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Scour at Culvert Outlets in Multibed Materials 
STEVEN R. ABT, JAMES F. RUFF, AND CESAR MENDOZA 

An investigation of scour at culvert outlets in noncohesive and SC-type cohe­
sive materials is presented. A series of empirical equations was derived to pre· 
diet the depth, width, length, and volume of scour downstream of culvert out­
lets under various field and laboratory conditions. The rate of scour was 
determined for each material. The effects of culvert shape, tailwater depth, 
and headwall presence were correlated with the ultimate scour dimensions. 
The area affected by the scour process was quantified as a function of culvert 
diameter and discharge. General observations on scour-hole formation, growth, 
and stabilization are reported. 

One of the major considerations in the design and 
construction of a roadway system is the conveyance 
of tributary drainage through the roadway embank­
ment. As drainage waters are conveyed through the 
embankment, flow discharges from the culvert and im­
pinges on the material beneath the outlet. The im­
pinging jet lifts the material particles and trans­
ports those particles downstream of the impact 
area. The jet impact area is transformed into an 
energy dissipator, and a hole is created at the out­
let. The eventual result of this scour and erosive 
process, if it is left unchecked, is degradation of 
the roadway embankment, degradation of the area be­
neath and adjacent to the culvert outlet, and aggra­
dation of the channel, land areas, or properties 
downstream of the outlet. Because of these severe 
and often costly damages, the study of localized 
scour is an important step in the evaluation, con­
trol, and management of roadway embankment erosion. 

The investigation of scour at culvert outlets has 
continued for several decades. Early studies, be­
g inning with Rouse <1> and Laursen <1lr attempted to 
understand the general nature and principles of 
scour. Scour was observed to be a function of dis­
charge, time, and material characteristics. A num­
ber of investigations have identified the signifi­
cant characteristics of rocalized scour at culvert 
outlets. These studies address the following gen­
eral topics: the effects of falling jets (3) and 
the degree of armor plating in gravel bed materials 
(4); the effect of headwalls on predicting scour in 
sand bed materials (5)1 the effects of material 
shape (6), tailwater (7,8), and jet impingement on 
riprap materials (9)i and-the prediction of scour in 
a cohesive material (10). In most cases emphasis is 
placed on predicting the extent and dimensions of 
the degradation processes. 

The most notable studies were those of Bohan (j) 
and Fletcher and Grace (11) of the U.S. Army Engi­
neer Waterways Experiment Station. They formulated 
a series of empirical equations that predicted the 
length, depth, width, and volume of scour as a func­
tion of discharge, culvert diameter, and time. 
Bohan and Fletcher and Grace realized the signifi­
cant effect of tailwater conditions on ultimate 
scour-hole dimensions. Therefore, their prediction 
equations were generalized to encompass a spectrum 
of tailwater conditions. Although several studies 
followed the investigations of Bohan and Fletcher 
and Grace, their work has been adopted as the most 
comprehensive design criteria available for the pre­
diction of scour-hole dimensions. 

The ability to predict the magnitude and geometry 
of localized scour and subsequent deposition at 
culvert outlets is a useful evaluation tool in the 
control and management of erosion along roadway em­
bankments. However, because previously developed 

equations are considered conservative, it is advan­
tageous to investigate localized scour in noncohe­
sive and cohesive materials at culvert outlets. 

EXPERIMENTAL FACILITIES AND PROCEDURES 

In the investigation of scour at culvert outlets in 
mixed-bed materials, five materials were used under 
a variety of conditions. Materials were tested in 
two facilities with culverts ranging in diameter 
from 4 to 18 in. (10.2 to 45. 7 cm). Test periods 
ranged from 316 to 1000 min in duration and dis­
charges ranged from 0.11 to 29.13 ft' /sec (0.003 
to 0. 83 m' /sec) • A summary of the experimental 
materials, models, discharges, and test durations is 
given in Table 1. 

Exper imental Facili ties 

Two hydraulic flumes were used for conducting the 
scour investigation. The initial testing program 
was conducted in an outdoor concrete flume 100 ft 
(30.5 m) long, 20 ft (6.1 m) wide, and 8 ft (2.4 m) 
deep. A smooth pipe (culvert) was horizontally 
cantilevered through the headwall between the 
sidewalls and extended approximately 6 ft ( 1. 9 m) 
into the test section. Bed material was placed ad­
jacent to the pipe invert and leveled with a minimum 
thickness of 6 ft. 

The scope of the study was expanded to incorpo­
rate a smaller indoor flume 15 ft (4.5 m) long, 4 ft 
(1.2 m) wide, and 2 ft (0.6) deep. The indoor fa­
cility was a 1: 5 Froude scale model of the outdoor 
flume. · 

Descript i on of Bed Ma t eria ls 

Four noncohesive materials and one cohesive soil 
were used as bed materials for the scour investiga­
tion. The soil properties of each bed material were 
obtained and recorded in accordance with procedures 
outlined in ASTM specifications. 

Noncohesive Materials 

The four noncohesive materials tested included a 
uniform sand, a uniform gravel, a graded sand, and a 
graded gravel. The soil properties of the noncohe­
sive material are summarized in Table 2. The spe­
cific gravity of the noncohesive material source was 
determined to be 2.65. 

Cohesive Bed Material 

The cohesive material was derived from a residual 
Colorado expansive clay mixed with a graded sand. 
The tan-green sandy clay mixture is classified as an 
SC soil type in accordance with the Unified Soil 
Classification system. An agricultural analysis 
further categorized the material as a sandy loam 
composed of 58 percent sand, 27 percent clay, and 15 
percent silts and organic matter. The cohesive ma­
terial properties are summarized in Table 3. 

Test Procedure 

The bed was leveled adjacent to the culvert invert 
elevation. Water was directed from the water source 



56 

Table 1. Test program parameters. 

Pipe 
dso Model Diameter 

Material (mm) (ft) (in.) 

Uniform sand 1.86 20 4 
20 7 
20 7 
20 7 
20 13.5 
20 17 .5 

4b 4 
4' 4 
4 4x4 

Graded sand 2.0 4 4 
Uniform gravel 7 .62 20 3 

20 3 
20 3 

Graded gravel 7.34 20 7 
Cohesive 0.15 20 7 

20 13.5 
20 16 

aWater depth as a portion of culvert diameter~ 
bWithout headwall. 

~Hh headwall. 

Table 2. Properties of noncohesive materials. 

dso Standard 
Soil Type (mm) Deviation8 

Uniform sand 
(medium) 1.86 l.33 

Graded sand 2.00 4.38 
Uniform gravel 7.62 1.32 
Graded gravel 7.34 4.78 

3Standard deviation (a) is (ds4/dL6)0.S 

Table 3. Properties of cohesive materials. 

Characteristic 

Soil type 
Texture 
Atterberg limits 

Liquid limit 
Plastic limit 
Plastic index 

Soil composition (%) 
Organic matter 
Sand 
Silt 
Clay 

pH 
Mean grain size (mm) 
Uniformity coefhc1ent 
Fall velocity (d 50 ) (ft/sec) 
Cation exchange capacity (meq/l OOg) 
Soil fabric 
Dispersivity of colloid fraction 
Permeability (cm/sec) 

Unit 
Weight 
(lb/ft 3 ) 

93.8 
105.9 
94.4 

117.9 

Angle of Fall 
Velocit} 
(cm/sec: 

Repose 
(0) 

34.8 
31.8 
37.3 
37.3 

27.I 
27.3 
63.0 
64.0 

Characteristic 
Value 

SC 
Sandy loam 

34 
19 
15 

I 
58 
14 
27 
7 .8 
0 .15 
300 
0.08 
9.0 
Dispersed 
N ondispersive 
6.4xJ0-6 

to a sump located downstream of the material testing 
basin until the water reached the desired tailwater 
elevation. The control valve was gradually opened 
until the discharge reached the desired level. The 
tailwater elevation was adjusted and maintained 
above the bed at levels given in Table 1. 

In general, scour profiles were taken after pre­
determined time periods measured from the beginning 
of each test. The model bed was mapped by using a 
point gauge. 

Discharge Intensity 

The Froude number of circular sections (Vg-0.5D-0.5) 
was modified to Qg-O·Sr,-2.5, where V ~ Q/A and A ~ 

Transportation Research Record 948 

Discharge Times of Data 
Range Collection Tail water 
(ft3/sec) (mins) Elevation3 

0.11- 1.14 3 1,100,316 0.45 
1.15- 7.65 3 1,100,316 0.00 
1.15- 7.65 3 1,100,316 0.25 
1.89- 9.45 3 1,100,316,1000 0.45 
3.85-19.26 3 1,100,316,1000 0.45 
7.31 - 29.23 3 1,100,316,1000 0.45 
0.16- 0 .91 31,100,316,1000 0.45 
0 .16- 0.91 31,l 00,316,1000 0.45 
0.25- 1.16 31,I 00,316 0.45 
0.18- 0.73 31,100,316 0.45 
1.91- 7.65 31,100,316 0.0 
1.91- 7 .65 31,100,316 0.25 
1.91- 7.65 31,100,316 0.45 
1.91- 7.65 31,100,316 0.45 
1.91- 7.65 31,100,316,l 000 0.45 
3.81-15.23 31,100,316,I 000 0.45 
7.28-29 .13 31,100,316,I 000 0.45 

nD 2 /4. This form of the Froude number is referred to 
as the discharge intensity (DI); 

RESULTS AND DISCUSSION 

General Observations 

Noncohesive Materials 

A series of 75 scour tests was conducted, observed, 
and documented as water discharged from a culvert 
outlet onto a bed of noncohesive materials. Scour 
holes were generally similar in geometric configura­
tion and appearance. They were circular in shape at 
low DI (DI < 1. 0) and elongated to an oval shape 
as the DI exceeded l (DI> 1.0). 

Scour holes were created by a water jet striking 
a horizontal bed of noncohesive material. The force 
of the jet and subsequent turbulence lifted and en­
trained the material particles. Large-diameter ma­
terials were transported as bed load along the bot­
tom of the scour hole and along bed downstream of 
the hole. Smaller materials were entrained by the 
flow and deposited around the rim of the hole, in 
the subsequent dune or mound downstream from the 
hole, or in the material settling basin. The mounds 
that formed were fan-shaped for DI < 1.0 and be­
came elongated as the DI reached 1 (DI> 1.0). 
The surface of the mounds was flat, paralleling the 
water surface. The mound height was generally ob­
served to be approximately 0.6 to 0.8 of the tail­
water depth. 

Cohesive Material 

A series of 12 scour holes was observed and docu­
mented for the cohesive bed material. The scour 
holes were generally similar in geometric configura­
tion. Scour holes were circular in shape at low DI 
(DI< 1.0). As the DI increased (DI> 1.0), the 
holes elongated to an oval shape. 

The force of the water jet striking the bed weak­
ened the cohesive bonds of the material and dis­
lodged particles from the bed. The material was 
then lifted and entrained into the turbulent flow. 
Large-diameter materials (sands and clods) were 
transported as bed load along the bottom of the 
scour cavity and deposited immediately downstream of 
the jet impact area. A mound subsequently formed 
downstream of the cavity. The smaller materials 
(clay and silt particles) were entrained by the flow 
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and trapped in void spaces alonq the mound or trans­
ported to the material s ettling basin. Each mound 
was generally f l at , less t han 0.25D in heiqht, and 
fan-shaped downstream of the cavity. The mound was 
primarily composed of large-diameter sands and clods 
and fine material filling the void spaces. 

Considerable deposition of sands and clods was 
observed around the rim of the hole at the conclu­
sion of each experiment. This apparent armoring ef­
fect consistently occurred at the downstream face 
and along the rim of all scour holes. Limited ar­
moring was observed within the scour hole. Armoring 
materials could not be supported along the cavity 
walls due to steep sideslopes and vertical side­
walls. In some cases cantilevering occurred. 

Quantitat i ve Re sults 

After the scour tests were completed, an analysis 
was conducted to correlate the depth, width, length, 
and volume of scour with materials, culvert, and 
discharge. Scour-hole depth, width, length, and 
volume are expressed by the following dimensionless 
parameters: 

Character is tic 
Depth 
Width 
Length 
Volume 

Pa r ame t er 

dsnfD 
Wsn/D 
LsnfD 
VsnfD' 

The relationships presented here are based on the 
maximum scour-hole dimensions. Test durations were 
in accordance with the times given in Table 1. 

Graphical representations were compiled correlat­
ing the dimensionless depth, width, length, and vol­
ume parameters with DI, as shown in Figure 1 for uni­
form sand (d50 = 1.86, a= 1.33, and t 0 = 1000 min). 
A power regression line was fit through each loga­
rithmic plot, which yielded a series of expressions 
of the following general form: 

(!) 

where 

y dependent variable of dsm/D, Wsm/D, Lsm/D, or 
Vsn/D': 

a = a constanti and 
b slope of the linearized plot . 

From these expressions it was evident that the maxi­
mum scour-hole characteristics of depth, width, 
length, and volume can be correlated with the cul­
vert diameter (DJ and culvert discharge (QJ. Re­
placing the independent variable of Equation 1 with 
the DI yields the following expression for dsnfD 
or any of the other dimensionless parameters: 

(2) 

The DI relationships yield a conservative estimate 
of scour-hole dimensions for partly filled culverts 
(DI < 1.0). 

A number of empirical relationships were simi­
larly formulated for the cohesive soil correlating 
the four maximum dimensionless scour characteristics 
with the inverted s hea r number (S J, as shown in 
Figure 2. The inve r ,ted shear number '\s 

(3) 

where the cr i tical shear stress (Tel i s 

Tc= 0.001(Sv+1 30) tan (30 + 1.73 Ip) (4) 

The maximum scour-hole depth, width, length, and vol-

Figure 1. Dimensionless scour-hole parameters versus DI for 
uniform sand, where dso = 1.86 mm, a = 1.33, and t 0 = 
1,000 min. 
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Figure 2. Characteristic dimensions of scour versus inverted shear 
number. 
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ume can be correlated with D, average velocity of 

fluid at the culvert outlet (VJ, fluid density (p), 
s aturated soil shea r stress (S J , a nd s o il plas­
ticity index ( Ip) . Replacing the independe nt var ­
i able of Equat i o n 2 with the i nver ted shear n umber 
yields the following equation for any of the four 
dimensionless parameters: 

(5) 
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Time Relationships 

Scour-hole measurements were taken at 31, 100, and 
316 min for all of the noncohesive materials1 a por­
tion of the uniform sand tests and all of the cohe­
sive soil tests extended to 100 min in duration. 
The observed scour-hole characteristics were evalu­
ated for each time interval. Characteristic values 
were normalized with reference to the final or maxi­
mum values obtained after the appropriate test dura­
tions. 

After 31 min of testing, a minimum of 80.0 per­
cent of the 316-min scour depth was attained inde­
pendent of the type of material tested. Further­
more, the 31-min values for scour-hole width, 
length, and volume averaged 83, 80, and 61 percent 
of the 316-min values, respectively. The 31-min 
rate of scour of the cohesive material was close to 
the average 31-min rate of scour of the noncohesive 
materials. 

A comparison of the 316-min scour-hole dimensions 
with the 1000-min scour-hole dimensions indicates 
that, although the duration of scour extended 684 
min (216 percent) longer, the scour-hole dimensions 
increased on an average by 14 percent in depth, 7 
percent in width, 16 percent in length, and 46 per­
cent in volume. 

Loqarithmic plots of normalized scour-hole char­
acteristics versus normalized time (t/t0 ) are 
shown in Figure 3. In this case, t is any time less 
than or equal to the duration of scour (t

0
). By 

using the power relationship depicted in Equation 1, 
a number- of regression curves were fit to the data 
where time is the independent variable. 

Scour Relationships 

By using the dimensionless parameters and character­
istic relationships developed thus far, it is possi­
ble to formulate equations that estimate scour-hole 
dimensions at any finite time between 31 min and the 
test duration of 316 to 1000 min. Combining Equa­
tion 1 with the time expression yields an equation 
that relates a desired hole characteristic to its 
maximum value as a function of time. The resulting 
equation is 

Figure 3. Normalized scour-hole characteristics versus normalized 
ti me for uniform sand. 

!i 
..J ..... 

• d1/dom 
0 W.IW.rn 
A L1 /Lorn 
c V,IV1m 

~ 10° 

E 
i ..... 
i 

~ .... . ... 

10' .....,,~~~--'"~~~~~.......,~~~~~~~~~ 
10-• 10-• 10° 

1/1000 

(6) 

Transportation Research Record 948 

where 

a = a coefficient1 
b • slope of the desired characteristic curve1 
c = slope of the desired time relationship1 
x = independent variable of Qg-0.5 D-2.5 or 

oV 2!Tcl-11 and 
y dependent variable of d8 /D, Ws/D, Ls/D, or 

VsfD3 • 

Furthermore, because some of the tests were run for 
a 316-min duration and others wet'e run for 1000 min, 
the coefficient a can be multiplied by the appropri­
ate time normalization peccentages to ensure that 
all of the materials will have the same divisor for 
the time parameter. 

Table 4 gives a summary of the coefficients and 
exponents for each material and scour-hole parameter. 
Exponents b and c are the same as the component re­
gression analyses for each independent variable. The 
coefficients a are the product of the coefficients 
from the component regression analyses for each inde­
pendent variable times the normalization percentages 

ds316/ds1000' Ws316/Ws1000' Ls316/Ls1000' and Vs316/ 
vs

1000 
for the runs that extended to 1000 min. 

A compilation of maximum scour-hole depths versus 
DI for four uniform materials and two graded materi­
als is shown in Figure 4. 

Tailwater Effects 

Tests were run to investigate further the effects of 
tailwater (TW) depth on scour-hole dimensions. Pre­
vious tests by Bohan <.:U and Fletcher and Grace <.!.!> 
of the u.s. Army Corps of Engineers demonstrated 
that maximum scour occurred when TW was below the 
culvert center line. Tests were run at TW of zero, 
0.25D, and 0.45D to determine where scour tended to 
be the greatest. 

The depth, width, length, and volume of scour 
were correlated with the DI for each TW elevation as 
in the plots shown in Figure 5. Little dif;ference 
in scour is observed between zero TW and 0. 25D TW 
for the sand bed material. As the tailwater was 
raised from 0.25D to 0.45D, the depth and width of 
scour decreased while the length and volume of scour 
increased. Overall, scour-hole dimensions at O. 25D 
TW were no more than 10 percent greater than tests 
at 0.45D TW. Little difference was observed in the 
maximum scour-hole dimensions as the TW varied from 
zero to 0.45D for Dis of >1.5. 

Effects of Culvert Shape 

Test runs were performed to investigate how the 
shape of. a culvert affected scour-hole depth, 
lenqth, and volume. Only circular and square cul­
verts were considered in this analysis. 

Culverts were sized so that the diameter of the 
circular culvert was equivalent to the length of one 
side of the square culvert. Because the cross-sec­
tional areas of the two culverts were not identical, 
it was necessary to compare the results based on pa­
rameters other than DI and D. 

Analyses were performed by using an equivalent 
depth parameter (Ye). The equivalent depth is a 
characteristic length applicable to culverts of any 
shape and is expressed as 

Ye = (A/2)112 (7) 

where A is the cross-sectional area of flow. 
A comparison of equivalent depth with three of the 

dimensionless scour-hole parameters--dsn/Ye, L8r./Yer 
and Vsn/Ye_'--is shown in Figure 6. It is observed 
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Table 4. Equation coefficients and exponents in terms of constant 316-min duration. 

Dependent Independent 
dso Variable Variable 

Material (mm) 0 (y) (x) b 

Uniform sand 1.86 1.33 d,/D Qg"o.s 0 2.s 1.86 0.45 0.09 
W,/D Qiio .s 0 2.s 8.44 0.57 0.06 
L,/D Qi(o .s 0 2.5 18.28 0.51 0.17 
V,/D3 Qg'o .5 0 2.5 101.48 1.41 0.34 

Graded sand 2.00 4.38 d,/D Qg·o .5 0 2.5 1.22 0.82 0.07 
W,/D Qg'o .5 0 2.5 7.25 0.76 0.06 
L,/D Qg·o .5 0 2.5 12.77 0.41 0.04 
V,/D3 Qg·0 .5 0 2.5 36.17 2.09 0.19 

Uniform gravel 7.62 1.32 d5 /D Qg·0 .5D2.S 1.78 0.45 0.04 
W,/D Qg·o .5 0 2.5 9.13 0.62 0.08 
L,/D Qg·O.SD2.5 14.36 0.95 0.12 
V,/D3 os·o .5 0 2.5 65.91 1.86 0.19 

Graded gravel 7.34 4.78 d,/D Qg_·o .~ 02.5 l.49 a.so 0.03 
W,/D Qg·o .5 0 2.5 8. 76 0.89 0.10 
L,/D Qg•O.SD2.5 13.09 0.62 0.07 
V,/D 3 Qg·O .s 0 2.5 42.31 2.28 0.17 

Cohesive sandy clay 0.15 d,/D Qg·O ,S 0-2 .S 1.86 0.57 0.10 
W,/D Qg·O.So-2.5 8.63 0.35 0,07 
L,/D Qg·0 .50-2.5 15.30 0.43 0.09 
v.;ol Qg·0 .5 0 .2 .s 79.73 1.42 0.23 

Cohesive sandy clay 0.15 d,/ D3 p V2 Tc·l 0.86 0.18 0.10 
W,/D pVl Tc-I 3.55 0.17 0.07 
L1/D p V2 T«1 2.82 0.33 0.09 
V, / 0 3 pV2 Tc-I 0.62 0.93 0.23 

Note: Modified equation: y =a (x)b • (t/316 min)c, where t < 1000 min and t ;;ii 31 min. 

Figure 4. d5 m/D versus DI for cohesive and noncohesive material 
(curves adjusted to common time base of 316 min). 
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that the dimensions of scour are greater for circu­
lar-shaped culverts than for square-shaped culverts 
of similar characteristic lengths. 

The Froude relationship was also selected for 
analysis where the Froude number (F) is defined as 

F=V/ygL (8) 

where g is the acceleration of gravity and L is the 
culvert characteristic length. The hydraulic radius 
(Rii) was selected as a common-denominator charac­
teristic length and is defined as 

RH =A/WP (9) 

where A is the cross-sectional area of flow and WP 
is the wetted perimeter. 

The Froude number was compared with the dimension­
less scour-hole parameters of d 9 n/RH, L9 n/RH, and 

Figure 5. Tailwater comparison of scour-hole depth and length 
versus DI for uniform sand. 
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VsnlRH'· Figure 6 shows the dimensions of scour to 
be greater for circular-shaped culverts than for 
square-shaped culverts of similar characteristic 
lengths. Froude numbers varied from 2 to 6.5. 

An analysis was performed to evaluate which pa­
rameter, equivalent depth, or Froude number more 
closely predicted scour-hole dimensions when cul­
verts were flowing full. The resulting equations, 
using the equivalent-depth analysis, yield a conser­
vative estimate of scour-hole dimensions at low DI 
(DI < 1.0) and tend to underestimate scour-hole 
dimensions at higher DI (DI.::_ 1.5). 

It was observed that as the flow discharged from 
the square outlet the jet dispersed and impacted 
over a wider area than the more concentrated jet 
from the circular culvert. Therefore, it is antici­
pated that the estimated depth of scour will be less 
for rectangular culverts than that predicted for 
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Figure 6. Equivalent-depth comparison of circular- and square-shaped 
culverts for uniform sand. 

10• 

~ 
..... 

E 
..! 

I 0 2 

~ 

) ,, 

10 1 

10° 

• --- CIRCULAR PIPE 

o-------- SQUARE PIPE 

'l',_000 
L,mlY, =6.00(0~Y, I o , • P' 

p' 
q.' 

z_l /Y. =I 54(Q/Y""l0'
89 

y' U!fi I I 

.P 
,' 

d,m /Y1 =0.9 2(:Jp/Y;'"-)
0 4 1 

0 

-
- ~d /Y = l.29(Q/Y.

0
k)

027 
llft I I 

10
1 

circular- and square-shaped culverts at identical 
Froude numbers. In this case, the culvert height is 
used as the characteristic length. 

These test results indicate that circular-shaped 
culverts yield more conservative scour-hole dimen­
sions than square-shaped culverts of similar charac­
teristic lengths. A Froude number analysis using 
the hydraulic radius and equivalent-depth analysis 
can be used to predict scour-hole dimensions ade­
quately at all Dis. 

Headwall Effects and Scour Profiles 

Tests were performed by placing a headwall adjacent 
to the culvert outlet in the uniform sand material. 
The scour-hole dimensions were compared with tests 
performed under similar conditions without the head­
wall. The test results for conditions with and 
without headwalls are shown in Figure 7. The re­
sults indicate that \ittle difference exists in the 
scour-hole dimensions for the two conditions. 

Dimensionless profiles of the scour-hole center­
line are shown in Figure 8 for conditions with and 
without headwalls. The profiles indicate that the 
scour-hole depth and length downstream of the cul­
vert outlet are approximately the same with and 
without a headwall. The maximum depth of scour was 
observed at a point between approximately 0.3Lsm 
and 0.43Lsm downstream of the culvert ou tlet, 
where Lsm is the maximum length of scour. Eros i on 
was observed directly under the culvert outlet to be 
approximately 0 .4dam• where dsm is the maximum 
scour depth for the no-headwall condition. Further­
more, undermining of the culvert often extended 
0. 2Lsm into the embankment from the culvert outlet 
without the headwall. 

Figure 8 shows that, if a headwall is installed 
at the culvert outlet, scour can extend downward ad­
jacent to the headwall to a depth equal to the maxi-
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mum depth of scour. Therefore, the headwall should 
extend below the maximum expected depth of scour to 
prevent the headwall from being undermined. 

For the gravel and cohesive material, the dimen­
sionless scour-hole profiles revealed that the maxi­
mum depth of scour occurs at a distance ranging from 
0.30Lem to 0.45Lem downstream from the culvert 
outlet, Scour occurs directly under the culvert 
outlet to a depth of approximately 0,4dsm· The 
sidewall slope of the scour cavity is considerably 
steeper on the culvert side than it is on the oppo­
site side where the water jet impacts. 

Mound Geometry 

One component of the local scour process near a cul­
vert outlet is the formation of an aggraded mound 
downstream of the scour area. The mound dimensions 
of height Chm), width (Wmlr and length (Lml were cor­
related with DI by normalizing mound dimensions in 
terms of the culvert diameter (D). Logarithmically 
plotting the mound dimensionless parameters versus 
the DI yields a series of linearized relationships. 
Fitting a power regression equation through each set 
of data yields a general equation of the following 
form: 

Maximum mound dimension/D = (DI)b (10) 

where the maximum mound dimension is height, width, 
or length and a and b are curve coefficients. 

Figure 9 shows that after 316 min the height, 
width, and length of the mound can be correlated 
with the DI when the tailwater is set at 0.45D, The 
equation coefficients are as follows: 

Mound Dimension !. Q 
hm 0.34 0.73 
Wm 21.19 1.05 
Lm 15.22 0.90 

It is evident that the mound geometry can be de­
scribed as a function of the culvert hydraulics for 
a uniformly graded sand material. 

Relation Between Mound ·Geometry and Scou r-Role 
Dimensions 

Relationships correlating the geometric character­
istics of the scour hole with corresponding dimen­
sions of the mound were derived. The general equa­
tion describing this relationship can be expressed 
in the following general form: 

Maximum mound dimension/D = c (maximum scour-hole 
dfmcnslon/ D)d (11) 

where the maximum scour-hole dimensions are depth, 
length, and widthi the maximum mound dimensions are 
height, width, and lengthi and c and d are curve 
coefficients. The resulting correlation coeffi­
cients are summarized below: 

Mound Dimension 
Height 
Width 
Length 

Scour-Hole 
Dimension 
Depth 
Width 
Length 

.£ .2 
0.10 1.52 
0.55 1.47 
1.83 0.78 

There exists a direct proportionality between 
mound dimensions and scour-capacity dimensions at 
the equilibrium stage. For example, the mound 
height is generally 10 to 15 percent of the scour­
hole depth when the culvert is flowing less than 
full. However, the mound height elevates to approx­
imately 20 percent_ of the scour-hole depth when the 
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Figure 7. Comparison of scour-hole characteristics with and 
without headwall for uniform sand. 
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culvert flows full. These relationships permit the 
estimation of the extent of mound deposition due to 
localized scour in a sand material. 

Scour Influence 

The scour mechanism was found to affect areas down­
stream of the scour hole through the deposition of 
scoured materials. The length of scour influence 
(SI) is defined as the length of the scour hole 
<Ism> plus the length of the mound deposit ion 
( Lmm> • The width of SI is the width of the mound 
deposit ion . In order to quantify the SI tests were 
performed in uniform sand to document the extent of 
mound movement. 

Figure 10 shows the relationship found between DI 
and the maximum length and maximum width of SI ex-
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pressed in culvert diameters. An analysis indicates 
that the length of the mound is approximately the 
same as the maximum length of the scour hole for a 
culvert flowing full. The length of SI is twice the 
length of the scour hole measured downstream from 
the culvert outlet. It was observed that the width 
of SI ranges from two to three times the scour-hole 
width for Dis of 1.0 to 3.0. The SI influence rela­
tionships apply to culverts flowing full. 

The total area affected by the local scour and 
d eposit ion process, the SI area <Asrl, can be es­
t imated as 

(12) 

where Wmm is the maximum mound width. When the 
length and width components in Equation 12 are re­
placed by the function presented in Figure 10, As I 
can be approximated as 

As1 = 672.4 D2 (D1)2 (13) 

Therefore, Asr can be depicted in a sand material 
as a function of the hydraulic characteristics. 

CONCLUSIONS 

Based on the results obtained through the extensive 
experimental program described in this paper, it was 
determined that scour-hole depth, width, length, and 
volume can be predicted for a noncohesive bed mate­
rial. The rate of scour was also quantified and ob­
served to reach approximately 80 percent of the max­
imum scour-hole dimensions after the initial 31 min 
of testing. The maximum scour depth was located at 
a point approximately 0.3 to 0.4 the maximum length 
of scour measured downstream of the culvert outlet. 

Tests were performed in noncohesive bed material 
to measure the effectiveness of a headwall placed 
adjacent to the culvert outlet. The scour-hole di­
mensions were similar both with and without a head­
wall. The headwall protected the embankment from 
undermining as the scour hole extended as far as 
0.2~m into the embankment for the no-headwall 
condition. However, the headwall should extend to a 
depth greater than the maximum predicted depth of 
scour to prevent undermining of the culvert and 
headwall. 

The area affected by scour can be predicted for 
noncohesive bed materials. It was observed that the 
length of the affected area was approximately twice 
the length of the scour hole and that the width of 
the area was approximately two to three times the 
width of the scour hole for culverts flowing full. 

Figure 8. Dimensionless scour-hole profile with and without headwall for uniform sand. 
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Figure 9. Mound length, width, and height versus DI after 316 
min for uniform sand. 
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It was determined that the dimensions of scour 
could be predicted in an SC cohesive soil. Depth, 
width, length, and volume were correlated with soil 
saturated shear strength and plasticity index, fluid 
density and velocity, and time. It was observed that 
70 percent of the maximum scour-hole dimensions was 
reached after the initial 31 min of testing. Fur­
thermore, the maximum scour depth was located at a 
point approximately 0.35 the maximum length of scour 
measured downstream of the culvert outlet. 
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