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Riprap is the most common and best documented method 
of protection against local scour at bridge piers. Alterna­
tives to riprap vary in size, shape, and mass as wel l as 
flexibility of design. The overall performance o f alterna­
tives such as grout mats and grout bags, extended footings, 
tetrapods, cable-tied blocks, anchors (used in connection 
w i t h countermeasures) and high-density particles is evalu­
ated. In general, alternatives are used when riprap is hard 
to obtain, the size required for high-velocity streams is un­
reasonable, or riprap is d i f f icu l t to place, among other rea­
sons. Various tests were performed on al l previously men­
tioned countermeasures w i t h and wi thou t a pier on a fixed 
bed. A n obstructed movable-bed condit ion was also tested 
to obtain qualitative data fo r each countermeasure. Rec­
ommendations for implementing these alternatives are 
based on laboratory results and include the effects of filter 
fabric, lateral extent of the countermeasure, sealing be­
tween the face of the pier and the countermeasure, and 
anchoring. The impact o f the drag coefficients on the sta­
bi l i ty o f the countermeasure was also examined. The re­
sults o f these experiments provide some comparative con­
clusions among the countermeasures as well as criteria for 
the design and implementation of these devices in the field. 
Investigations at an F H W A hydraulics laboratory over sev­
eral years are summarized, including results of the inves­
tigations of riprap and o f alternatives to r iprap. As a local 
scour countermeasure, each alternative has its unique at­
tributes that, depending on the application, may provide 
superior protection over r iprap. 

S tate h ighway agencies are conduct ing a na t ion­
wide evaluation o f exist ing bridges f o r vulner­
ab i l i ty to fai lure due to scour. O f the 483 ,000 

bridges over water, roughly 39 percent either are sus­
ceptible to scour or have u n k n o w n foundat ions . O f the 
scour-susceptible bridges tha t have been evaluated, 
about 17 percent have been ident i f ied as scour c r i t i ca l . 
These require m o n i t o r i n g , repair, or scour pro tec t ion . 

F H W A has dedicated much o f the research ac t iv i ty 
i n the Turner-Fairbank H i g h w a y Research Center hy­
draulics l abora tory i n support o f the na t ionwide scour 
evaluat ion p rogram. I n particular, this labora tory has 
been a foca l p o i n t fo r invest igat ing the feasibi l i ty o f var­
ious techniques fo r protec t ing bridge piers f r o m local 

scour. 
Rock r i p r ap is the standard mater ia l that h is tor ical ly 

has been used to protect bridge piers f r o m local scour, 
bu t i t is n o t always readily available i n sizes required 
to protect piers, nor is i t always a practical o p t i o n . 
F H W A in i t i a ted a graduate research fe l lowship study i n 
1991 that intended to l o o k at various options f o r p ro ­
tecting bridge piers; these options ranged f r o m rock r i p ­
rap to the b u i l t - i n scour arresting capabi l i ty o f foot ings 
and pile caps. Fotherby first repor ted o n the use o f a l ­
ternatives to r ip rap as a local scour countermeasure i n 
her o r ig ina l graduate research project ( I ) . However , the 
invest igat ion cont inued fa r beyond w h a t was envisioned 
f o r Fotherby's study. This paper summarizes a l l tests 
conducted since the study began. 
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The study tested the f o l l o w i n g techniques f o r p r o v i d ­
ing pier pro tec t ion: 

• G r o u t bags, 
• G r o u t mats, 
• Extended foot ings , 
• Tetrapods, 
• Cable-tied blocks, 
• Anchors (used in con junc t ion w i t h mats and cable-

t ied blocks) , 
• High-densi ty particles, and 
• Rock r ip rap w i t h various apron sizes. 

G r o u t mats and grou t bags are fabr ic shells f i l l ed 
w i t h concrete. The mat is a single cont inuous layer o f 
fabr ic w i t h pockets, or cells, f i l l ed w i t h concrete; g rou t 
bags are i nd iv idua l pieces that, collectively, f o r m a p ro ­
tective layer when placed side by side (Figures 1 and 2 ) . 
The advantage o f the g rou t mats is that the fabr ic be­
tween the cells acts as a filter, but the small-scale models 
used i n these experiments were poor representations o f 
the g rou t mats because the fabr ic , w h i c h was essentially 
the pro to type fabr ic , overwhelmed the concrete cells. 

Footings are o f t en placed near the stream bed and 
appear to provide a measure o f scour pro tec t ion by p ro ­
tect ing the sediment f r o m the turbulence generated by 
the pier. Extended foot ings were investigated i n this 
s tudy to determine condi t ions necessary f o r them to 
provide significant scour reduct ion. 

Tetrapods have long been used f o r shore pro tec t ion 
because o f their effectiveness i n dissipating the energy 
o f waves a long shorelines. These tetrapods have f o u r 
arms tha t are 120 degrees equilateral to each other. 
These devices have never been applied to f l u v i a l systems 
or served as pro tec t ion f o r bridge pier scour. A mode l 
te t rapod is shown i n Figure 3. 

Cable-tied blocks are composed o f precast concrete 
blocks that are interconnected to f o r m a cont inuous 
pro tec t ion layer (Figure 4 ) . Cable-tied blocks o f fe r an 
advantage over r ip rap because the blocks subjected to 
the highest dynamic forces are stabilized by the sur­
r o u n d i n g blocks so that they act as a system rather than 
as i n d i v i d u a l particles. 

Anchors are o f t en recommended f o r mats and cable-
t ied b lock systems as a means o f s tabi l izing the leading 
edge, at w h i c h fa i lure is most l ike ly to occur. Prototype 
anchors supplied by one o f the manufacturers were 
tested f o r their resistance to u p l i f t forces w h e n placed 
i n a f u l l y saturated bed mater ia l (Figure 5) . 

High-densi ty particles are i nd iv idua l a r m o r i n g par­
ticles placed a round a pier as a scour countermeasure. 
High-densi ty particles can provide a stable protective 
layer a round a pier w i t h o u t being m u c h larger than the 
particles i n the under ly ing bed mater ia l . Advantages 
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FIGURE 1 Grout mat plan view {top) and individual 
element detail {bottom). 
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H G U R E 2 Grout bag detail. 
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n C U R E 3 Model tetrapod. 

over r ip rap include a reduced need f o r a filter layer and 
the possibi l i ty tha t the particles cou ld be manufac tured . 

FRAMEWORK FOR EXPERIMENTS 

M o d e l experiments were conducted i n a t i l t i n g flume 
21.3 m long and 1.8 m wide equipped w i t h a sediment 
recess (1.32 m long and 0 .51 m deep), where the models 
were installed, located 9.3 m f r o m the upstream end. 
The fixed bed upstream and downst ream o f the sedi­
ment recess consisted o f a fine sand (Djo = 0.43 m m ) 
glued to the flume deck (p lywood) , w h i c h helped estab-
hsh a u n i f o r m surface roughness. The setup f o r the 
movable-bed experiments is shown i n Figure 6. M o s t 

experiments were conducted under clear water condi ­
t ions. Scour countermeasures can be modeled under 
clear water condit ions because they are no t the size par­
ticles tha t are normal ly t ransported by the stream. 

The countermeasures were subjected to f o u r basic 
tests: 

• Scour reduct ion at incipient m o t i o n velocities f o r 
the under ly ing bed mater ia l , 

• Scour reduct ion at higher velocities up to three 
times the incipient m o t i o n velocity, 

• Failure cri teria f o r the countermeasures w h e n 
placed i n unobstructed flow, and 

• Failure cr i ter ia f o r the countermeasure w h e n 
placed a round a bridge pier i n obstructed flow. 

For the fa i lure cri teria, the flume was mod i f i ed by cov­
ering the movable-bed section w i t h a glued sand sur­
face. This setup is shown i n Figure 7 [top). The h igh-
veloci ty experimental setup is shown i n Figure 7 
{hottom). 

M o s t tests were a l lowed to r u n f o r 3.5 hr to accom­
modate t w o tests per n o r m a l w o r k day. A 3.5-hr test 
du ra t i on is sufficient to ascertain the s tabi l i ty o f coun­
termeasures and establish a relative percentage scour re-
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F I G U R E 4 Cable-tied block plan view [top) and individual detail 
{bottom) for (left) trapezoidal and (right) hexagonal blocks. 
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FIGURE 5 Prototype anchors tested for 
dislodging force. 

duc t ion . Some 24-hr tests were conducted th roughout 
the research to evaluate the var ia t ion o f scour over t ime. 

STABILITY PARADIGMS 

I n designing scour countermeasures, the s tabi l i ty o f the 
device i n relat ion to the fluid forces imposing o n i t be­
comes the determining factor. The cri teria that can be 
used to characterize the s tabi l i ty o f a countermeasure 

depend in par t on the fa i lure mode that is envisioned. 
I f the fai lure mode is over turn ing a long the leading 
edge, the simplest w a y to characterize s tabi l i ty cri teria 
is to specify an experimental drag coefficient. I f , how­
ever, the fa i lure mode is particle erosion or u p l i f t on the 
internal parts o f the apron , the most c o m m o n ways o f 
characterizing stabil i ty cri teria are either Shields' shear 
velocity f r a m e w o r k or Isbash's sediment number 
approach. 

Shields Framework 

A c o m m o n l y used hydraul ic characteristic f o r evaluat­
ing particle s tabi l i ty is shear stress. The shear stress on 
the channel bed due to the kinematic forces o f the fluid 
can be defined as 

T = •^u.ySe (1) 

where 

T = shear stress due to fluid force (N/m^) , 
-y^ = un i t weight o f water (9789 N / m ' at 2 0 ° C ) , 

y = depth o f flow (m) , and 
= energy slope. 

For u n i f o r m flow, the energy slope can be calculated 
using Manning ' s equat ion as f o l l o w s : 

(2) 
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FIGURE 6 Sketch of flume plan view (top) and side profile {bottom) for movable-bed experiments. 
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F I G U R E 7 Flume setup for fixed-bed obstructed and unobstructed experiments (top) and for 
high-velocity movable-bed experiments (bottom). 

where V equals velocity i n meters per second and n 
equals Mann ing ' s n. 

Shield's cri teria f o r the shear stress, T „ required to 
move a particle can be represented as 

l)Ds 
= SP (3) 

P.g(SG 

where 

p„ = density o f water (kg/m^), 
SG = specific gravi ty o f part icle, 

g = g ravi ta t ional acceleration (9 .81 m/sec^), and 
SP = Shields' parameter, w h i c h cou ld be a f u n c t i o n 

o f Reynolds number or Froude number o f ap­
proaching flow. 

Shields represented the Shields parameter as a func­
t i o n o f the Reynolds number only, bu t Ki lgore observed 
tha t discrepancies i n the Shields' parameter noted by 
various researchers can best be described by a Froude 
number relat ionship (2,3) . 

A n alternative arrangement o f this equat ion is 

g(SG - 1)D, 
SP (4) 

where 17.,, is the cr i t ica l shear veloci ty i n meters per 
second, or ( T , / p „ ) " ^ . 

Isbash Approach 

Anothe r approach is to consider the particle s tabi l i ty as 
presented by Isbash using the sediment number, N (4). 

The sediment number, also referred to as the s tabi l i ty 
number, is a dimensionless measure o f s tabi l i ty calcu­
lated as f o l l o w s : 

N = 2E' (5) 
gD,o(SG - 1) 

where 

V = average approach velocity (m/sec), 
D50 = median armor un i t size (spherical D50 is used 

to calculate spherical s tabif i ty number) (m) , 
E = Isbash's coefficient (0.86 f o r stones tha t w i l l 

no t move at a l l and 1.20 f o r stones that can 
r o l l sl ightly u n t i l they become "seated"). 

The biggest challenge f o r apply ing the Shields or Is­
bash cri teria f o r countermeasures other than rock r i p ­
rap is selecting a representative D50. This is handled f o r 
tetrapods and blocks by using an equivalent sphere d i ­
ameter i n l ieu o f DJQ. The spherical diameter is a rough 
est imation f o r the diameter o f a sphere tha t w o u l d have 
the same mass and specific gravi ty as the part icle. The 
g rou t bags are more d i f f i c u l t because o f their elongated 
shape, and attempts to represent them by a D50 gave a 
dis tor ted comparison between grou t bags and other 
countermeasures. For lack o f a better choice, the height 
o f the g rou t bags was selected f o r D 5 0 i n apply ing the 
Shields and Isbash cri ter ia . 

Overturning 

The Shields and Isbash approaches provide a c r i t e r ion 
f o r def in ing particle m o t i o n . However , f o r some coun-
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termeasures the mode o f fa i lure is no t erosion or u p l i f t 
bu t an over turn ing induced by the p ro t rus ion o f the 
countermeasure in to the flow field. This type o f fa i lure 
can not be modeled using particle movement cri teria. 
Another c r i te r ion f o r determining the characteristics o f 
s tabi l i ty is to determine the drag coefficient , C D , asso­
ciated w i t h over turn ing . This approach provides a c r i ­
te r ion f o r the fa i lure o f various countermeasures, t ak ing 
in to account their geometries and relative posit ions i n 
the flow field. The drag coefficient is derived by deter­
m i n i n g the force at w h i c h the device begins to over turn . 
This re la t ion is given as 

FD = CDAOP 

where 

2g 
(6) 

FD = drag force ( N ) , 
C D = drag coefficient , 
Aa - area o f obs t ruc t ion (m^), and 

V = approach velocity (mJscc). 

Here, the drag force, FD, is assumed to act at the 
cent ro id o f the device. Figure 8 shows an i l lus t ra t ion o f 
the forces act ing on a g rou t bag oriented perpendicular 
to the flow. Calcula t ing the drag force f r o m Equat ion 8 
w i l l result i n a drag coefficient f o r over tu rn ing the g rou t 
bag. D r a g coefficients f o r the grout bags and cable-tied 
blocks are presented i n Table 1. 

PIER MODEL 

The pier mode l used i n this study was a 152- X 305-
m m rectangular wooden co lumn. Because the study is 
l imi t ed to one pier shape, the rectangular shape (as a 
conservative approach) was modeled because i t tends to 
experience more severe scour than round-edged or cir-

F I G U R E 8 Forces acting on grout bag oriented 
perpendicular to approach flow. 

cular piers. T w o pier models were constructed f o r the 
experiments: one was a simple rectangular pier and the 
other was a special pier used on ly f o r the extended foo t ­
ing s imula t ion . The pier f o r the extended f o o t i n g had 
an 89- X 8 9 - m m wooden support to a l l o w f o r the l o w ­
ering and raising o f the pier (and its f oo t i ng ) . 

UNPROTECTED PIER SCOUR 

The flow condi t ions and result ing scour were examined 
f o r various sand and r ip rap configurat ions a round a 
pier. Sand w i t h a D jo o f 0.43 m m was used to simulate 
local scour a round the pier. Six unprotected experi­
ments were conducted at incipient velocity condit ions 
f o r 3.5 hr each. The m a x i m u m scour averaged 169 m m 
f o r the six experiments. These test results served as a 
reference standard f o r the evaluat ion o f r ip rap 
alternatives. 

T A B L E 1 Drag Coefficients 

Block Type Configuration 
Overturning 

Velocity 
(m/s) 

Velocity at 
Mid- Block 

Height (m/s) 

Flow Depth 
(mm) 

Drag 
Coefficient 

c, 

Trapezoidal 3 Abreast 1.053 .890 237 3.96 

Hexagonal 3 Abreast .647 .578 320 1,40* 

Grout Bag 
(A-size) 

Perpendicular ,479 .398 308 3.21 

Grout Bag 
(A-size) 

Parallel 1.269 1.147 204 1.79 

Hexagonal blocks had a much lower apparent drag coefficient because of the small moment arm for the gravity 
forces tending to resist overturning. 
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As a p o i n t o f reference, the laboratory-measured 
scour can be compared w i t h an empir ica l scour equa­
t i o n based on labora tory data. For compar ison, the C o l ­
orado State Univers i ty (CSU) pier scour equat ion was 
used (5): 

The simplest expression derived by Parola is based o n 
the Isbash equat ion to y ie ld 

- = 2.0 K.K^kI-

where 

F r - (7) 

y, - scour depth (m) , 
yi - f l o w depth just upstream o f pier (m) , 

Ki = correc t ion f o r pier nose shape (1 .1 f o r square 
nose), 

K2 - correct ion f o r angle o f attack o f f l o w (1.0 f o r 
no skew), 

K3 = bed f o r m factor, 
W - pier w i d t h (m) , 

Fti = approach Froude number = Vi/(gyj)°\ 
Vi = average velocity just upstream o f pier (m/sec). 

Equa t ion 7 predicts scour to be, o n average, 203 m m 
f o r the unprotected pier experiments. This equat ion pre­
dicts the ul t imate scour depths, and i t is necessary to 
adjust f o r the dura t ion o f the experiments to compare 
measurements w i t h predict ions. For example, the scour 
depths f o r these tests were, o n average, 169 m m , w h i c h 
corresponds to 83 percent o f the ul t imate scour pre­
dicted by Equa t ion 7. Using Laursen's relationships be­
tween scour and t ime, i n clear water condi t ions , the 
average scour depth o f 169 m m after 3.5 hr corre­
sponds to 80 percent' (6) . Ex t rapo la t ing the results o f 
the 3.5-hr experiments using Laursen's relat ionship 
yields a m a x i m u m scour depth o f 2 1 1 m m . This value 
compares favorab ly w i t h Equa t ion 7. The effect o f ex­
per iment du ra t ion should no t change the relative results 
f o r these experiments. 

Riprap Experiments 

M a n y studies have examined the use o f rock r ip rap f o r 
channel protec t ion . M a y n a r d et a l . conducted a key 
study tha t is the basis f o r current U.S. A r m y Corps o f 
Engineers r ip rap design procedures (7) , and W o r m a n 
investigated the relat ionship between r ip rap layer th ick­
ness and f i l ter requirements (8). 

The p i v o t a l study f o r use o f r ip rap f o r bridge pier 
p ro tec t ion was done by Parola (9). Parola observed tha t 
r i p r ap procedures developed f o r unobstructed channel 
f l o w c o u l d be used to size r ip rap f o r obstructed f l o w 
a r o u n d bridge piers i f the approach veloci ty is adjusted 
to account f o r vor t i c i ty and accelerations a round a pier. 

{KV)' 

g(SG - l)Dso 
= 4.88 = 2 ( 1 . 2 ) ' (8) 

where K equals 1.7 f o r rectangular piers and 1.5 f o r 
r o u n d nose piers. 

Parola's experiments were l i m i t e d to f u l l aprons that 
extended at least t w o pier w id ths o n each side o f the 
piers. H e d i d no t study the effect o f reduced apron 
wid ths . Because the apron w i d t h was a variable f o r the 
alternative countermeasures included i n this study, ad­
d i t iona l r ip rap tests were conducted to determine the 
scour reductions associated w i t h various apron wid ths . 

There was no scour when the r ip rap apron extended 
1.5 to 2.0 times the pier w i d t h . For smaller aprons, 
scour occurred at the perimeter o f the r ip rap apron , bu t 
i t was m u c h less severe than the m a x i m u m scour that 
w o u l d occur at the base o f an unprotected pier. For 
example, the m a x i m u m scour depth at the perimeter o f 
a r ip rap apron tha t extended on ly ha l f a pier w i d t h o n 
al l sides was 58 m m , compared w i t h 169 m m f o r the 
unprotected pier. The ha l f -p i e r -wid th extension reduced 
the scour by 34 percent. 

Grout Mats and Grout Bags 

Various g rou t mats and grou t bag configurat ions were 
evaluated f o r their effectiveness i n protect ing against 
pier scour. Bo th the mode o f fa i lu re and degree o f scour 
were observed. 

The a i m o f these experiments was to determine the 
threshold o f movement o f the g rou t mat and the g rou t 
bags and then observe their effect o n scour. Failure can 
be defined to be the p o i n t at w h i c h the device moves or 
" r o l l s " and the degree o f scour tha t occurs underneath 
the device. Figure 9 shows a g rou t bag ins ta l la t ion af ter 
a movable-bed experiment. 

Grout Mats 

The unobstructed incipient m o t i o n tests f o r the mode l 
g rou t mats exhibi ted t w o d i f fe ren t fa i lure modes at t w o 
ranges o f bed shear stress. G r o u t mats placed loosely 
on the f i xed bed fa i led by r o l l i n g up when the shear 
stress reached 0.17 N / m ' . The same mats, " toed i n " at 
the upstream edge, required a greater shear stress, 
averaging 3.7 N / m ' , to induce fa i lure . This greater shear 
stress is the result o f the leading edge o f the mat no t 
being exposed to the f l o w field, thus creating a more 
stable device. These results demonstrate the effects o f 
the bed shear stress. The mode o f fa i lure f o r these toed-
i n runs was f o r the mats to be " l i f t e d u p " o f f the bed. 
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FIGURE 9 Resuhs of movable-bed grout bag test. 

pier to zero. I n the absence o f such a seal, some runs 
showed significant scour (or undermining) beneath the 
mat . Similarly, when the mat was tucked up against the 
pier face, the resulting scour hole was less than i f i t was 
no t tucked. 

O b s e r v a t i o n s 

The grou t mats provide a barrier t h rough w h i c h flow 
cannot penetrate. The leading edge can sag when un­
dermin ing occurs. Th i s flexibility appears to provide 
protec t ion against scour and to increase the mat's sta­
bi l i ty . Wide r grout mats result i n less sagging because 
the lateral extent is beyond the predominant near field 
vortices being shed by the pier. As w i t h r ip rap mats, 
g rou t mats extending 1.5 pier wid ths provide significant 
protec t ion f o r bridge piers. 

presumably by a low-pressure zone above the mats. The 
leading edge o f the mat (the toed-in section) d i d no t f a i l 
at a l l . 

Obstructed fixed-bed incipient tests were also per­
f o r m e d o n the g rou t mat . The mats were placed a round 
a rectangular pier o n the surface o f a fixed bed. The 
approach velocity was increased incremental ly un t i l f a i l ­
ure occurred. Failure was obtained when the mat began 
to r o l l or flip up at the f r o n t edge. A f t e r this fa i lure , 
velocity profiles and flow depths were recorded i n the 
approach section. The mats fa i led by r o l l i n g up when 
the shear stress reached 0.18 N / m ^ , w h i c h compares to 
the unobstructed fa i lure bed shear stress o f 0.17 N / m ^ . 
Thus , this type o f fa i lure f o r the g rou t mat is indepen­
dent o f the obs t ruc t ion created by the pier f o r the fixed-
bed cond i t ion . 

Scour w i t h G r o u t M a t P r o t e c t i o n 

O n the basis o f the m a x i m u m scour depths f o r the g rou t 
mat experiments, the difference in scour depths between 
the runs appears to be due to the placement o f the mat 
a round the pier. T h a t is, the p r o x i m i t y o f the mat to 
the sides o f the pier (tightness o f fit) contributes greatly 
to the effectiveness o f the mat . F r o m the experiments, 
one o f the runs had the highest velocity o f a l l the runs 
bu t showed one o f the lowest scour depths. This is p r i ­
ma r i l y due to the subjective manner in w h i c h the mat 
was placed a round the pier. Placement appears to be the 
difference between a successful and an unsuccessful p ro­
tective measure. Approach velocity is a factor, bu t i t is 
the placement o f the protective grout mat that is the 
p r imary factor, assuming the lateral extent o f this device 
is at least t w o pier w id ths . A si l icon seal between the 
face o f the pier and the grout mat was used f o r several 
runs, w h i c h reduced the scour depth at the face o f the 

Grout Bags 

Unobstructed incipient m o t i o n tests were pe r fo rmed on 
various sizes o f grout bags by placing the bags perpen­
dicular and parallel to the approach flow. Similar to 
previous experiments, the velocity was increased s lowly 
u n t i l fa i lure was observed. Failure was obtained when 
the bags oriented perpendicular to the flow ro l led over. 
Failure f o r the bags oriented parallel to the flow oc­
curred when they moved or ro l led i n any d i rec t ion , 
w h i c h required a much higher velocity. 

G r o u t bags perpendicular to the flow fa i led by r o l l i n g 
over at an average bed shear stress o f 0.5 N / m ^ , and 
the g rou t bags oriented paral lel to the flow fa i led at an 
average bed shear stress o f 3.5 N / m ^ . For the bags o r i ­
ented paral lel to the flow, fa i lure appears to be inde­
pendent o f the bag length based on the similarit ies o f 
the fa i lure approach velocities f o r several d i f fe ren t g rou t 
bag lengths. 

Obst ructed fixed-bed experiments were also per­
f o r m e d using a grout bag apron a round a rectangular 
pier. The mode of fa i lure here was the displacement o f 
any o f the bags f r o m around the edges o f the pier; f a i l ­
ure appears to depend o n the pos i t ion ing o f the g rou t 
bags. Tha t is, local pos i t ioning at the face and corners 
o f the pier is an impor t an t par t o f their stabili ty. The 
grou t bags were tested using several placement tech­
niques. M o s t were oriented parallel to the approach 
flow. Figure 10 demonstrates the placement o f the bags 
a round the pier. Failure o f the grout bags at the edge of 
the pier appeared to depend on the pos i t ion relative to 
the f r o n t corners o f the pier, where the vor t i c i ty is the 
most intense. The pos i t ion ing o f the g rou t bags at the 
face o f the pier dictates the s tabi l i ty o f the i nd iv idua l 
bags relative to each o t h e r — w h e n a bag overlapped the 
edge o f the pier, i t was less l ikely to f a i l than a bag that 
was aligned w i t h the edge o f the pier. The le f tmost con-
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figuration in Figure 10 has the highest probability of 
failure because its position coincides with the highest 
vorticity levels shed by the pier. 

Scour w i t h G r o u t B a g Protect ion 

Failure with the grout bags usually occurred at the 
pier's leading edge, where a scour hole formed into 
which a grout bag would roll. For the higher-velocity 
experiments, the leading edge was not allowed to scour, 
causing the bags to fail by rolling because of the fixed-
bed surface surrounding the pier. Experiments without 
filter fabric simply allowed flow to pass between bags 
and create a scour hole. 

Grout bags depend on a filter fabric to prevent the 
underlying soil from seeping through the large voids be­
tween the bags. Experiments without filter fabric did 
not demonstrate any scour-reduction characteristics. A 
comparison of two similar experiments (one with and 
one without filter fabric) showed that without filter fab­
ric, the scour is four times greater than it is with a filter. 

O b s e r v a t i o n s 

The incipient motion experiments showed that the sta­
bility of a grout bag on a fixed bed depends on its po­
sition relative to the approach flow. However, from the 
practical standpoint of a movable bed with an obstruc­
tion, this positioning does not appear to be a factor. 
Typically, grout bags wil l be anchored to each other and 
to the bed, which wil l ensure stability. These experi­
ments showed that their effectiveness as a scour coun-
termeasure is dependent on the use of filter fabric, tight­
ness of fit to the face of the pier, and lateral extent or 
width of the protective apron. 

No conclusive comparative results can be made for 
grout mats and grout bags when tested on a fixed-bed 

surface because of their obvious differences in scale rela­
tive to the pier. Although the grout bags are more 
stable, on the basis of the bed shear stress, the incipient 
motion is an indicator not of its scour-reduction poten­
tial but of its measure of resistance to overturning. 

Figure 11 provides a scour depth-to-velocity com­
parison for the grout bags and grout mats. The maxi­
mum scour depth with protection (d,) over the maxi­
mum measured pier scour without protection (d,o) is 
plotted versus the average approach velocity (V^) over 
the incipient failure velocity of the countermeasure (V^). 
Figure 11 shows the reduction or increase in scour for 
the grout mats and grout bags at various ratios. 

EXTENDED FOOTINGS 

The experimental setup consisted of a 152- X 305-mm 
rectangular pier placed on a rectangular footing in­
stalled over the sediment recess. Both footing width and 
footing location (elevation relative to the channel sur­
face) were varied to determine the effect on scour. The 
footing width describes how far the footing extends 
from the pier in any direction. The height describes the 
vertical dimension of the footing, and the top location 
describes the elevation of the top of the footing relative 
to the sand surface. The setup for these experiments is 
shown in Figure 12. A total of 91 runs were performed 
at various footer widths, heights, and thicknesses for 
3.5 hr each. The depth-averaged approach velocity was 
kept fairly constant within a range of 0.29 to 0.35 
m/sec and a depth of 305 mm was maintained for all 
but two runs, which had depths of 152 mm. 

Failure for extended footing runs is defined as the 
formation of a scour hole. Two types of local scour 
were identified for these experiments. The first was in­
duced by the vertical position of the footing in the flow 
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field. The scour depth was generally not as great for the 
deeper footing locations because the footing did not 
protrude high enough into the flow field. However, as 
the footing was raised, it protruded farther into the flow 
field, causing flow to be redirected down the face of the 
footing and resulting in greater scour. As the footing 
continued to be raised, a channel scoured out below the 
footing providing relief for the flow directed down the 
face of the footing, thus resulting in lower scour depths. 
The second type of scour was created by the near-field 
vortices being shed by the pier. For this case, the scour 
is related directly to the footing width. That is, the 
smallest footing width (76 mm) did not appear to ex­
tend far enough to provide protection against the local 
vorticity. The largest footing width (229 mm) showed 
no significant scour. 

TETRAPODS 

The geometry of the tetrapod is believed to enhance its 
ability to resist movement and in turn increase its scour 
protection characteristics. The interlocking capability of 
the tetrapod is thought to account for greater stability 
than riprap. The results of these experiments show that 
tetrapods may exhibit a higher degree of stability, but 
the increase was slight and was within the scatter of 
riprap data. 

and surface placements of tetrapods were evaluated on 
a fixed bed. 

There is a significant difference between placement 
of armor units on the surface and that on recessed. For 
riprap, the average Shields parameter for recessed place­
ment is 0.096 versus 0.043 for surface placement. For 
tetrapods, the result is similar, with the recessed place­
ment yielding an average Shields parameter of 0.075 
and the surface placement, 0.042. 

A comparison of tetrapods and riprap using the sta­
bility number versus relative roughness (DsJy) for the 
recessed placement showed no obvious correlation. The 
riprap data of Parola and Neill are included to supple­
ment these riprap data (9,10). Inspection reveals signifi­
cant scatter in the data and no clear distribution in per­
formance between the tetrapods and riprap. 

Figure 13 summarizes a comparison of tetrapod and 
riprap data using the Shields parameter versus the 
Froude number for the recessed data only. The data 
from Neill and Parola are included in this comparison 
as well. The Shields parameter for tetrapods is higher, 
on average, than the riprap for a given Froude number. 
In addition, none of the tetrapod runs was conducted 
at Froude numbers greater than 0.8. The Pennsylvania 
Department of Transportation (PennDOT) is sponsor­
ing additional research to expand this data base. How­
ever, there is enough scatter in the data to question 
whether the interlocking capability of the tetrapods rep­
resents a true increase in stability. 

Experimental Setup 

A number of experiments were performed with various 
riprap and tetrapod configurations. In the first group of 
tests, conditions for tetrapod incipient motion were de­
termined for unobstructed flow (no pier). The test sec­
tion dimensions were 203 X 152 mm, and both recessed 

Obstructed Flow 

Failure of the tetrapod armoring in obstructed flow runs 
typically occurred at the perimeter of the mats rather 
than at the pier. This suggests that the tetrapods are less 
vulnerable to diving currents at the pier than are other 
independent armoring units with less interlocking cap-
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FIGURE 13 Shields parameter for riprap and tetrapods. 
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ability. However, the general turbulence in the flow field 
caused by the pier contributes to tetrapod failure. 

For these tests, two mat widths were tested. As ex­
pected, the wider mat width (the pier width; 152 mm) 
resisted greater shear stress before failing than did the 
narrower width (76 mm). No runs were made with 
wider mats because there were insufficient tetrapod 
models and the P e n n D O T study was expected to ex­
pand on the experiments. 

reinforcement cables. The blocks were evaluted for their 
stability on a fixed bed for both obstructed and unob­
structed flow conditions and on an obstructed movable 
bed. High-velocity tests were performed for various 
sediment sizes to simulate live-bed conditions. Trape­
zoidal and hexagonal geometries were tested, and single 
trapezoidal and hexagonal blocks were also tested for 
their drag coefficients. These countermeasures are illus­
trated in Figure 4. 

Results 

Three tetrapod concentration variations were also eval­
uated. The lowest concentration of 3,300 tetrapods per 
square meter (or approximately a single layer) provided 
less protection than the medium concentration (4,900 
tetrapod per square meter) for both mat widths. Greater 
concentrations, and therefore more opportunities for in­
terlocking arms, apparently contribute to greater sta­
bility as well as less entrainment area for the flowing 
water. However, the highest concentration tested (5,700 
tetrapods per square meter) resulted in earlier failure 
than the medium concentration for both mat widths. 
One explanation for this is that the higher concentra­
tion protruded farther up into the flow field, resulting 
in earlier failure. The higher-concentration experiments 
also had a higher percentage of the tetrapods that were 
not interlocking efficiently. That is, when a second layer 
of tetrapods is placed on top of the first, it wil l interlock 
better than a third layer on the second layer because 
there are fewer voids to allow interlocking. This situa­
tion caused the tetrapods to roll more easily. 

The approach shear resisted by tetrapods in the ob­
structed cases should be less. In a comparison of the 
obstructed versus the unobstructed runs, the average 
shear stress was 2.4 N/m^ for the 76-mm mat and 3.4 
N/m^ for the 152-mm mat. The unobstructed average 
shear stress was 5.4 N/m^. For the obstructed runs, it is 
unclear if a larger mat would continue this trend and 
approach the unobstructed level of stability. Although 
no obstructed runs were conducted in a recessed test 
section, primarily because of time constraints, it is in­
tuitive that tetrapods would demonstrate higher stabil­
ity. Further experimentation would be required to verify 
this case. The fact that most failure is at the mat perim­
eter suggests that it would approach the unobstructed 
level. 

CABLE-TIED BLOCKS 

Cable-tied blocks are continuous scour protection de­
vices placed on the bed surface. This scour countermea-
sure consists of concrete blocks connected or joined by 

Trapezoidal Cable-Tied Blocks 

Movable-bed experiments using the trapezoidal cable-
tied block mats were performed under obstructed flow 
conditions. The first runs used the setup shown in Fig­
ure 6. The high-velocity runs, shown in Figure 6 (bot­
tom), consisted of a movable bed underneath the mat 
in order to observe the performance of the mat at a high 
shear stress ratio, thus avoiding general bed scour. The 
mat was placed flush with the surrounding fixed bed. 
The mat used a filter fabric to prevent water entrain­
ment. Here, no clear trend for scour depth versus ve­
locity is apparent. The controlling factor appears to be 
the tightness of fit of the mat around the pier. Several 
experiments were performed at high velocities using a 
silicon seal between the face of the pier and the coun-
termeasure. This scenario resulted in no scour. 

The critical shear stresses, which represent incipient 
motion conditions, are considerably higher than the 
shear stresses for the unprotected sand experiments. 
This indicates that the cable-tied blocks are more stable 
than unprotected sand and could, therefore, mitigate 
scour in a live-bed situation. This finding is verified by 
the increased-velocity experiments, which show that ap­
proach velocities up to 3.4 times greater than the incipi­
ent motion velocity of the sand reduce scour even after 
equilibrium conditions are reached. The critical differ­
ence between significant scour and no scour regardless 
of the approach velocity appears to be the seal between 
the face of the pier and the countermeasure. Although 
some scour reduction is achieved without using a seal, 
sealing will greatly improve the effectiveness of the 
countermeasures. 

Hexagonal Cable-Tied Blocks 

Hexagonal cable-tied blocks are similar to the trape­
zoidal cable-tied blocks because they are interconnected 
by a network of plastic wire. Like the trapezoidal block 
experiments, hexagonal blocks were tested for their 
incipient motion as well as their scour-reduction 
capabilities. 
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The hexagonal cable-tied blocks were tested up to 
2.5 times the incipient velocity motion of the sand. This 
indicates that the hexagonal blocks wil l remain effec­
tively in place during flood events of that magnitude. 
The approach velocity and bed shear stress are greater 
for the unobstructed conditions than for the obstructed 
test conditions, which indicates that the incipient mo­
tion of the mat is partially dependent on the obstruction 
that the pier creates. 

Results 

The effectiveness of a cable-tied block mat in preventing 
scour depends on the surface roughness characteristics, 
its tightness of fit around the pier, and the lateral extent 
of the mat around the pier. The rougher surface of the 
cable-tied block mats provides better scour resistance, 
and the better fit of the mat around the pier reduces the 
scour potential. Regardless of the type of material, the 
most influential scour prevention characteristic is the 
lateral extent of the countermeasure and the tightness 
of fit. Securing the edges of the protective countermea­
sure to the river bed by using an anchoring system will 
decrease the countermeasures' natural tendency to over­
turn or flip up during large flood events. (Anchors and 
their application are discussed in greater detail in the 
next section.) 

The use of filter fabric for such countermeasures is 
essential to their overall effectiveness. Without filter fab­
ric, the erosive currents induced by the pier wil l pene­
trate between each block and eventually cause scour. 
Several experiments without filter fabric were per­
formed, and observation indicated that the local scour 
progressed as if the mat were not there. This eventually 
led to a scour depth equal to that of an unprotected pier. 

For the fixed-bed unobstructed incipient motion ex­
periments, the trapezoidal block mat overturned at a 
lower bed shear stress than the hexagonal block mat. 
This occurrence indicates that the hexagonal blocks are 
more stable than the trapezoidal blocks. One observed 
phenomenon was that the calculated drag coefficients 
for the three-abreast hexagonal block experiments were 
lower than those for the trapezoidal three-abreast ex­
periments. However, for the single block experiments 
this phenomenon appears to be reversed. One conclu­
sion may be that stream-lining between the hexagonal 
blocks is more efficient than the trapezoidal blocks, thus 
creating a slightly more stable cable-tied block mat. 

For the obstructed fixed-bed experiments, no clear 
advantage between either cable-tied block mat is evi­
dent. The bed shear stresses required to overturn the 
hexagonal and trapezoidal cable-tied block mats are 
1.47 and 1.46 N W , respectively. This similarity indi­
cates that the incipient motion of an obstructed fixed-

bed surface is dependent on the pier. That is, the stream­
lining or local velocity gradients surrounding the pier 
dominate the stability of the mat. 

From the results, it appears that the hexagonal and 
trapezoidal cable-tied blocks compare favorably to each 
other on the basis of their overall scour reduction po­
tential. However, the incipient motion experiments 
showed that the hexagonal cable-tied block mat is 
slightly more stable for the unobstructed experiments. 
The stability of the countermeasure does not appear to 
control its scour reduction potential. The controlling 
factor for scour reduction appears to be how the coun­
termeasure is anchored down and the tightness of fit 
between the face of the pier and the countermeasure. 
For example, two experiments were performed using a 
silicon seal between the face of the pier and the coun­
termeasure. The result was no scour. When no seal was 
present, the scour depth increased proportionally with 
the velocity and as a function of the tightness of fit. Thi s 
is based on both inductive reasoning and the fact that 
all of the observed scour throughout this research oc­
curred at the face of the pier. 

The trapezoidal cable-tied blocks are more stable 
than the hexagonal cable-tied blocks. This finding is 
verified by the trapezoidal block's lower drag coefficient 
and higher shear stress, which may be because the trap­
ezoidal block has more surface area in contact with the 
bed surface, thus establishing a higher moment arm 
needed to overturn it. However, for a movable-bed sit­
uation, some attributes of the hexagonal blocks may be 
desirable—that is, the stability of a countermeasure 
does not necessarily dictate its scour protection poten­
tial. Assuming that the cable-tied block mat is stable 
relative to the underlying sediment, during a sizable 
flood event, the stream-lining between the individual 
blocks wi l l most likely contribute to overall effective­
ness against scour. The inherent shape of a hexagonal 
block wil l allow for channeling or diverting of the ap­
proach velocity forces between the blocks as opposed 
to the trapezoidal block mat, which may divert flow 
downward instead of around it. However, when used 
in conjunction with a filter fabric, this characteristic 
may not be a significant factor. 

ANCHORS 

Anchors are often recommended as an auxiliary device 
that adds stability to the leading edge of a countermea­
sure. They will improve the overall performance of the 
countermeasure for scour protection by anchoring to 
the bed. The anchor is designed to be prototypical in 
size and is to be implemented with various scour pro­
tection countermeasures. The anchor's cable is attached 
to the countermeasure at the surface and the anchor is 
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driven into the bed to an appropriate depth. The setup 
for the experiments is shown in Figure 14. Intuitively, 
it can be seen that the anchor may work best with con­
tinuous scour devices such as the grout mat and cable-
tied block mats. 

These experiments were designed to determine the 
maximum force that an anchor, buried in sand, can 
withstand without being dislodged. This maximum re­
sisted force becomes critical when the fluid forces acting 
on the anchor are equal to or greater than its resistance. 
The resistant forces of the anchor are reported as a 

function of the depth of the anchor embedded in the 
sand. 

The large forces associated with dislodging the an­
chors for the different experiments vary considerably. 
These differences were due to inconsistencies in the sand 
settlement and saturation percentages. The force re­
quired to dislodge the anchor from the sand appears to 
be dependent on the location of the anchor within the 
barrel as well as the amount of time the sand had to 
settle between experiments. The compaction of the sand 
changed from one experiment to another. 

A n alternative design for an anchor might be one 
that is "duck-billed" on both ends. This design would 
enable the anchor to be driven into the bed material 
much easier. More important, it would provide a larger 
surface area when the anchor is in its horizontal posi­
tion (i.e., once the anchor is in place, the force required 
to pull up the anchor would be greater since the ob­
struction area to uplift the anchor is greater). With re­
spect to using anchors in conjunction with a counter-
measure, the force required to dislodge the anchor from 
the bed can be combined with the force required to 
overturn the countermeasure: the drag force required to 
overturn the countermeasure can be recalculated using 
a larger force holding down the countermeasure. This 
can be used in sizing countermeasures for large flood 
events. The procedure for sizing the anchors and coun­
termeasure would entail estimating the desired ap­
proach velocities and, in turn, the drag forces allied to 
the countermeasure for a large flood. The appropriate 
anchor can be determined from the drag force for a 
specifically sized countermeasure. 

The experiments revealed that the performance of the 
anchor is dependent on soil characteristics such as con­
solidation and compaction. This conclusion is corrob­
orated by the fluctuation of anchor strength from the 
first run to the second for the same depths. As can be 
expected, the larger anchor is more resistant to dislodg­
ing than the smaller for the same depth. Figure 15 sum­
marizes the results for these experiments. Furthermore, 
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the resistance to dislodging increases as the sand con­
solidates. The influence of soil characteristics on the sta­
bility of the anchor is beyond the scope of this study. 
The performance, or pullout force, can be increased 
greatly by a design modification. Making the anchor 
duck-billed on both ends would significantly increase 
the resistance area and make installation easier. 

HIGH-DENSITY PARTICLES 

High-density particles were tested for their performance 
as a local scour countermeasure. These particles may be 
less prone to turbulence around the pier because of their 
reduced size and their higher specific gravity. High-
density particles are more than four times as dense as 
conventional riprap. 

The purpose of these experiments is to evaluate this 
alternative to riprap as a scour countermeasure. Intui­
tion suggests that high-density particles may provide a 
better protective apron around a pier than conventional 
riprap. These experiments are designed to give some in­
sight into how high-density particles wil l perform as a 
local scour countermeasure. 

Two sizes of high-density particles were tested. The 
particles were made from lead, were cylindrical in 
shape, and had diameters of 2.3 and 6.3 mm. Each par­
ticle size was tested on the high-velocity movable-bed 
surface shown in Figure 7 (bottom). A layer thickness 
of two to three diameters was used for the tests. N o 
filter was used. The approach velocity averaged about 
0.7 m/sec. Each experiment was allowed to run for 
about 4 hr, at which time the experiments were stopped 
and the scour depths recorded. 

Although this countermeasure will provide an ade­
quate protective layer, the size and specific weight of the 
high-density particles appear to have an important im­
pact on its effectiveness. There appears to be a point at 
which these particles need to be sized according to the 
underlying bed material size. That is, if the high-density 
particles are smaller than the bed material that they are 
trying to protect, this type of countermeasure is inap­
propriate. When filter fabric is not used, the size of the 
particle must be larger than the bed material but small 
enough to close the spacing between each particle. In 
this manner, the water currents are prevented from en­
training between the gaps, thus causing scour. 

In general, high-density particles appear to be a more 
stable scour countermeasure, on the basis of their rela­
tive mass and size, than riprap. One advantage of high-
density particles is the reduction in the size particles re­
quired to provide protection. Along with the size 
reduction are decreases in void size and the need for 
filters. Although the riprap experiments scoured less, 
these experiments were performed near incipient mo­

tion, whereas these tests achieved a velocity of 2.6 times 
that of the incipient motion of the underlying sediments. 
An increase in the velocity of about 500 percent was 
observed for these conditions, indicating the need for a 
thicker apron. With the riprap experiments, typically a 
two-layer-thick apron was used, which increased the 
ability of the countermeasures to withstand scour. 

Conclusive results to validate this type of counter-
measure could not be obtained because of the limited 
number of experiments performed. However, the 
Shields criteria and sediment number relations would 
apply for this type of protection if the appropriate spe­
cific gravity were used. Further research would enhance 
the understanding of this scour countermeasure. 

Lead was used for these experiments only for con­
venience. The authors do not recommend using this 
countermeasure because of its environmental impact. A 
material that is more environmentally sound should be 
used instead. 

SUMMARY 

The riprap experiments indicate that the protection in­
creases substantially as the riprap apron width increases 
to 1.5 pier widths beyond the edge of the pier. From 
these experiments, the two-pier-widths extension crite­
rion currently recommended in FHWA's Highway E n ­
gineering Circular 18 (5) is adequate. 

Grout mats and grout bags also provide substantial 
protection, especially when they extend at least 1.5 pier 
widths. The grout mats and grout bags performed com­
parably to the riprap mats. 

Footing configuration can have a profound effect on 
scour. Wide footings with the top of the footing level 
with the bed surface provide substantial protection 
against the strong near-field vortices being shed by a 
pier. Narrower footings might not extend far enough 
from the pier to provide protection against these vor­
tices. As general bed scour occurs, the top of the footing 
is raised into the flow field and the flow is redirected 
down the face of the footing into the bed, increasing 
scour. As the footing continues to rise (or scour in­
creases), a channel may be scoured out under the foot­
ing. This channel provides relief for the redirected flow 
and results in scour equilibrium being reached. The 
maximum protection is provided with wide footings (at 
least 1.5 pier widths) level with the bed surface, al­
though this configuration does not appear to provide as 
much protection as equally wide riprap mats, grout 
mats, or grout bags because footings are rigid and can­
not settle or roll into a scour hole. Another reason may 
be that the riprap sheds off, or breaks up, some of the 
dominating vortices that are present, whereas the ex­
tended footing only transfers them outward. The front 
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of the footing can also generate scouring vortices when 
raised into the flow field. 

For both unobstructed and obstructed (pier) flow 
conditions, riprap and tetrapods behaved comparably 
when both stability number and spherical stability num­
ber were compared. These experiments also show that 
fixing the perimeter and varying the number of layers 
of tetrapods may affect stability. Therefore, economics 
should have a major role in choosing between riprap 
and tetrapods. 

A direct comparison between the alternative protec­
tion measures is possible, but it must be done with care. 
The main reason is that the riprap, grout bags, grout 
mats, tetrapod models, high-density particles, and 
cable-tied blocks do not necessarily scale up to com­
parable prototype dimensions; equal scaling between 
the various models relative to the pier size could not be 
achieved. A measure such as the Shields parameter can 
reduce the importance of scaling for measures such as 
riprap and tetrapods but does not have the same utility 
for a continuous grout mat. The second problem in 
making direct comparisons derives from the unknown 
degree to which the presence of a protection measure 
changes local scour potential. This may be an issue in 
terms of both the location of the measure (i.e., whether 
it is extended into the flow field) and the extent to 
which the measure changes surface roughness locally 
(i.e., whether enough to change the flow field energy 
slope). 

The countermeasures that act as a continuous apron 
can be compared. These include grout mats, grout bags, 
cable-tied blocks, and high-density particles. Figure 16 
shows the effectiveness of these countermeasures rela­
tive to each other. The scour reduction ratio (dJd,o) ver­

sus the velocity ratio (YJVi) is examined. Overall , the 
alternatives that used a seal between the pier and the 
countermeasure showed little or no scour regardless of 
the velocity ratio. None of the countermeasures appears 
to dominate in terms of its scour reduction capacity but 
the overall trend is that the scour increases proportion­
ally with the velocity. The variability in scour for similar 
countermeasures at similar velocities may reflect the 
manner in which they were placed before the experi­
ment. If, for instance, the grout mat was not tight 
enough around the pier, greater scour could result. 
From these experiments, there does not appear to be 
any correlation between the stability of a countermea­
sure and its scour reduction capability. The critical 
shear stress to overturn a hexagonal cable-tied block 
mat (1.9 N W ) on a fixed bed is almost 10 times that 
of a grout mat (0.2 N/m^). However, from Figure 16, 
the grout mat experiments compare favorably to the 
hexagonal cable-tied block experiments. 

Although comparing the scour protection alterna­
tives is difficult at best, some relative comparisons are 
made from the perspective of inherent countermeasure 
stability and scour protection. The resisting critical 
shear stress and Shields parameter are measures of the 
resistance of the alternative to movement in a flow field. 
Since the Shields parameter is dimensionless, it is inde­
pendent of scale. However, shear stress has units of 
force per area and is, therefore, scale dependent. Uni­
form sand with a D̂ Q of 0.43 mm resists a shear stress 
of approximately 0.2 N/m^ or less, and a sand with a 
D 5 0 of 2.4 mm resists a shear stress of approximately 
1.2 N W . A n y measure designed to protect the sand 
from scour should have a higher degree of resistance. 
This is true for all measures, except for grout mats laid 
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flat on the bed surface. It is also observed that the 
method of installation affects stability (compare grout 
mats laid flat and those toed-in, and tetrapods recessed 
and on the surface). 

Another way to evaluate the countermeasures is to 
compare their effectiveness in scour protection. This is 
a function of both inherent stability and the ability to 
stop the base material from moving while underneath 
the countermeasure. The results show the range of scour 
allowed by each measure (as a percentage of the un­
protected scour) and notes where that scour takes place. 
The riprap tests reduced maximum scour from 14 to 20 
percent of the unprotected scour for a mat width of 
152 mm and to 0 percent (no scour) for a mat width 
of 305 mm. Equally important is that the scour that did 
take place was found at the mat perimeter rather than 
at the pier and is, therefore, less of a threat. As ex­
pected, the other countermeasures show that a wider 
mat width improves scour protection. The results show 
that the installation technique for grout mats and grout 
bags affects not only the degree of scour, but also the 
location of scour. 

CONCLUSIONS 

This study provided some valuable insight into the over­
all behavior and effectiveness of various scour counter-
measures. T w o main areas of concern emerged: the first 
corroborated previous recommendations to extend at 
least two pier widths laterally from the pier in order to 
provide adequate protection from local scour, and the 
second addressed the use of filter fabric and sealing be­
tween the pier and countermeasure. Although each 
countermeasure has its own characteristics, the com­
mon bond between them is their ability to act as a con­
tinuation of the pier much like an extended footing. The 
following is a list of conclusions drawn from this study 
for each countermeasure: 

• Countermeasures tested in this study are remedial 
measures to arrest local pier scour at existing bridges. 

• Countermeasures were evaluated in terms of fail­
ure modes and techniques for analyzing expected sta­
bility. Al l of the alternatives to riprap merit another 
level of scrutiny for practicality and cost-effectiveness. 

• Two techniques determined to be appropriate for 
analyzing stability were (a) particle displacement crite­
ria patterned after Shields and Isbash incipient motion 
formulas and (b) drag coefficients to characterize over­
turning forces. Both of these techniques involve dimen-
sionless parameters that can be transferred from labo­
ratory to full-size conditions. 

• Loose particle countermeasures such as rock rip­
rap, tetrapods, or other precast concrete particles and 

high-density particles can be analyzed by particle dis­
placement criteria and can be compared with one an­
other by using an equivalent spherical diameter as a 
characteristic size. 

• High-density particles can be formed into near-
spherical shapes from scrap metal and crushed auto­
mobile bodies to serve as an effective countermeasure. 
Although they may pose environmental problems, they 
were tested because they are stable in much smaller di­
ameters and in some situations can serve as their own 
filters for the underlying bed materials. 

• Interconnected mats such as cable-tied blocks and 
grout mats have two failure modes. The first is over­
turning and rolling up the leading edge if it is not ade­
quately anchored or toed in. The second usually occurs 
at much higher velocities if the leading edge is ade­
quately anchored; it is uplift of the inner portion of the 
mat. This process is analogous to particle displacement. 

• Anchor strengths of full-size, commercially avail­
able duck-billed anchors were measured in the labora­
tory by the forces required to dislodge them from a bar­
rel of saturated sand. The forces depended on the depth 
of penetration and size of the anchor and varied from 
200 N for the small anchors to 1000 N for the large 
anchors at 0.75-m penetration. 

• Interconnected mats must be fitted around a pier 
and require a good seal between the mat and the pier 
to avoid being undermined by the diving currents along 
the upstream face of a pier. 

• Grout bags formed into oblong shapes can be an­
alyzed by particle displacement criteria, but the equiv­
alent spherical diameter, which worked well for riprap, 
tetrapods, and high-density particles, was not an appro­
priate way to characterize the size of the grout bags. 
The authors selected the grout bag height as a charac­
teristic size dimension. 

• Extended footings can serve as scour arresters un­
der favorable conditions, but they can become a major 
contributor rather than an arrester to scour if they are 
located above the stream bed. 

RECOMMENDATIONS 

The experiments reported in this paper provide valuable 
insight into some of the issues surrounding design and 
implementation of pier scour protection measures. 
However, additional model experimentation and field 
verification are necessary to produce defensible guid­
ance for use in the field. More research is needed to 
address some of the issues that could not be resolved in 
these experiments of relatively small scale. These issues 
include 

• Practical methods for placing filter fabric under 
water. 
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• Development of filter criteria for various prototype 
protective measures, 

• Evaluation of the long-term integrity of cables and 
polyethylene ropes for cable-tied block systems, 

• Evaluation of the long-term integrity of the fabric 
for grout mats, 

• Performance of anchors used in conjunction with 
countermeasures, 

• Consideration of environmental problems associ­
ated with the potential erosion of countermeasures and 
the corrosion of high-density particles, 

• General verification testing at larger scales, and 
• Evaluation of practical techniques for sealing coun­

termeasures to piers on existing bridges. 

Once their effectiveness is demonstrated, issues of 
cost, availability of materials, and installation will de­
termine which measures are applied in the field. 
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