to deflate compromises the integrity of the entire flood protection system. Most
manufacturers offer leak repair kits that, depending on the location of the leak, can be utilized
on a product already installed in the field. Inflatable TFP is best suited to applications that
require quick installation, but must be monitored closely so that any product damage can be

quickly identified to mitigate flood damage.

2.2.3 Cellular

Cellular products are available in many sizes, shapes and materials, but the general design
concept is consistent between products. Long runs of connected chambers are laid out empty
by hand, and then filled (usually with sand) using heavy machinery. Cellular TFPPs were

designed to improve upon the traditional sandbag dike by reducing bag interfaces which permit
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seepage and are potential slip surfaces, reducing the dike footprint, and by increasing the speed
of installation while reducing the volunteer effort required. Figure 2-4 shows a widely used

cellular product, the HESCO Batrrier, installed along the Red River in Winnipeg, Manitoba.

Figure 2-4: HESCO Barrier installation during the 2011 flood in Winnipeg, MB (c/o James Blatz)

The primary benefits to a cellular system are the relative ease of installation and that they are
often stackable, so that the height of flood protection can be increased if necessary. Limitations
include space requirements (both for equipment access and product footprint), and a limited

potential for reuse (Ogunyoye et al., 2011).

2.2.4 Frame

Frame TFPPs feature a vertical or angled braced wall. The bracing provides both moment and
sliding resistance to the wall structure. In the case of an angled wall, the vertical component of
the hydraulic force also contributes to sliding resistance through increased friction. The bracing
is typically made of steel or aluminium, and the wall can be made from a variety of materials
including impermeable fabric (Figure 2-5a), or a rigid material similar to the bracing

(Figure 2-5b).
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Figure 2-5: (a) Portadam steel frame support with fabric membrane wall (c/o Portadam Inc.,
2004) (b) IBS K-System with aluminium frame and wall panels (c/o Storr, X., 2007)

Pinkard et al. (2007) conducted a series of tests on sandbags, cellular products (Rapidly
Deployed Fortification Wall (RDFW) and the HESCO Barrier), and one frame product (the
Portadam). The products were tested under consistent conditions that included static loading,
wave loading, overtopping and debris impact. The frame-type flood protection had a
demonstrated advantage in speed of construction and removal, and had competitive seepage
performance. The greatest disadvantage of the technology was highlighted during impact tests,
when the fabric of the Portadam was torn. This weakness would be less of a concern for a rigid-
walled frame product. Biggar and Masala (1998) also identify a potential weakness in the way
the bracing is connected to the foundation materials. Unless the bracing loads are distributed
appropriately, the bearing capacity of the foundation material becomes the limiting factor in the
capacity of the frame system to withstand loading. This phenomenon is reported in
Pinkard et al. (2007), where during field testing overtopping resulted in saturation of the
foundation soil, and a reduction in the height of the frame structure as the bracings sunk into the

ground.

2.2.5 Free-standing

Free-standing barriers are essentially the opposite of a frame barrier. Instead of developing

moment resistance from a bracing in compression on the dry side of the product, free-standing
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barriers use the weight of water to hold down a portion of the product along the ground. This

flat, weighed-down portion on the water side acts as an anchor for a rigid or braced tension
connection to the wupright, or O Wigurel2®a. Fapriz freiei on o f
standing barriers are also available (Figure 2-6b) , wi th the vertical 6wal |l 6

by fabric webbing connected to the supporting ground fabric.

Figure 2-6: (a) AquaFence free-standing barrier depiction (c/o AquaFence, 2014) (b) Lenoir
free-standing fabric barrier (c/o Lenoir, 2011)

According to Ogunyoye et al. (2011), the main advantage to these free-standing barriers is the
speed and ease of installation and reusability. Disadvantages include the potential for excessive
seepage for rigid barriers on uneven ground, and for flexible barriers under low-flow conditions.

Fabric barriers pose the additional risk of being susceptible to damage by debris.

2.3 Product Testing Standards

Although sandbags and subsequently developed TFPPs have been used for decades, the
standardization of quantifying TFP performance is far less well defined. With the wide variety of
products available today, it can be a daunting task to determine which product is best for which
application. In addition, without industry-wide performance standards, individual communities

are left to develop their own internal requirements for what constitutes evidence of acceptable
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flood protection performance. Universally adopted standards bridge the communication gap
between customer and industry by providing an efficient and transparent way to connect supply
and demand, and effectively limiting the potential for misinterpretation of marketing in the

transaction process.

One standard that is gaining growing recognition for the performance of TFP in North America is
regulated by FM Approvals. This is a stringent standard that details performance requirements
for both raw materials and the finished product (FM Approvals, 2013).This standard requires
temporary perimeter barriers (what has been more generally referred to herein as TFP) to
undergo a modified version of the U.S. Army Corps of Engineers (USACE) Standardized
Testing Protocol for the Evaluation of Expedient Floodfight Structures (STP)
(Wibowo et al., 2010). It is important to note that the STP is not a standard in itself, but simply a
standardized set of tests that the USACE developed to compare different types of TFPPs.
Although many customers, especially in the United States, demand a product be USACE tested
before purchasing it, the responsibility falls on the customer to review the test report to
determine whether the product has performed adequately for their purposes. The STP is not a
pass/fail system, but a procedure that is followed to observe and record, not interpret product
performance. A customer purchasing a product certified by FM Approvals or any other
standards agency, however, knows that the product has met or exceeded the minimum

performance requirements in the published standard.

A similar partnership has developed in the United Kingdom between HR Wallingford and the
British Standards Institute (BSI), in which HR Wallingford designs the tests and BSI sets the
performance standards for products subjected to the testing program. Products that pass are
gi ven t hrek @ Kdedasimpnati on, which indicates to

standard of performance (British Standards Institution, 2014).
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2.3.1 U.S. Army Corps of Engineers

The USACE STP was developed as a way to objectively compare new flood protection products
to determine each productodos strengths and
administered in one of the wave basins at the Coastal and Hydraulics Laboratory in Mississippi.
The testing outlined in the STP includes a constructability evaluation, hydrostatic load testing,
hydrodynamic load testing, an overtopping test, and debris impact testing. The STP document
contains a structure testing matrix, shown in Table 2-1, that summarizes the tests and when
repairs are allowed to the product being tested. It should be noted that h refers to the design
height of the product. The STP also specifies the orientation in which the flood protection

product must be placed. The diagram the USACE provides is shown in Figure 2-7.
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Table 2-1: EFF structure testing matrix (Wibowo et al. 2010)

Test Condition Repair Allowed
1 ft depth, 22 hours After 22 hours test
2 ft depth, 22 hours After 22 hours test
Hydrostatic
After 22 hours test, and water
0 i)
95% h, 22 hours level lower to 66 2/3 % h
66.7% h, Low Wave, 7 hrs After finish of 7 hrs
66.7% h, Med Wave,
3 x 10 minutes test .
After finish 66.7% h,
_ High Wave Test
66.7% h, High Wave,
1 x 10 minutes test
Hydrodynamic
80% h, Low Wave, 7 hrs After finish of 7 hrs
80% h, Med Wave,
3 x 10 minutes test o
After finish 80% h,
_ High Wave Test
80% h, High Wave,
1 x 10 minutes test
Overtopping 1in overflow, 1 hour Maijor repair or rebuild

Debris Impact

12 in log, 5 mph
17 inlog, 5 mph

Removal of all material
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Figure 2-7: USACE test facility schematic (Wibowo et al., 2010)

2.4 Large Sand-filled Geotextile Barrier Stability

Several factors affect the stability of a TFP installation including foundation stability, the external
stability (forces acting on the structure causing global failure), and the internal stability

(properties of the product causing a failure of a structural component). The wide variety of
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externalities that contribute to failure are realized in a discrete set of failure modes that can be
anticipated and analyzed. Ogunyoye et al. (2011) suggest likely modes of failure include
overtopping, sliding, collapse, breach, overturning, and seepage. These failure modes can be

divided up as illustrated in Table 2-2.

Table 2-2: Failure modes by type

Foundation External Internal
Overtopping Sliding Overtopping
Seepage Overturning Collapse

Breach

Overtopping and seepage are classified as foundation failures because they are a direct result
of the contact between the product and the foundation, and vary with foundation material.
Excessive settlement or a bearing capacity failure of the foundation may result in overtopping.
Excessive seepage will result if a high gradient is combined with a foundation material with a
high hydraulic conductivity. A seepage failure is typically a serviceability issue wherein
downstream pumps are underdesigned, nonetheless in a worst-case scenario excessive

seepage could lead to piping and compromise the stability of the foundation.

It is true that the foundation stability inherently affects the global stability, making a structure
more prone to external failure. Sliding and overturning, however, are classified as external
failures because they can occur without a compromised foundation. A foundation can be
comprimised by a variety of mechanisms which are beyond the scope of this work. Important
here is the assertion that foundation failures are more a result of poor product selection or

unforseen flood conditions than the design of the TFPP.

The remainder of the external and internal failure modes are caused by different loading

scenarios that may be experienced during a flood. The effects of hydrostatic, hydrodynamic,

17
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overtopping, and impact loads can be anticipated, and are summarized here for a typical cellular
barrier or Super Sandbag design that features a sand-filled geotextile with a rectangular cross

section.

2.4.1 Hydrostatic

The effect of still water on the stability of a barrier is the simplest loading scenario to analyze.
Hydrostatic loading is most likely to cause sliding, overturning, overtopping and collapse
failures. For external failure analysis, the body is assumed rigid for simplicity. A free body

diagram (FBD) depicting the forces generated during hydrostatic loading is shown in Figure 2-8.

7~
*

L

w
H ﬂ
thu HWLI
: Impermeable
; // Layer

~
N

H g (Meyer hof Distribution)

Figure 2-8: Hydrostatic free body diagram (modified from: Biggar and Masala, 1998)
Sliding failure occurs when the frictional resistance of the system (F;) is overcome by the lateral

applied load (F,™). The factor of safety against sliding in its simplest form is:

oY "0j "0 (2-1)
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In this case, F,™ is a function of the depth of impounded water (H,,) and the unit weight of
water (ry). The frictional resistance (F) is a function of the normal force acting on the foundation
(Fn), and the friction angle between the foundation material and the product (7,). The
impermeable layer is not included in the frictional resistance of the system, because this is
typically a PES that is not mechanically fastened to the product. Fy is the difference between the
pr odu c twéight (defnédfby its unit weight, r, acting over its cross-sectional area) and the
vertical force applied by the hydraulic gradient through the foundation material (F,"). The factor

of safety against sliding can be re-written as:

oY @ "0 OATjO (2-2)

Overturning resistance is evaluated by taking moments about the dry side toe. The factor of

safety against overturning is the resisting moment (M,) over the applied moment (M,):
"0"Y 0 jo (2-3)
Which can be re-written as:
oY woj¢j 06 O jo (2-4)

The fill material can become saturated with sustained static loading for geotextile products. This
increases the unit weight of the product, which can result in the densification and settlement of
the fill material. This settlement will have a corresponding reduction in the flood protection level

(FPL), which if unforeseen could result in an overtopping failure.

Krahn (2005) found densification by wetting of dry sand deposited in a rigid container by
pluviation could result in a 3-9% decrease in volume and a 3-10% increase in density. For
geotextile cellular products, shear deformation allowed by the flexible product walls or caused

by the hydrostatic load would result in further densification (Wu and Wang, 1983). To
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constitutively evaluate the drop in FPL, and by doing so the risk of overtopping, the combined
effects of (1) densification by wetting, (2) densification by shear deformation, and the capacity
for shear deformation as both a function of (3) the elastic modulus of the TFPP material and (4)

the deflection caused by hydrostatic loading must be evaluated.

A geotextile product may collapse under hydrostatic load if the bearing capacity of the fill and
the tensile capacity of the chambers are overcome. This type of failure is more likely to occur on
lower layers when products are stacked; however, vandalism is also a common source of
damage (Hornsey et al., 2011). Collapse will occur when the capacity of the product to resist the

lateral pressure of the fill material is overcome.

2.4.2 Hydrodynamic

The cyclic loading of wave action adds to the complexity of stability analysis. The possible
failure modes are the same as for hydrostatic, but the external loading is more extreme. There
have been a variety of strategies to quantify the force exerted by wave impact in the literature.

Additional loads as a result of wave action must be added to the static stability analysis.

Turk (2001) summarizes the wave forces generated in a highly reflective basin with partially
standing waves. Using the Miche-Rundgren method for a non-breaking wave (Waterways
Experiment Station, 1984), the hydrodynamic resultant force exerted on a structure (Fua") is
defined as a function of the water depth (H,,), the unit weight of water, a reflection coefficient
(7, the incident wave height (H;), the superelevation of wave mid-height (h,), and the

wavelength (L,):
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Figure 2-9: Wave loading addition to static FBD

'O M O P ..JCcOGENC O jO O Q p ... jgO (2-5
With that force acting at a height (d) from the base of the product:
Q O Q p ..J¢Ojo (2-6)

In terms of additional settlement caused by wave loading, Nemat-Nasser and Takahashi (1984)
show that cyclic loading of pluviated sand results in densification by rearrangement of the
particles. Hydrodynamic loading may replicate this loading scenario to cause additional fill-
material settlement. In wave tests performed on the HESCO Barrier, Pinkard et al. (2007) report
that no lateral deflections were measured in the product, but that settlement was observed in
the fill material during wave tests where minor overtopping had occurred. The fabric walls of the
HESCO Barrier, however, are placed within a wire mesh cage which acts to constrain lateral

deformations resulting from densification while also protecting the geofabric from damage.

2.4.3 Overtopping

The simplest overtopping scenario is a static water level with relatively laminar flow over the
product. This results in an additional vertical load on the product (F,"°), and a larger horizontal
load due to the higher water level against the product. Water can also begin to pool on what had

previously been the 6édry sideb6, w [Fiss6) o the dystam
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and reduces the normal force due to the effects of buoyancy (F,). An overtopping free body
diagram is presented in Figure 2-10.

F=—— r w(H+Huo)
rWHWd | ﬁ}

I
|:Wv1 i r

Fn

K B * L N
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/ H - aeHWO
W
ﬂ H
a Fuys™
= Impermeable
Hwd I Fwshd // Layer
r wHwd

Figure 2-10: Overtopping free body diagram

The additional weight of water overtopping the product and the lateral resistance of the pooled
water can be calculated as follows:

O 10 6 (2-7)
O 170 jg (2-8)

With the addition of overtopping forces, the factor of safety against sliding and overturning can
be calculated as:

0y

(2-9)
oY : :

(2-10)
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Densification of the fill material during overtopping can result in an increased depth of
overtopping or collapse, in the same way as was described for the hydrostatic loading scenario

in section 2.4.1.

Much work has been done in the field of coastal engineering on the stability of submerged
geotextile containers for the purpose of breakwaters and erosion protection.
Borrero et al. (2010) summarize several semi-empirical stability equations for submerged
geotextile sand-filled containers (SFCs) and present case histories where SFCs were used. In
one case, 7.9 m® (279 ft®) SFCs were used to create a reef breakwater by dry-filling the bags
and placing them with a crane. Within two years, it was observed that the bags were starting to
tear. The damage was attributed to inadequate filling, which was a limitation of the equipment
used, but allowed parts of the geotextile to move with wave action resulting in the propagation of
tears. Additionally, holes that were used by the crane to place the bags were found to be the
beginning of what developed into large tears resulting in fill loss. It is important to note that
SFCs designed for submersion in coastal applications are typically fully sealed, whereas
geotextile containers used for TFP are typically open at the top to facilitate filling in-place. There
will be differences between the performance of the two designs in overtopping and submersion

conditions.

2.4.4 Impact

As with wave loading, debris impact loads can be added as additional de-stabilizing forces to
alternate loading scenarios. The force of impact (F) can be calculated acting at a height from
the base (Hqy) (Figure 2-11). The concentrated forces associated with impact can also result in

damage to the product, with the possibility of a breach.
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7~
A

Debris

Figure 2-11: Impact loading addition to FBD

The force of impact can be determined either by estimating (or measuring) the duration of
impact (t), or the distance (di) over which the deceleration during impact occurred as a function

of t he de(m) initeldelonity @/%and final velocity (Vy):

O ® GAajo (2-11)

0 ® 0 GjcQ (2-12)

If the impact force exceeds the tensile capacity of the product material, a breach in the product

wall may result in fill loss and compromise the structure.

Norman-Gregory and Selig (1989) conducted a series of tests on sand samples vibrated at
different frequencies to observe densification. Volume reductions from 1% to 15% were
observed. Vibrations caused by impact could therefore result in further densification of fill

material in cellular products and increase the probability of overtopping.

2.5 The Syn-Tex Wave Breaker

The Syn-Tex Wave Breaker (WB) is a cellular sand-filled temporary flood protection product
manufactured in 30.48 m (100 ft) lengths. The two standard models are 0.91 m (3 ft) and the
1.52 m (5 ft) tall. The 30.48 m (100 ft) length is divided into chambers to provide lateral strength
to the outer walls to prevent excessive bulging. The 0.91 m (3 ft) WB is 0.91 m (3 ft) wide and
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has chamber dividers every 1.22 m (4 ft), while the 1.52 m (5 ft) WB has 1.52 m (5 ft) square
chambers. The product is made of a woven polypropylene (WPP) geotextile fabric (commonly
referred to in industry as a 4x6 WPP fabric), which has a 0.425 mm (0.018 in) apparent opening
size (AOS). The chambers are covered with a coated high density polyethylene woven fabric
that shelters the exposed sand at the top of the bag. Figure 2-12 shows a typical installation of
the Wave Breakers along a beach, along with some sand-filled bulk bags placed on top to help

hold down the cover.

Figure 2-12: Syn-Tex Wave Breaker typical installation (Syn-Tex, 2012)

Blatz (2012) conducted a desktop review of the resistance of 1.23 m (4 ft) and 1.83 m (6 ft)
Wave Breakers to sliding and overturning failures when subjected to a hydrostatic load.
Concrete and grass foundation interface conditions were investigated, assuming a unit weight of
sand of 19.0 kN/m®. Friction interface values were taken from SGI Testing Services (2012),
which determined large displacement friction angles between the Wave Breaker and sod and
sand to be 27° and 25° respectively. For the cases investigated of 0.91 m (3 ft) of water against
a 1.23 m (4 ft) product and 1.83 m (6 ft) of water against a 1.83 m (6 ft) product, the calculated

factors of safety remained above unity ranging from 1.6 to 21.0.
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University of Manitoba Department of Civil Engineering (2012) conducted a series of large-scale
direct shear tests on the black Wave Breaker geotextile and the white FIBC fabric used to make
Super Sandbags. With cohesion forced to zero, large strain friction angles were determined to
be 22° and 26° for the black fabric on concrete and sod respectively, and 23° for the white fabric

on sod.

Clark (2012) conducted tests on a single cell of the 1.52 m (5 ft) Syn-Tex Wave Breaker in the
Hydraulics Research and Testing Facility (HRTF) at the University of Manitoba. The tests were
conducted in the wave flume, with the goal of determining seepage rates and the stability of the
product during hydrostatic and wave loading conditions. The flume has a rectangular cross
section, and is 20.8 m (68.3 ft) long, 1.52 m (5 ft) wide, and 1.52 m (5 ft) tall. Seepage rates
were reported between 0.53 L/s (8.4 USgpm) and 1.00 L/s (15.85 USgpm) at head differentials
between 0.57 m (1.87 ft) and 0.92 m (3.02 ft), with flow occurring largely at the interface
between the product and the concrete walls of the flume. The product was observed to remain
stationary and undamaged throughout testing with waves up to 0.6 m (2 ft) in height. This
testing was limited by the fact that the friction between the flume walls and the product provided

resistance to sliding and overturning that may not be present in a field installation.

As a relatively new product, additional testing of the Wave Breaker was required as an
important step in the product development process. Quantified constructability, seepage,
stability and durability data i s es syeaorperformlas
required. There has been significant research done on geotextile tubes used as erosion
protection, but in terms of open-topped geotextile sand-filled containers used as temporary flood

protection there is little data available in the literature. There is a need for research to provide

field-scal e test data on the performance of nio t

general used as temporary flood protection to facilitate effective design and predictive modeling

studies in the future.
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Chapter 3 Laboratory Testing

The laboratory testing program developed involved characterizing the sand fill to be used in
testing, and building on previously conducted laboratory Wave Breaker tests. The effect of
geotextile selection in Wave Breaker design was investigated in terms of its effect on seepage
rate, stability and durability. The controlled laboratory setting also allowed for the relative

contribution of interface seepage to be investigated.

3.1 Grain Size Analysis

Grain size analyses were performed on samples of sand fill from both lab and field tests.
Samples were run through a full set of sieves as outlined in ASTM D-422 i 63 (Standard Test
Method for Particle-Size Analysis of Soils). Figure 3-1 shows the patrticle size distribution for
each fill material. Using the Unified Soil Classification System (USCS), the group symbol for
both samples is SP. The fill used in laboratory testing was a poorly graded sand, and the fill

used in the field testing was a poorly graded sand with gravel.
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Figure 3-1: Particle size distribution curves for sand fill used in laboratory and field testing
programs

3.2 Wave Breaker Flume Testing

A laboratory testing program was developed to further the work of Clark (2012) in terms of
guantifying product performance. Two suites of tests including static, hydrodynamic and debris
impact loading were conducted simultaneously on two Wave Breaker cells. The goals of this

testing program were to:

1. Observe the performance of the Wave Breaker under a variety of flood conditions;
2. Quantify any product displacement;

3. Quantify seepage rates;

4. Compare the effects of fabric selection on Wave Breaker performance;

5. Determine the efficacy of a development-stage interface seepage reduction product

To this end the following test protocol, outlined in Table 3-1, was developed:
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Table 3-1: Tests performed for 0.91 m (3 ft) Wave Breaker flume study

Test Condition

0.3 m (1 ft) depth, 4 hours
Hydrostatic 0.61 m (2 ft) depth, 4 hours
0.72 m (28.5 in) depth, 4 hours

0.3 m (1 ft) static depth, 3 hours
Hydrodynamic 0.61 m (2 ft) static depth, 3 hours

0.72 m (28.5 in) static depth, 3 hours

Debris Impact Minimum one impact, 8 km/h (5 mph)

Tests to be performed with and without seepage reduction product.

The test was set up in the wave flume at the HRTF using two individual Wave Breaker cells,
each being 0.91 m (3 ft) tall by 0.91 m (3 ft) long (in direction of flume length) by 0.76 m (2.5 ft)
wide (in direction of flume width). One cell was made using the traditional 1.9 kg/m? (16 oz/yd?)
black 4 x 6 geotextile fabric, and the second was made of a white 0.6 kg/m? (5 oz/yd?) uncoated
FIBC fabric. The cells were separated by a vertical barrier dividing the flume in half over a
2.44 m (8 ft) length, and were placed on a platform to prevent ponding against the downstream
product face. This allowed for seepage through and around each cell to be measured in
isolation as water collected in chambers on the downstream side of the product and flowed

through v-notch weirs as shown in Figure 3-2.
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Figure 3-2: Downstream view of test showning weirs in operation

The seepage reduction product s, referred to from
installed for the initial suite of tests and then removed for the second suite of tests for
comparison. The seepage gaskets, shown installed and inflated in Figure 3-3, are red PVC
fabric bladders that are placed between the product and the wall, and filled with water once the
Wave Breakers are filled with sand. The idea is that the water in the seepage gaskets will fill all
the voids between the product and the wall that water could otherwise flow through under flood

conditions.
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Figure 3-3: Syn-Tex Wave Breakers with Seepage Gaskets (view from upstream)

3.2.1 Instrumentation

The flume and Wave Breakers were instrumented to measure product location, water depths
upstream and in each weir chamber, and the phreatic surface within the products. Survey

equipment was used to reference all instrumentation to an arbitrary datum elevation.

3.21.1 Piezometers

Five Geokon 3400 semiconductor piezometers (+ 1 mV accuracy) were placed at the bottom of
each product to measure porewater pressures during testing. One of the piezometers is shown
in Figure 3-4. The piezometers were interfaced with a Campbell Scientific CR10X (+ 2.5 mV

accuracy) and powered with a 12 volt DC battery.
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