











































































































Figure 4.5 Cross-section of bridge at Spear Creek with station number and projected
scour depths.

Figure 4.6 Plan view of the bridge site with boring location (Spear Creek).

To figure out the left overbank, main channel, and right overbank, a convention followed
by HEC-RAS is applied. HEC-RAS reference manual (Brunner 1995) states; from the view looking
downstream, if the bank is in right then that is called as right overbank and if the bank is in left then
that is called as left overbank. Additionally, the ALDOT report provides the information about the
boring station number with different Dso values (Figure 4.7), which helps in determining the location
of the borings.

HEC-RAS convention and the station numbers provided in the report were used to
determine the location of the borings as LOB, CH, and ROB (Table 4.1) where LOB stands for left
overbank, CH stands for channel, and ROB stands for right over banks, which are abbreviations
used in HEC-RAS.
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Table 4.1 Boring locations with station number.

Boring NO Station Banks
B-01 STA 904+84 ROB
B-02 STA 904+34 CH/ROB
B-03 STA 903+69 LOB
B-04 STA 903+34 LOB
B-05 STA 905+06 ROB
B-07 STA 904+04 CH
B-08 STA 903+56 LOB
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Figure 4.7 Dso values (Table 4.2) along depth of seven boring stations.

The peak discharge for 100-year recurrence interval was 3820 ft¥/s estimated by ALDOT
from USGS regression equations. The borings that are near the bridge were taken for calculation
purpose. Boring no B-5 and B-1 are taken for the right overbank calculation. Boring no B-2’s Dso
value is used for the main channel. Boring no B-3’s Dso value is taken for left overbank. From the
report provided by the ALDOT, Dso value along depth at four boring sites were extracted and Dso
values were tabulated in Table 4.2.

Hydraulic parameters and scour depth for each soil layer were calculated using HEC-RAS
developed for each bridge. Detailed information on the development of HEC-RAS model based on
the WSPRO input data from ALDOT is presented and summarized by Pokharel (2017). For this
part of the study, WSPRO method included in HEC-RAS was used to calculate the water surface
profile. The data required for the calculation of scour depth are all automatically updated in the
hydraulic design function windows of HEC-RAS after the hydraulic simulation is completed.
Contraction scour can be computed in HEC-RAS by either Laursen's clear-water (Laursen 1963)
or live-bed (Laursen 1962) contraction scour. To compute the contraction scour Dso value in mm

and water temperature (°F) were entered to compute the K1 factor (Table 1.2). Table 4.3 shows the
example data of Spear Creek for the hydraulic design function windows of HEC-RAS.
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Table 4.2 Dsovalues along depth of the boring B-1, B-2, B-3, and B-5

Depth (ft.) Boring No Dso (mm) Average
0-1.2' B-2 0.091 0.047
1.2'-8" 0.106

8'-27.5' 0.007
27.5'-47.5' 0.028
47.5'-69.3' 0.006
0-1' B-3 0.119 0.055
1'-4.5' 0.076
4.5-7.5' 0.063
7.5-14.7 0.007
14.7-32' 0.059
32'-49' 0.006
0-7.5 B-1 0.037 0.123
7.5-21 0.033
21-29 0.122
29-39 0.08
39-54.5 0.343
0-6.5 B-5 0.065 0.0475
6.5-9.7 0.091
9.7-34.7 0.006
34.7-54.2 0.028

Table 4.3 Output from HEC-RAS

WSPRO method (HEC-RAS) with contraction and expansion as 0.0 and 0.5, respectively

LOB CH ROB
Y4 4.02 14.67 5.77
V4 0.65 2.7 0.87
Yo 3.98 15.54 5.18

Q2 379.87 2739.17 700.96

W2 43.18 25.72 47.66

Dso 0.03 0.047 0.055

Q1 1527.66 1255.99 1036.36

Wi 583.98 31.72 205.78
Scour depth 6.54 17.53 6.14

Note: Y7 = Average depth at the approach section, Q2 = Discharge in the main channel at the
contracted section, Qs =Discharge in the main channel at channel section, W2 = Bottom width of
the main channel at section 2, W;s = Bottom width of the main channel at channel section, Y2=
Existing flow depth in the main channel at section 2 before scour, Dso= Mean particle size diameter
in mm, and V1= Velocity upstream of the river section.

HEC-RAS has the capabilities to choose the equation as default, i.e., the model will itself
calculate the critical velocity and compare with the upstream velocity and choose the governing
equations either as live-bed or clear-water scour. Also, the user can force the model to calculate
the scour on any conditions by changing the default value to either live-bed or clear-water scour.
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4.4 MULTILAYER METHOD

Based on the knowledge of the multilayer scour, this study proposed/used the multilayer idea to
calculate the total scour depth using Dso of each soil layer along the depth. As shown in Table 4.2
Dso values for several soil layers are available. The soil layer thickness Az; for the i-th layer can be
determined, and the first or surface layer is the layer 1 (Az, for its thickness). Using Dso in each
layer as HEC-18 input, one can find corresponding scour depth layer by layer. The flood erodes
the first layer at first and moves on to the second layer if Az, is less than the scour depth obtained
using Dso for the first layer, and the same procedure will be repeated for the next layer below until
predicted scour depth is less than the layer thickness. A cumulative feasible scour depth is the sum
of the scour depth for all layers. To perform this analysis layer by layer a simple IF clause is used
in EXCEL and the cumulative feasible scour depth considering Dso values at multiple soil layers is
then calculated. The clause used is as follows:

If (scour depth >Az, Az, scour depth)

where “scour depth” is the scour depth predicted by HEC-RAS using the WSPRO method and the
Dso value of that layer as HEC-18 input, and Az is the thickness of the soil layer. The flow chart for
the calculation of scour depth is shown in Figure 4.8.

4.5 RESULTS FROM MULTILAYER METHOD

Table 4.4 shows the calculation of scour depth using the multilayer method for Spear Creek. It
includes the layer thickness (Az), depth range Dso, and computed scour depth from HEC-RAS for
each layer in the channel, LOB, and ROB in Spear Creek, respectively. When the scour depth
calculated using the HEC-18 procedure (which is integrated into HEC-RAS) for a layer is greater
than the layer thickness (Az), that layer is eroded. In the main channel of Spear Creek, the erosion
stops at the third layer when the layer thickness is 19.5 ft that is greater than predicted scour depth
17.5 ft. Therefore, the cumulative feasible scour depth in the channel is 25.5 ft (Table 4.4) using
the multilayer method. The scour depth calculated by HEC-RAS using average Dso value (0.0476
mm) in the channel is 17.5 ft. The difference in scour depth calculated by the two methods is 8 ft.

The scour depth calculated by HEC-RAS using average Dso value (0.055 mm) in LOB is
4.9 ft, whereas the scour depth calculated using the multilayer method is 10.9 ft when the erosion
stops at the fourth layer. The difference in the calculated scour depth is 6 ft. Since two borings were
done in ROB with layered particle size distribution, above multilayer method was applied to both
stations first. At ROB1 station, the erosion (scour) stops in the first later but at ROB2 stops in the
fourth layer. The average scour depth was then taken for the calculation for both cases. The
average scour depth calculated by HEC-RAS using average Dso value in ROB is 7.65 ft whereas
the average scour depth calculated using the multilayer method is 10.9 ft. The difference in the
calculated scour depth is 3.25 ft. This means, in Spear Creek, using HEC-18 and average Dso
underestimates the scour depths in the channel, LOB and ROB (Table 4.4) in comparison to the
scour depth determined by the multilayer method. The consequences of this could be the failure of
the bridge causing loss of life and property.
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Figure 4.8 Flow chart for the multilayer method

Table 4.5 and Figure 4.9 present the differences in scour depths between the two methods

in table and bar diagram, respectively. In the main channel, despite having different Dso values
ranging from 0.007 to 0.028 mm, there is no change in the scour depth calculated from HEC-18
and Dso in each layer. Using these Dso values predicts the same scour depth of 17.5 ft. Dso value
is first used to determine critical velocity in HEC-18. If the critical velocity determined is less than
the average upstream velocity, then live-bed scour equation (1.2) is used to calculate the scour
depth. There is no direct effect of Dso value in computing live-bed scour. Only the hydraulic
parameters are used for calculating the scour depth in case of the live-bed scour condition. When
computed critical velocity is greater than average upstream velocity then clear-water scour occurs.
In the clear-water scour equation (1.3) Dso is one of the parameter used in calculating the scour
depth. Therefore, in case of LOB and ROB where clear-water scour occurs, there is a change in
computed scour depth with a change in Dso value. Based on the recommendation from ALDOT
engineer, the scour depth in overbank areas is always calculated as the clear-water scour when
the overbank areas have much more vegetation and other obstructions that create a larger
roughness and slower velocity. For the main channel, depending on the critical velocity and
upstream velocity, it could be the live-bed or clear-water scour.
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Table 4.4 Calculation of scour depth using multilayer method (Spear Creek)

Main Channel
Dso (mm) Scour depth (ft) | Scour depth (ft) (layer
Az (ft) Depth (ft) B.2 f‘)ier no 3) (HEC-RAS) by layer)
P (Channel) (Channel)
1.2 0-1.2 0.0910 17.5 1.2
6.8 1.2-8 0.1060 17.5 6.8
19.5 8-27.5 0.0070 17.5 17.5
20 27.5-47.5 0.0280 17.5
47.5-69.3 0.0060 17.5
Average 0.0476 17.5 ft Total scour = 25.5 ft
Left Overbank (LOB)
Dso (mm) Scour depth (ft) | Scour depth (ft) (layer
Az (ft) Depth (ft) 5.3 fOier no 2) (HEC-RAS) by layer)
P (LOB) (LOB)
1 0-1 0.1190 3.1 1.0
3.5 1-4.5 0.0760 4.1 3.5
3.0 4.5-7.5 0.0630 4.5 3.0
7.2 7.5-14.7 0.0070 3.4 3.4
14.7-32 0.0590 4.7
3249 0.0060 3.4
Average 0.0550 4.9 ft Total scour = 10.9 ft
Right Overbank Station 1 (ROB1)
Dso (mm) Scour depth (ft) | Scour depth (ft) (layer
Az (ft) Depth (ft) 5°B_ 1 (HEC-RAS) by layer)
(ROB1) (ROB1)
7.5 0-7.5 0.0370 6.1 6.1
13.5 7.5-21 0.0330 6.1
8.0 21-29 0.1220 5.8
10.0 29-39 0.0800 7.2
15.5 39-54.5 0.3430 3.0
Average 0.1230 5.7 ft Total scour = 6.1 ft
Right Overbank Station 2 (ROB2)
Scour depth
Az(ft) Depth (ft) Dso(mm) (HEC- Scour depth(ft)(layer
B-5 RAS)(ROB2) by layer) (ROB2)
6.5 0-6.5 0.0650 7.9 6.5
3.2 6.5-9.7 0.0910 6.7 3.2
25.0 9.7-34.7 0.0060 6.1 6.1
19.5 34.7-54.2 0.0280 6.1
Average 0.0475 9.6 ft Total scour = 15.8 ft
Average over two ROB stations 7.65ft? 10.99 ft ©

Note: 2. Average scour depth at ROB1 and ROB2 (B-1 and B-5) from HEC-RAS = 7.65 ft. ® Average

scour depth at ROB1and ROB2 (B-1 and B-5) using the multilayer method = 10.99 ft.
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Table 4.5 Differences in scour depth using average Dso and the multilayer method

(Spear Creek)

Scour depth (ft)
Locations Average Using B
Dso (mm) average | | y Difference ! |% Error 2 % Difference 3
Do ayers
LOB 0.0550 4.9 10.9 -6.0 55.0 76.0
CH 0.0476 17.5 255 -7.9 31.2 37.0
ROB1 0.1230 5.7 6.1 -0.4 6.6 6.8
ROB2 0.0475 9.6 15.8 -6.2 39.2 48.8
Average of ROB1 and )
ROB2 (ROB) 7.6 10.9 3.2 29.8 35.0
Note: ' — Difference is the scour depth determined using average Dso value minus the scour

depth by the multilayer method; 2 - % error is calculated by assuming the scour depth by the
multilayer method as “exact or more accurate estimate”; 3 - % difference is calculated as
absolute value of the difference dividing by the average scour depth by the two methods and
converting that to a percentage value. For example, at LOB, ABS (-6.0)/ ((4.9+10.90)/2) *100%

=76.0 %.

Scour depth calculated by using average D50 and
multilayer method

Scour depth (ft)
= — [ ] W
wn o (¥} o= | () [

o

LOB

Channel

Locations

W Average D50 W By layers

ROB

Figure 4.9 Bar diagram showing difference in scour depth using average Dso and the
multilayer method
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The same procedure and method were also applied for other three bridge cases (Valley
Creek, Pintalla Creek, and Alamuchee Creek) to analyze the difference in scour depth using
average Dso and the multilayer method (using different Dso layer by layer). For the bridge over
Valley Creek, the Dso value of LOB and ROB were on the report provided by ALDOT. Some of the
Dso values were in 200-** format, for example 200-56.9; this means 56.9 % of soil sample pass
through the 200-sieve size. The maximum particle size that can pass through 200 sieve is 0.075
mm. According to Unified Soil Classification System, the percent passing the No 200 sieve is
considered as fine-grained soil (clay and silt) which is considered as cohesive. For this kind of Dso
format, the Dso value was assumed as 0.0750 mm. In Table 4.7, one depth layer (0-5 ft) at the
surface was added and Dso value in the layer was assumed as Dso in the next layer below. This is
because the multilayer method determines whether or not the erosion could be progressed layer
by layer starting from the surface layer and requires continuous depth layers. Table 4.6 presents
the calculation of scour depth using average Dso value and layer-by-layer Dso values (multilayer).
The scour depth at LOB calculated using average Dso is equal to 11.0 ft and less than the scour
depth (20.0 ft) calculated using layer-by-layer Dso values. The difference in scour depth calculated
by the two methods is 9.0 ft (Table 4.6). The scour depth at ROB calculated using average Dso
(12.0 ft) is also less than the scour depth calculated using layer-by-layer Dso values (20.0 ft). The
difference in the calculated scour depth is 8.0 ft (Table 4.6). Figure 4.10 presents the differences
in scour depth calculated from two methods in a bar diagram. In this case, HEC-18 underestimate
the scour depth.

Table 4.6 Calculation of scour depth using multilayer method (Valley Creek)

Left Overbank (LOB)
Scour depth (ft) | Scour depth (ft)
Az (ft) Depth (ft) | Dso information | Dso (mm) (HEC-RAS) Layer by
(LOB) layer(LOB)

5 0-5 0.150" 9.0 5

5 5-10 0.150 9.0 5

5 10-15 200-56.9 0.075 12.5 5

5 15-20 200-95.5 0.075 12.5 5
Average 0.100 11.0 dggttﬁ'zsgg_%rft

Right Overbank (ROB)

Az (ft) Depth (ft) | Dsoinformation | Dso (mm) | Scour depth (ft) | Scour depth (ft)
(HEC-RAS) Layer by layer

5 0-5 0.075" 12.0 5
5 5-10 200-52.3 0.075 12.0 5
5 10-15 0.075 12.0 5
5 15-20 200-58.0 0.075 12.0 5
Total scour
Average 0.075 12.0 depth = 20.0 ft

Note: ' — Dso was assumed as Dso from the layer below

The percent differences of scour depths at LOB and ROB determined using average Dso
value and the multilayer method are 58.1 % and 50.0 %, respectively. The error percentage of
scour depth assuming multilayer method as the exact value at LOB and ROB are 45 % and 40 %
respectively.
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Scour depth calculated by using average D50 and

multilayer method
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Figure 4.10 Bar diagram showing difference in scour depth from using average Dso
and multilayer.

In the report provided by ALDOT for Alamuchee Creek, the Dso values were reported only
for the LOB at four separate layers. It means depths with Dso data are not continuous, and this is
different from the bridge site at Spear Creek (Table 4.4). In Table 4.7, three depth layers were
added and Dso values in these layers were estimated as average of Dso for layers above and below.
Table 4.7 presents the calculation of the scour depths using layer-by-layer Dso values (including
three layers with estimated Dso) and average Dso value. The scour depth calculated using layer-by-
layer Dso values is 15.0 ft and less than the scour depth (24.9 ft) calculated using average Dso value.
The difference in scour depth calculated using two methods is 9.9 ft.

Table 4.7 Calculation of scour depth using multilayer method (Alamuchee Creek)

Scour Depth (ft) Scour Depth (ft)
Az () Depth (ft) Dso (mm) HEC-RAS (LOB) | Layer by layer (LOB)
1.5 0-1.5 0.0826 29.0 1.5
2.0 1.5-3.5 0.0803 @ 29.3 2.0
1.5 3.5-5.0 0.0781 29.7 1.5
3.5 5.0-8.5 0.1479° 23.4 3.5
1.5 8.5-10.0 0.2178 20.1 1.5
3.5 10.0-13.5 0.1700° 22.2 3.5
1.5 13.5-15.0 0.1223 25.1 1.5
Average 0.1252 24.9 ft 15.0 ft®

Note: @ — Dso was estimated as average Dso from layers above and below, ° - % difference of scour
depths determined using average Dso value and the multilayer method is 49.6 %. The error
percentage in scour depth using average D50 value and the multilayer method is 66.0%.

In the report provided by ALDOT for Pintalla Creek, the Dso value was reported only for the
LOB. The Dso value were not continuous layer by layer. A continuous layer-by-layer Dso profile was
created by averaging Dso values above and below the missing layer. At some depths two Dso values
were reported (for example, 3.5-5.0 ft). The average of these two Dso values were taken for

calculation. Table 4.8 presents the calculation of scour depth by using average Dso value and layer-
by-layer Dso values. The scour depth calculated using average Dso value (HEC-18) is less than the
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scour depth calculated using layer-by-layer Dso values with a difference of 10.2 ft. For this case,
HEC-18 underestimate the scour depth.

Table 4.8 Calculation of scour depth at LOB using multilayer method (Pintalla Creek)

Az (ft) | Depth (ft) Dso Dso (mm) Average Scour Depth (ft) | Scour Depth (ft)
(mm) Dso (mm) HEC-RAS Layer by layer
3.5 0-3.5 0.235° 4.8 3.5
1.5 3.5-5 0.1300 0.3400 0.2350 4.6 1.5
3.5 5-8.5 0.1638 ° 4.8 3.5
1.5 8.5-10 0.0750 0.1100 0.0925 4.8 1.5
3.5 10-13.5 0.0929 ° 4.8 3.5
1.5 13.5-15 | 0.0750, 0.0750 0.0934 4.8 1.5
0.1300
Average 0.1336 4.8 ft 15ft°

Note: @ — Dso was assumed as Dso from the layer below, ° — Dso was estimated as average Dso from
layers above and below, ° - % difference of scour depths determined using average Dso value and
the multilayer method is 103.0 %. The error percentage from these two methods is 68.0 %.

4.6 SCOUR DEPTHS USING AVERAGE Dso WITH AND WITHOUT OUTLIERS

In the report provided by ALDOT for four bridge cases (except Pintalla Creek), the scour
depth is calculated using the average Dso after removing some outliers of Dso. The outliers are those
Dso values that have large differences from the other Dso values. According to the ALDOT, the
outliers are not used while doing the average of the Dso. In this section, the scour depths calculated
from ALDOT (using average Dso without outliers) and using average Dso using all available Dso data
are compared for three bridge cases. ALDOT used the envelope curve to calculate the scour depth
for Pintalla Creek. The locations (LOB, CH, ROB) where the Dso information was provided in the
report is used for the comparison.

From the cross section (Figure 4.5) and plan (Figure 4.6) view of Spear Creek the boring

locations were selected for LOB, ROB, and Channel (Table 4.1). Table 4.4 presents the calculation

done for the multilayer method and using average Dso from all available Dso data. The scour depths
calculated from using average Dso without and with outliers are presented in Table 4.9. The scour
depth calculated from the average Dso removing outliers for Spear Creek in LOB and ROB is greater
than the scour depth calculated using all Dso data. In a channel where live-bed scours occur the
scour depth calculated using all Dso data is greater than using average Dso removing outliers with
a difference of 9.7 ft. The average Dso value for the channel was not found on the report provided
by the ALDOT so it was left blank.

Table 4.9 Comparison of scour depths in Spear Creek determined from average Dso
without and with outliers

Average Dso (mm) Scour depth (ft) Differences
Locations Removing | Using all | Removing | Using all Difference’ %
outliers data outliers data Difference?
LOB 0.030 0.055 10.3 4.9 54 71.05
CH - 0.0476 7.8 17.5 -9.7 76.68
ROB 0.055 0.1230 12.1 7.65 4.45 45.06
0.0475

Note: ' - Difference is calculated as scour depth using Dso removing outliers minus the scour depth
calculated using all Dso data, 2 - % difference is the absolute difference divided by the average of
two values. For example, abs (5.4)/average (10.3, 4.9)*100% = 71.05 %
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For Valley Creek, the Dso values in LOB and ROB were provided in a report by ALDOT.
Table 4.6 presents the calculation of scour depth using multilayer Dso. Table 4.10 presents the

comparison of the scour depth calculated from using average Dso removing outliers and using all
Dso value. The difference in scour depth in LOB and ROB is 7 ft with a percentage difference of
48.3% and 6 ft with a percentage difference of 40.0%, respectively.

Table 4.10 Comparison of scour depth in Valley Creek determined from average Dso
without and with outliers

Locations Scour depth (ft)
Removing outliers (ft) | Using all data (ft) Difference % Difference
LOB 18 11 7 48.3
ROB 18 12 6 40.0

Table 4.11 presents the comparison of scour depth calculated using average Dso removing
outliers and using all Dso data for Alamuchee Creek. The difference in scour depth is 7.9 ft with a
percentage difference of 37.7 %.

Table 4.11 Comparison of scour depth in Alamuchee Creek determined from average
Dsowithout and with outliers

Locations Scour depth (ft)
Removing outliers (ft) | Using all data (ft) Difference % Difference
LOB 17 24.9 -7.9 37.7

4.7 DISCUSSION

In this part of the study, HEC-RAS model using only WSPRO method was used to calculate
the hydraulic parameters required to calculate the scour depth. All the required data to run the
HEC-RAS model were taken from the WSPRO input data file. Then the scour depths determined
by three methods were discussed and compared. The first method used the average Dso from all
available Dso, the second method considered/used Dso for all depth layers to compute the scour
depths layer by layer and then determine the feasible cumulative scour depth, and the third method
used the average Dso after removing outliers of Dso. The depth values and Dso taken for this study
were obtained from the ALDOT reports provided. There was no information why ALDOT collected
soil samples at those selected depths to determine Dso values. The ALDOT experienced engineer
used the third method to determine the scour depth. If the calculated scour depth is unusual large
(much larger than typical scour in the study region), the USGS envelope method was used by
ALDOT to estimate the final scour depth. One could consider that the first method was
implemented by a non-experienced engineer who has no engineering judgment to distinguish
possible outliers of Dso.

Dso values along the different depths were used solely to calculate the scour depth in HEC-
RAS and then “IF” clause was used to determine the feasible scour depth in each layer. The
summation of all the feasible scour depth from each layer gives the total potential scour depth in
the multilayer method. The multilayer method needs all layer Dso values to compute the scour
depths. Since Dso values in all layers are used to calculate the scour depth, the multilayer method
predicts the scour depth more accurate than other methods. However, if there is not a complete
continuous layer Dso values it is required to assume or estimate Dso values based on engineering
judgment (Table 4.6 and Table 4.7). This could create some uncertainty in the scour depth
calculated. Also, if the layer thickness (Az) with certain Dso value is not defined accurately it could
affect the cumulative scour depth determined by the multilayer method. For example, if the layer
thickness is 3 ft instead of 5 ft with a scour depth of 4 ft calculated from HEC-18, then according to
the multilayer method it would erode first 3 ft and moves on to the second layer which would change
the scour depth. The total potential (feasible) scour depth determined by the multilayer method is
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the sum of scour depths of all soil layers with Dso when predicted scour depth for each layer using
its Dso is always larger than the layer thickness.

This study shows the real scenario of how the soil could erode layer by layers. Each soil
layer’s Dso has a role in determining the final scour depth. Taking only one average Dso value and
using that to calculate the scour depth could either overestimate or underestimate the scour depth.
If the scour depth is underestimated, it could lead to loss of lives and property. If the scour depth is
overestimated, it could cause extra millions of dollars to design the bridge structure (piers). This
study leads to the finding that using one average Dso value and not considering the nature (cohesive
and non-cohesive) of soil could result in different scour depth. Also, this study suggests applying
multilayer methods in calculating the scour depth so that the scour depth calculation could be more
accurate.

From the analysis, it can be said that the scour depth calculated from HEC-18 using
average Dso value could be less than (Spear, Valley, and Pintalla Creek) or greater (Alamuchee
Creek) than the scour depth calculated from using the multilayer method (different layer Dso). It
means that the top layer Dso value along with the thickness of the layer plays an important role in
scour depth. Scour depth calculated from the average Dso value in HEC-18 is less than the scour
depth obtained from using layer-by-layer Dso values in Spear Creek. There is a minimum scour
depth difference of 4.36 ft in left overbank (LOB) to a maximum difference of 8.97 ft in the main
channel (CH). This means that HEC-18, in this case, is underestimating the scour depth, which
could result in bridge failure and loss of lives and properties. However, in case of Alamuchee Creek,
the scour depth calculated from HEC-18 using average Dso value is 24.9 ft, which is greater than
the scour depth (15 ft) calculated from using layer-by-layer Dso values. It means that in this case,
HEC-18 overestimates the scour depth that results in loss of billions of dollars and mostly the
valuable time.

From this study, it is now evident that using only average Dso value does not accurately
predict the scour depth. The Dsp values of all layers should be considered while calculating the
scour depth. Using the layer-by-layer Dso values to calculate the scour depth and summing up all
the feasible scour depths could give most accurate prediction of the total scour depth rather than
using only average Dso value.

For this study only the average Dso value was simply arithmetic average of Dso values in all
the layers and the scour depth was calculated. To determine a more accurate or representative Dso
for HEC-18 application other techniques or methods could be applied. For example, the average
could be done up to the layer where the scour would stop. In the case of Spear Creek in ROB1 the
scour depth obtained using first layer Dso value is 6.1 ft which is less than the layer thickness 7.5
ft. This means scour would stop at first layer. The average Dso for this part should be only first layer
Dso value. The first layer Dso value could be used to calculate the scour depth from HEC-18 and
compare it to the multilayer method for more accurate results. Therefore, it requires an iterative
method to compute average Dso using Dso data up to certain depth, calculate the scour depth, and
then update average Dso using the scour depth for the next iteration of the calculation. Also, the
weighted average Dso with layer thickness could be more accurate or representative Dso.

For using a multilayer method, the Dso value should be obtained lower than the total
potential scour depth. There arises a question about how deep the boring should be done to obtain
Dso in different layers for a more accurate prediction of scour depth. Where the boring should be
stopped in earth surface? For example, in Alamuchee Creek, Dso was available in seven layers up
to 15 ft (a few Dso between layers were estimated). The total scour depth determined by the
multilayer method was 15 ft that is limited by the unavailability of lower layer Dso values. Using
average Dso determined from 15 ft of the soil layers, HEC-18 predicted a scour depth of 24.9 ft
(Table 4.7). Without knowing what type of soils below 15 ft, the prediction of 24.9 ft is also not
reliable. Therefore, both the scour depths predicted from using average Dso and using multilayer
Dso do not accurately represent the scour depth in Alamuchee Creek.

48



Chapter 5 COMPARISION OF HYDRAULIC PARAMETERS AND
SCOUR DEPTH OBTAINED FROM WSPRO AND HEC-RAS
MODEL

5.1 INTRODUCTION

Current practice to evaluate the scour depth is heavily influenced by FHWA'’s technical
publications HEC-18 and HEC-20 (Arneson et al. 2012; Lagasse et al. 2012). HEC-18 methods
need several hydraulic parameters to calculate the scour depth (Equations 1.2 and 1.3). There are
different models that could be used to obtain hydraulic parameters of a stream with a bridge
crossing. In current practice, WSPRO and HEC-RAS are two computer models that are often used
to obtain the hydraulic parameters. These two methods solve the energy equation based on
standard step methods and/or momentum equation for gradually varied flow. Both models have
their own assumptions and procedures to calculate the water surface profiles.

WSPRO is a computer model that was developed in 30 years ago by FHWA. It works on
DOS version. All the inputs are in text format. It uses a column-based input data that could be
daunting if failed to enter the data in a correct format (Arneson and Shearman 1998). HEC-RAS is
the newest model which has graphical user interface (GUI) and easy to operate. HEC-RAS
integrates the WSPRO method as one of the methods to calculate the energy or momentum losses
to determine water surface profile through the bridge. There are four methods included in HEC-
RAS to calculate the water surface profiles. The user can select any one or all methods to calculate
the losses through the bridge. If the user selects more than one methods, the program will give the
greatest energy loss at section 3 through the bridge as the highest computed upstream energy
(Brunner 1995). This function of HEC-RAS was used to compare the hydraulic parameters from
several methods. For this study, the hydraulic parameters that are needed in HEC-18 to compute
the scour depth are compared in different scenarios. In addition, water surface elevation obtained
from both the models are also compared.

Hydraulic parameters are one of the important aspects that can influence the scour depth
computation using HEC-18 equations (1.2) and (1.3). The critical velocity in HEC-18, i.e., equation
(3.5) is first used to determine whether the live-bed scour or the clear-water scour occurs at the
bridge site (Figure 1.5), therefore, the critical velocity plays a critical role in determining the scour
depth. The equation (3.5) is used in HEC-18 to compute V. as function of y, the average depth of
flow upstream of the bridge contraction. The HEC-18 report (Arneson et al. 2012) lacks to provide
a clear definition of the average depth y. For an open channel flow, average depth can be
interpreted in two ways: flow depth or the hydraulic depth (Chow 1959). The flow depth can be
considered as the average value of water depths along the channel cross-section, obtained by the
differences between the water surface elevations and the bed elevations. The average depth of a
channel can also be computed from average depths of the left and right overbank areas and main
channel. Sometimes the flow depth can also be considered the maximum water depth over the
cross-section. The hydraulic depth (D) is defined as the ratio of area (A) to the top width (T) of the
flow: D = A/T.

The hydraulic depth can be computed for left and right overbank areas, main channel, and
for the whole channel section. These definitions give different values on y for Equation (3.5). HEC-
18 lacks clear instruction in noting down which average depth to be used for the calculation of the
scour depth. The average depth y at the upstream section is an essential hydraulic parameter that
is also used in the calculation of contraction scour and pier scour.

HEC-RAS (Brunner 2001) manual indicates that it follows the outline mentioned in HEC-
18 for the calculation of the scour depth. HEC-RAS uses the hydraulic depth D in section 4 (Figure
1.4) as the average depth y in Equation (2.6) to perform the scour depth computation. Also, ALDOT
engineers use hydraulic depth as the average depth. This is an essential knowledge that an entry-
level engineer should possess which HEC-18 manual lacks to provide.

When HEC-18 is used, typically scour depths are calculated for overbank areas and main
channel separately. Equations (1.2) and (1.3) for HEC-18 use average water depths, flows and
widths at upstream approaching and bridge-crossing sections for determining the live-bed and
clear-water scour depth. Even the same total flow rate over the cross section is given, different
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hydraulic models may distribute the total flow differently in left and right overbank areas and main
channel, which could result in different scour depths in different parts of the channel. This part of
the study is to evaluate and illustrate the uncertainty of the scour depth calculation due to hydraulic
parameters calculated/simulated by two common hydraulic models (WSPRO and HEC-RAS).

5.2 METHODOLOGY

HEC-RAS was used to obtain the hydraulic parameters needed to calculate the scour
depth. For the development of the HEC-RAS model, all the necessary data were taken from one of
the report (Spear Creek) provided from ALDOT. Spear Creek data were used to develop the HEC-
RAS model. For this part of the study, different sets of model parameters were changed and the
differences in the hydraulic parameters and eventually differences in the scour were analyzed.
Different sets of model parameters that were changed are as follows:

1. Methods to compute the water surface profile: HEC-RAS or WSPRO method

2. Change in expansion and contraction coefficients

3. Changing the expansion and contraction lengths based on HEC-RAS methodology
4. Including the ineffective flow areas in the model

This is not a sensitivity analysis since model coefficients/parameters were not changed or
tested based on their natural variations. This part of the study demonstrated and examined the
impact of the model configuration based on various technical guidance on the calculation of
hydraulic parameters and then the scour depth near a bridge site, which is called uncertainty of
hydraulic parameters here. This was not previously studied before by others.

1. Methods to compute the water surface profiles: HEC-RAS or WSPRO method
HEC-RAS has the capabilities to run the model with different methods. As stated earlier
there are four methods to calculate the low flow from HEC-RAS. Two methods: HEC-RAS's
standard energy method and WSPRO method were used for this study to compare the
data. In theory, WSPRO method also uses basic flow energy equation with certain special
considerations and treatments. Various differences in applying energy equation between

HEC-RAS and WSPRO were analyzed and summarized elsewhere by Pokharel (2017).

Results from WSPRO method presented in Chapter 5 were derived from the text output

from running the WSPRO DOS program with text input file. They are not from HEC-RAS

using the WSPRO option for bridge simulation method.
2. Change in expansion and contraction coefficients
The default values of expansion and contraction coefficients vary according to the
model used. HEC-RAS has its own methodology for the use of contraction and expansion
coefficients in the energy equation for the water surface profile computation. As per the
HEC-RAS manual (Brunner 2001), the contraction and expansion coefficient far upstream
and downstream the bridge should be 0.1 and 0.3, respectively, where there is no flow
contraction and expansion due to the bridge. Whereas near the vicinity of the bridge the
contraction and expansion coefficient are 0.3 and 0.5, respectively. WSPRO has its own
default value of 0.0 and 0.5 for contraction and expansion coefficient, respectively. The
contraction and expansion coefficients were changed accordingly and the change in the
hydraulic parameters and ultimately the change in scour depth was analyzed.
3. Changing the expansion and contraction lengths based on HEC-RAS methodology
WSPRO has its own method to select the expansion and contraction lengths. For the
development of the HEC-RAS model, the lengths were first taken from the WSPRO model
input data file. HEC-RAS has its own methodology to define expansion and contraction
lengths. The change in the hydraulic parameters due to the change in the expansion and
contraction length was analyzed.
4. Including the ineffective flow areas in the model
When there is an obstruction to the flow by any inbuilt structure like bridge, the flow
pattern is affected by the obstruction. The ineffective flow area is the area where there is
water but there is no conveyance, i.e., the velocity is zero at that location in the direction
of flow. In HEC-RAS, the user can quantitatively configure the ineffective flow areas. For

Spear Creek HEC-RAS model, the ineffective flow area is set at stations 510 and 845 with

elevation 118 ft. The model was run for the WSPRO method with coefficients of contraction
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and expansion as 0.0 and 0.5. This set of coefficients is used just to mimic the coefficient
used in WSPRO program.

At the overbank areas, due to the presence of dense vegetation, it is assumed that
these areas have high roughness values. Due to the high roughness on overbank areas
the velocity upstream of the flow is typically less than the critical velocity, which means that
there is always a clear-water contraction scour in the overbank areas. For the channel
section, the default option in HEC-RAS was used, which lets the program to determine
whether a clear-water or live-bed scour will occur. The equations (1.3) and (1.2) for the
clear-water scour and the live-bed scour include some constant values such as Cu and Dm.
These parameters are constants for all scenarios so for the comparisons only the
discharges at upstream approach section (Qs) and contraction section (Qz) and width at
approach (W) and contraction section (W>) are taken. Average depth at approach section
(Y7 = Y«in Figure 1.4) and average depth prior to scour at contraction section (Yo = Ysu in
Figure 1.4) are found to be different by small percent so those values were not taken for
the calculation purpose. For simplicity and comparison, the following ratios were calcualted

Q 2\ 3/7
(#) — Clear water scour (5.1)
2
6/7 W, K1
<%> * <—1) — Live bed scour (5.2)
1 2

On Figure 1.4 used for HEC-RAS, the upstream approach section is the section 4 (i.e.,
Q1 = Q4), and the contraction section is the BU section (i.e., Q2 = Qsu). The exponent K1 has

three values 0.59, 0.64, and 0.69 based on Table 1.2, which is affected by the ratio of shear
velocity and fall velocity (a function of Dso).

5.3 WSPRO INPUTS FOR HEC-RAS MODEL DEVELOPMENT

WSPRO model works on DOS mode (Fortran 77 program). So, all the data inputs are
coded in a certain fashion (ASCII character encoding format). Each column has its own meaning.
Individual data items must be separated by either a comma or one or more blanks or any
combination of a comma and one or more blanks. The row with * is skipped by the program and
the user can provide other notes and information for the model in the * rows. The header of each
input line, for example, XS, GR, etc. has its own meaning. The users should have a well-known
background in surface water hydraulics to understand and write the input code in the required
format. As the model runs on DOS version it is very difficult to debug the errors. It could be daunting
for the non-experienced users to figure out the errors and resolve them. For more information on
the header and the format, readers are encouraged to go through the WSPRO user’'s manual which
is available in FHWA website (Arneson and Shearman 1998). In here, a short description of the
header and the content in the header are described so that the reader get some knowledge on how

the HEC-RAS model was developed from the input data of the WSPRO model. The following Figure

5.1 shows the input data of WSPRO for Spear Creek that were used to develop the HEC-RAS

model. Understanding of WSPRO model parameters is given in WSPRO manual (Arneson and
Shearman 1998) and also discussed/summarized by Pokharel (2017).
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PELOS06.WSP

T1 BR-0010(506) SPEAR CK. BUTLER QUAD
T2 1/2 MI W BUTLER NE 1/4 SEC LINE 24/13
T3 CHOCTAW CO. DA=9.41 SQ MI PBLOS06.WSP
* Q100 Q500
Q 3820 5820
SK 0021 L0021
XS EXIT O 25 * * 0028
GR 000 120.0 030 114.6
GR 335 112.7 410 112.2 600 113.1 660 112.0 668 100.0
GR 688 100.0 695 111.4 JF70 108.9 805 109.3 840 112.2
GR 895 113.8 927 117.8 950 118.7 990 130
N .18 .18 .08 .18 .18
SA 610 660 695 748
XS FULL 160 25 * * 0028
* 3 @ 50" = 150" AASHTO GIRDER BRIDGE
BR BRDG 160 117.7 25
GR 610 117.7 20 112.5 658 111.5 665 100.0 685> 100 690 111.0
GR 730 110.0 V48 117.8 610 117.7
CcD 3 82 2 121
N .05 .05 .05
SA 658 ©90
XR ROAD 200 82 1 * 25
GR -700 130.0 -200 121.3 000 121.0 800 121.0 950 128.9
AS APRO 400 25 * * 0028
HP 1 BRDG 116.4 2 117.8
HP 1 APRO 117.5 2 119.5
HP 2 BRDG 116.4 * = 3820
HP 2 APRO 117.5 * = 3820
HP 2 BRDG 117.8 * = 5820
2 APRO 119.5 * *= 5820

HP

EX
ER

Figure 5.1 Input data format of WSPRO

5.3.1 CROSS-SECTIONAL GEOMETRY

HEC-RAS needs at least four cross sections in a river to compute the hydraulic parameters
of flow through a bridge, which were then used for the scour calculation. The cross section 1 is at
far downstream, the section 4 at far upstream and the sections 2 and 3 just above and below the
bridge structure (Figure 1.4). WSPRO input data file (Figure 5.1) provides detailed channel
geometry (X and Y coordinates) at the downstream EXIT cross section and an energy gradient
slope. The EXIT cross section data were used to project the cross-section geometry upstream from
the EXIT section based on the slope. Four cross sections for HEC-RAS were then created. The
cross-section just upstream and downstream of the bridge were assumed and created at 10 ft from
the bridge. The cross-section data were adjusted with some adjustments in the elevation points.
The reach lengths between two cross sections were set to what they were in the WSPRO model,
i.e., 160 ft from the section 1 and 2 for HEC-RAS (Figure 1.4), 102 ft from the section 2 and 3 (82
ft for bridge deck plus 10 ft in each side), and 138 ft from the section 3 to 4 (400 — 102 — 160 = 138
ft).

5.3.2 MANNING’S N VALUES

HEC-RAS needs Manning's n values for the left overbank, main channel, and right
overbank. WSPRO model provides the n values in the N row according to the sub-areas divided.
By knowing the fact that the channel has lower roughness than the overbank areas, the Manning's
values for HEC-RAS model could be specified as accurately as possible depending on the
information in N row of WSPRO model. For Spear Creek, Manning’s n was set as 0.18 for the left
and right overbank areas and 0.08 for the main channel.

5.3.3 CHANNEL BANK STATIONS AND REACH LENGTHS
The cross-section data obtained from WSPRO were plotted and analyzed in Excel. The
channel bank stations were decided by examining the cross-section plot. The channel reach
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lengths for the channel and overbank areas were determined from the input file of the WSPRO,
which was discussed in section 5.3.2 for Spear Creek. It is necessary to mimic the same input
reach length used in WSPRO when it is possible. Without additional information, the reach length
is set to be the same for the overbank areas and the main channel.

5.3.4 INEFFECTIVE FLOW AREA

The ineffective flow area is the area where the flow velocity remains zero in the river flow
direction. Any kind of obstruction (bridge in this case) to the flow of water will change the flow
pattern. Due to the smaller opening of the bridge compared to the width of the full flow over the
floodplain (including overbank areas), the flow must contract towards the bridge opening. Thus,

floodplain areas immediately upstream of the bridge on either side of the bridge opening (Figure

1.4) do not convey flow, so these areas are called ineffective areas. The dotted line in (Figure 1.4)

separates the ineffective and effective flow area in HEC-RAS. For the WSPRO model, its input data
do not consider the ineffective flow area when the flow passes through a bridge. At first, we tried
to mimic the WSPRO'’s no-ineffective-flow-area condition in HEC-RAS. At the next step, because
of the less information about how to choose the ineffective flow area exactly, the ineffective flow
areas were assumed at the left and right overbank areas, and the results for these different cases
were analyzed and compared.

5.3.5 BRIDGE CROSSING GEOMETRY

Bridge data from the WSPRO input file were used to create a bridge geometry. Detailed
information about the bridge (road embankment, bridge deck, and abutments) was well
documented in each input file (Figure 5.1) provided. Due to the insufficient data for the bridge pier,
some engineering judgement with some assumptions were made in the length, width, and angle of
attack of the pier. Figure 5.2 shows the bridge geometry of Spear Creek in HEC-RAS.
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Figure 5.2 Bridge geometry of Spear Creek in HEC-RAS
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5.3.6 CONTRACTION AND EXPANSION COEFFICIENTS

From the WSPRO input data (Figure 5.1), contraction and expansion coefficients were set
to 0.0 and 0.5, respectively. Near the bridge, the coefficients, per HEC-RAS methodology, should
be 0.3 and 0.5 for contraction and expansion coefficient (Sections 2 and 3 in Figure 1.4). Therefore,

the coefficients were changed accordingly at the bridge site with different discreet settings (Table
5.1). In general, the changing of the contraction and expansion coefficients did not influence the
results to any significant degree because the velocity head was low even at the bridge site.

Table 5.1 Expansion and contraction coefficients in WSPRO and HEC-RAS

Coefficients WSPRO HEC-RAS HEC-RAS
(Default value) (Near Bridge) (Far from bridge)

Expansion 0.5 0.5 0.3

Contraction 0.0 0.3 0.1

5.3.7 FINAL MODEL DEVELOPMENT

All the data required were obtained from the input of the WSPRO model. Next, the flow
data and the boundary conditions were set up. The flow data used was the 100-yr return flow as in
WSPRO model. For the calculation of subcritical water surface profile, the downstream boundary
was set to normal depth by inputting a friction or river-bottom slope. The model was ran for the
steady state condition.

5.4 OUTPUT OF WSPRO

WSPRO model generates detailed output describing the processing of the input data and
the result of all profile computations. The model offers no option to suppress any output but users
can edit out unwanted segments of the file before printing (Arneson and Shearman 1998). The HP
records in WSPRO input are used to generate tables of cross-sectional properties and (or) velocity
and conveyance distribution for any section(s). Cross-sectional properties can be obtained for the
total cross-section, with or without a sub-area breakdown. Velocity and conveyance distribution can
be obtained for one or more discharge(s) at one or more elevation(s) (HP row in Figure 5.1). For
more information about the output of the WSPRO model readers are referred to read User’'s Manual
for WSPRO (Arneson and Shearman 1998).

This section explains about the determination of the required parameters in HEC-18 for
scour depth calculation from the output of WSPRO. The required parameters needed for scour
depth calculation in HEC-18 are mentioned in section 1.2. These parameters needed are calculated
using the data in the cross-sectional properties of WSPRO output as shown in Figure 5.3
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WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. 5. GEOLOGICAL SURVEY
V082195 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS

BR-0010(506) SPEAR CK. BUTLER QUAD

1/2 MI W BUTLER NE 1/4 SEC LINE 24/13

CHOCTAW CO. DA=39.41 5Q MI PB10506.WSP
®#%% RUN DATE & TIME: 04-05-16 14:17

CROSS-SECTION PROPERTIES: ISEQ = 3; SECID = BRDG ; SRD = 160.
WSEL SA# AREA K TOPW WETP ALPH  LEW  REW QCR
1 165 12160 41 42 1869
2 414 55751 29 43 8883
3 257 22440 50 51 3313
116.40 836 90351 120 137 1.18 613 745 11520
WSEL SA# AREA K TOPW WETP ALPH  LEW  REW QCR
1 221 12096 0 88 0
2 453 45986 0 72 0
3 327 20549 0 107 0
117.80 1001 78632 0 267 1.22 610 748 0
HP 1 APRO 117.5 2 119.5
1
WSPRO FEDERAL HIGHWAY ADMINISTRATION - U. S. GEOLOGICAL SURVEY
V082195 MODEL FOR WATER-SURFACE PROFILE COMPUTATIONS
BR-0010(506) SPEAR CK. BUTLER QUAD
1/2 MI W BUTLER NE 1/4 SEC LINE 24/13
CHOCTAW CO. DA=9.41 SQ MI PB10506.WSP
#%% RUN DATE & TIME: 04-05-16 14:17
CROSS-SECTION PROPERTIES: ISEQ = 5; SECID = APRO ; SRD = 400.
WSEL SA# AREA K TOPW WETP ALPH  LEW  REW QCR
1 1703 30500 535 535 17242
2 178 3658 45 45 1997
3 440 37354 32 45 9297
4 282 7577 48 48 3870
5 744 17731 152 152 9342
117.50 3346 96821 812 826 3.65 20 916 20167
WSEL SA# AREA K TOPW WETP ALPH  LEW  REW QCR
1 2782 68263 545 545 35676
2 268 7270 45 45 3705
3 503 46758 32 45 11378

Figure 5.3 Cross-sectional properties output from WSPRO (Spear Creek)

The required data to get the parameters needed for scour depth calculation in HEC-18 are
SA (subarea), Area (A), K (conveyance), TOPW (top width), hydraulic depth (y) at the approach
section and the bridge section. Discharges in three subsections (LOB, CH, and ROB) of a
compound channel section were calculated using Manning’s equation introduced in 1891 by
Flamant (Henderson 1996).
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Q= ﬁARZ“Sf”2 (5.3)
n
Equation (5.3) can be rewritten as,
Q = KS;/? (5.4)
where K = conveyance, defined as
K = Kn g (5.5)
n
The conveyance of each subsection can be defined as,
K
K=-—"A,R>? (5.6)
n;
where i = index referring to the i-th subsection. The total discharge Qrin the compound section is
equal to the sum of the subsection discharges, Q.. Assuming the energy head doesn’t vary across
the compound section, i.e., Sris the same for all subsections we can calculate the discharge of
each subsection.
Qr = KrS;/? (5.7)
Q: = K;S;'? (5.8)
K;
Qi = K_TQT (5.9)

where Qr = total discharge, Kr= total conveyance, Qi = discharge at the i-th subsection, Ki =
conveyance at the i-th subsection. After calculation of each subsection discharge, velocity (V) for
each subsection is calculated by ratio of discharge (Q) to area (A). Hydraulic depth (y) is
calculated from the ratio of total area to top width.

5.5 RESULTS OF HYDRAULIC PARAMETERS AND SCOUR DPETHS

The hydraulic parameters obtained from the HEC-RAS model (using different methods)
was compared with the hydraulic parameters obtained from the WSPRO model. The outputs from
the WSPRO model using the default value for contraction and expansion coefficient (0.0 and 0.5)
were compared with the outputs from the HEC-RAS methods selecting the energy method with
default contraction and expansion coefficient, i.e., 0.1 and 0.3, respectively, far upstream and
downstream and 0.3 and 0.5 near the bridge. The WSPRO model does not output the hydraulic
parameters in sequence as HEC-RAS model. It outputs the velocity distribution and cross-sectional
properties in a text format. Some calculations are needed to obtain the hydraulic parameters
needed for scour depth calculation using HEC-18 (which is integrated into HEC-RAS). The data
reduction process of the WSPRO method to get hydraulic parameters is described in section 5.4.
All the hydraulic parameters obtained from both the models were similar but somewhat different,
the discharge at upstream approach section Q1+, discharge at the contraction section Qz, width at
upstream approach section W7 were different by a relatively large percent (Table 5.2).

Discharge at upstream section Q+, width at upstream section W4, discharge at contraction
section Qz, and width at contraction section W- are selected hydraulic parameters for the ratio
comparison using Equations (5.1) and (5.2). Table 5.2 clearly shows the flow contraction from the
section 1 to 2, for example, from WSPRO output, LOB contracts from 290 ft to 41 ft, and discharge
changes from 1347.6 to 514.1 cfs at LOB and from 1473.9 to 2357.1 cfs at the main channel. In
the main channel, discharge at the contraction section (bridge crossing) from WSPRO is 1.6 times
larger than the discharge at the approach section, but it is 2.4 times larger from HEC-RAS (from
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1332.12 to 3195.65 cfs). It means HEC-RAS lets much more flow in the main channel due to the
contraction. At the contraction section, discharge at the main channel from HEC-RAS is 838.52 cfs
more than the channel discharge from WSPRO.

Table 5.2 Comparison of the hydraulic parameters from WSPRO’s and HEC-RAS's
energy methods.

Pﬂi/grrr]agtg(r:s WSPRO Output HEC-RAS (Energy Method)
LOB CH ROB LOB CH ROB
Y7 (ft) 3.56 13.75 5.38 3.81 14.46 5.61
Vi (ft/s) 0.72 3.35 0.97 0.67 2.90 0.87
Yo (ft) 4.02 14.28 5.14 3.24 14.67 4.50
Q: (cfs) 514.12 2357.13 948.75 206.19 3195.65 418.16
Wo (ft) 41.00 29.00 50.00 41.66 25.72 45.84
Dso (mm) 0.03 0.047 0.055 0.03 0.047 0.055
Scour Eqn. | Clear-water Default | Clear-water | Clear-water Default Clear-water
Q1 (cfs) 1347.64 1473.89 998.48 1494.37 1332.12 993.51
Wi (ft) 290.00 32.00 100.00 582.91 31.72 204.25
Scour (ft) 10.25 7.74 11.97 3.19 20.70 4.63

Note: subscript 1 for the upstream approach section, 2 for the contraction section at the bridge
crossing. Yo is the average depth prior to scour at contraction section, i.e., Ysu in Equations (1.2)
and (1.3).

The comparison of the hydraulic parameters and then the scour depth from both the
models is shown in Table 5.3. The clear-water scour was selected for computing the scour depths
in the overbank areas. The hydraulic design function windows in HEC-RAS used for the calculation
of the scour need the value of Dso entered in millimeter (mm). For the main channel, HEC-18
determines that the live-bed scour could occur and Dso could affect the exponent K. The exponent
K1 is related to the ratio of shear velocity (V+) to fall velocity (w). The fall velocity depends on the
Dso value of the bed material. For Spear Creek study, the value of exponent K1 was 0.69, when
V+/w > 2.0. Since K1 becomes a constant, the calculated depth for the live-bed scour does not
depend on Dsp. Based on Equation (1.2), the ratio in Equation (5.2) times Y7 (water depth at
upstream approach section) minus Yo or Ysu (average depth prior to scour at the bridge) will be the
scour depth; therefore, three factors (the ratio, Y7, and Ys) possibly affect the live-bed scour depth
calculation.

For the overbank areas, Equation (5.1) was used to obtain the ratio of hydraulic parameters
for the clear-water scour comparison. Based on Equation (1.3), the ratio in Equation (5.1) times the
ratio [1/(C,D:*)]'"" minus Yo will be the scour depth; therefore, three factors (two ratios and Yo)

possibly affect the clear-water scour depth calculation. Even though C. is a constant depending on
units, Dm = 1.25 Dso is a function the particle size Dso and directly affect the scour depth. The
discharges in LOB and ROB at the contraction section (Qz) calculated from WSPRO are 307.93
cfs and 530.59 cfs larger than corresponding discharges from HEC-RAS model, respectively. The
absolute differences in the width at the contraction section (W>) are 0.7 ft and 4.16 ft, respectively,
at LOB and ROB (Table 5.2). For both the methods, the Dso value used is the same.

The ratio of selected hydraulic parameters (5.1) from both the methods for LOB and ROB
is 2.22 and 1.87, respectively. Although the ratio of average depth prior to scour is close to 1.0 for
both cases, it could affect the scour depth ratio if the selected parameters are changed. For
example, the average depth prior to scour at contraction section for WSPRO and HEC-RAS is 4.02
and 4.5 ft, respectively. The ratio of hydraulic parameters (Equation (5.1)) is 8.74 for WSPRO and

3.94 for HEC-RAS at LOB. The ratio [1/(C.}*)}" is 1.62 at LOB but 1.33 at ROB since Dso at LOB
is 0.03 mm, half of 0.06 mm at ROB, but there is no change in the ratio for both the methods
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because of the same Dso. Based on Equation (1.3), calculated water depth after scour (Yas in Table
5.2) is the product of the ratio of hydraulic parameters (Equation 5.1) and [1/(C,D>*)}'" . The ratio of

Yas values is the same as the ratio of hydraulic parameters between two methods (Table 5.2). The
ratios of scour depths at LOB and ROB using hydraulic parameters from WSPRO and HEC-RAS
are 3.21 and 2.59, respectively. Since the final scour depth is the difference of Yas and Yo, the ratio
and the percent difference of scour depths between the two methods are always different from the
ratio and the percent difference of Yas and hydraulic parameters in Equation 5.1. When Y, is close
to Yas, above differences in the ratio and the percent difference become larger.

Based on Equation (1.3), the water depth after scour (Yas) is proportion to [1/p, 7. If Dso
is 50% or 100% larger than the true Dso, it makes Yas 89% and 82% of the true Yas for the clear-
water scour. For hydraulic parameters, the water depth after scour (Yas) is proportion to [Q, /11"
since the exponent 6/7 is close to 1.0; the change in hydraulic parameters will have a similar impact
on Yas, which means hydraulic parameters could have relatively large impacts on calculating the
scour depth. Table 5.3 shows the ratio of hydraulic parameters (Equation 5.1) from WSPRO is
61% and 76% larger than the ratio from HEC-RAS at ROB and LOB, respectively. Figure 5.4
graphically presents the difference in scour depth predicted by the two methods.

Table 5.3 Comparison of ratios of the hydraulic parameters and scour depths from
WSPRO and HEC-RAS'’s energy method at overbanks areas (LOB and ROB)

Hydraulic WSPRO jgg_gg)s Ratio' %Difference?
parameters LOB ROB | LOB | ROB | LOB ROB LOB ROB
0,2 3/7
<_22> 8.74 1246 | 394 | 666 | 222 1.87 76 61
w,
1 3/7
(CDMJ 1.62 133 | 162 | 1.33 1 1 0 0
Yas? 1416 | 1657 | 643 | 913 | 220 1.81 75 58
Yo 4.02 514 | 324 | 45 1.24 1.14 21 13
SC?‘;;S;’?tpth 1025 | 1197 | 319 | 463 | 321 | 259 | 105 88

Note: ' - Ratio is calculated from WSPRO method divided by the HEC-RAS method. For example,
10.25/3.19=3.21, ? - % Difference is calculated as the difference divided by the average of WSPRO
and HEC-RAS method. For example, (10.25 — 3.19)/(average (10.25,3.19)* 100 % = 105/ %, and
3 — water depth at the contraction section (bridge crossing) after scour.

For the main channel, Equation (5.2) is used to calculate the ratio of hydraulic parameters
for the live-bed scour. The exponent K used for the live-bed scour has three values (Table 1.2).
There is a small change in calculated scour depth when K is changed. This is because W+/W- in
the main channel is close to 1 (1.10 from WSPRO and 1.23 from HEC-RAS). The scour depth could
be 7.73, 7.62, and 7.51 ft when K7 used was 0.69, 0.64 and 0.59, respectively, when hydraulic
parameters from WSPRO were used. The K1 value remains same (analyzed for Table 5.2 Channel
case) for large range of Dso values keeping hydraulic parameter Y7 constant (used to calculate the
shear velocity), the K value remains as 0.69 for Dso changing from 0.005 mm to 0.74 mm and
changes to 0.64 when Dsois from 0.75 to 7 mm. The Ky value changes to 0.59 when Dso > 7.1 mm.
When Dso changes but K1 does not change, the difference in scour depth is due to the difference
in the hydraulic parameters obtained from two methods.
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The ratio of the hydraulic parameters between WSPRO and HEC-RAS method at channel
is 0.66 but the ratio of the scour depth ratio is 0.37 (Table 5.4). This means the scour depth

predicted from WSPRO model at channel is 37% of the scour depth predicted from HEC-RAS. The
major cause for large scour depth from HEC-RAS is a large flow contraction: Q2/Qs = 2.3 or
(Q2/Q1)¥" = 2.1 but Q/Q1 = 1.6 from WSPRO. The water depth Y7 at the approach section is about
12% more from HEC-RAS, and calculated depth after scour (Yas) is 60.7 % from HEC-RAS, which
is 13.37 ft more than Yas from WSPRO.

Table 5.4 Comparison of ratios of the hydraulic parameters and scour depths from
WSPRO'’s and HEC-RAS'’s energy method at channel

Hvdraulic Parameters WSPRO HEC-RAS Ratio % Difference
y CH CH CH CH
6/7 0.69
(ﬁ) *<%) 1.60 2.44 0.66 416
Q, W,
Y 13.75 14.46 0.95 5.0
Yas 22.0 35.37 0.62 46.6
Yo 14.28 14.67 0.97 2.7
Scour depth (Ys), ft 7.74 20.7 0.37 91.1
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Figure 5.4 Comparison of scour depth from WSPRO and HEC-RAS (energy method)

For all other comparisons below, only the ratio of selected parameters, Equations (5.1) and
(5.2), are shown in Tables 5.4 to 5.7. However, the scour depth is calculated using all the hydraulic
parameters as in Equations (1.2) and (1.3). Also, to mimic the similar scenario the WSPRO method
in HEC-RAS was used to compare to the output from the Energy method in HEC-RAS model by
keeping the expansion and contraction coefficient same. These coefficients were set as HEC-RAS
methodology (0.3 and 0.5) and comparison results are summarized in Table 5.5. Then WSPRO
method in HEC-RAS model was compared by changing the expansion and contraction ratio from

0.3, 0.5 to 0.0, 0.5 respectively (Table 5.6). The HEC-RAS results for the scour depth for the first
case is same to the results (Table 5.3 and Table 5.4) when only energy method was used. There
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is not much change in hydraulic parameters eventually giving very close scour depth value (Table
5.5). The ratio of selected hydraulic parameters (5.1) for the clear-water scour from both the
methods for LOB and ROB are 1.0. The ratio of scour depth obtained from the two methods at LOB
and ROB are 1.0 (Table 5.5). The ratio of selected parameters (Equation (5.2)) from both the
methods at the channel is 1.02 with a scour depth ratio of 1.02 (Table 5.5). That means scour depth
predicted from energy method from HEC-RAS model at the channel is 1.02 times less than the
scour depth predicted from the HEC-RAS using WSPRO method.

For the second case, using WSPRO method in HEC-RAS with contraction and expansion
coefficients as 0.0, 0.5; and 0.3, 0.5; there was a small change in the HEC-RAS results as obtained

in the first case, i.e., using different contraction and expansion coefficient (Table 5.6). The

discharge at contraction section differ (absolute) by 66.1, 63.76 and 2.35 cfs in LOB, CH and ROB,
respectively. This difference in the discharge affects the scour depth mainly in channel with a
difference of 2.01 ft. The scour depth at the main channel is 1.10 times the scour depth obtained
using WSPRO method using expansion and contraction coefficients as 0.0 and 0.5 ft, respectively.
For this case, there is a small difference; however, there could be large difference in cases where
the difference in the velocity head between the sections is large.

Table 5.5 Comparison of the hydraulic parameters and scour depth from Energy
method and WSPRO method of HEC-RAS model using same contraction and
expansion coefficient as HEC-RAS methodology

Energy method (HEC- | WSPRO method (HEC-

. —
Ratio RAS) (0.3, 0.5) RAS) (0.3, 0.5) Ratio
LOB | CH | ROB | LOB | CH | ROB | LOB | CH | ROB
27 3/7
(QLZ> 394 | - | 665|394 | - |665| 10 | - | 10
W,

6/7

@

) (%)0.69
2

Scour
depth (Ys) | 3.19 | 20.7 | 4.63 3.18 214 4.63 1.0 1.03 1.0
ft

- 2.44 - - 2.49 - - 1.02 -

Note: ' - Ratio is calculated as WSPRO method divided by the energy method in HEC-RAS. For
example, 3.94/3.94=1.

Table 5.6 Comparison of the hydraulic parameters and scour depth from HEC-RAS
WSPRO method using different contraction and expansion coefficient

WSPRO (HEC-RAS) | WSPRO (HEC-RAS)

. in1
Ratio method (0.3, 0.5) method (0.0, 0.5) Ratio
LOB | CH | ROB | LOB | CH | ROB | LOB | CH | ROB
27 3/7
<QL2> 394 | - | 665|387 | - | 66 | 102 | - | 101
w.
26/7

<%V|>/ 0.69
)

Scour
depth(Ys) 3.18 214 4.63 3.14 19.39 | 4.61 1.01 1.10 1.0

- 2.44 - - 2.40 - - 1.02 -
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The effect of using different contraction and expansion lengths on scour depth calculation
was also analyzed by changing them based on HEC-RAS methodology. The model was run for
three times with different expansion and contraction lengths. The expansion and contraction
lengths were taken based on one of the HEC-RAS methodology. The US Army Corps of Engineers
(Brunner 1995) provides a table of ranges of expansion ratios that can be used as a guide to
determine the expansion length. The average of distances A to B and C to D (Figure 1.4), i.e., an
average of bridge embankment lengths into the floodplain) is multiplied by the expansion ratio
obtained from (Table 5.7) to get the expansion length.

Table 5.7 Ranges of expansion ratio

nob/nc=1 nob /nc=2 nob /'ne=4
bB=0.10 5 =1 ft/mile 14-36 13-30 12-21
] ft.-'nn:le 10-25 08-20 08-20
10 fi/mile 10-22 08-20 08-20
WB=025 5=1 ft/mile 16-30 14-25 12-20
5 ft/mile 15-25 13-20 1.3-20
10 fi/mile 15-20 13-20 1.3-20
WB=0350 5=1 ft/mile 14-26 13-10 12-14
5 ft/mile 13-21 12-146 10-14
10 fi/mile 13-20 12-15 10-14

Note: b/B is the ratio of bridge opening width to the total floodplain width, S is a longitudinal
slope, and nos/nc is the ratio of Manning’s roughness coefficients in the overbank area and
main channel.

In case of Spear Creek, the bride opening (b) is 138 ft and the total floodplain width (B) is
990 ft. The ratio of b/B is 0.13, which is near to 0.10. The Manning’s coefficient for the overbank
area is 0.18 and for the channel is 0.08. The ratio now/nc is 2.2, which is close to nov/nc = 2. The
longitudinal slope is ~5 ft/mile in Spear Creek. Based on above calculation, the expansion ratio is
taken as 0.8 (minimum) and 2 (maximum), which lies in the range of 0.8 and 2.0. The contraction
length is usually shorter than the expansion length. Therefore, the minimum and maximum
expansion ratios of 1.0 and 2.0 were used and multiplied to 426 ft (the average of distances from
Ato B and C to D) to get the expansion length of 426 ft and 852 ft, respectively. HEC-RAS (Brunner
1995) recommends the contraction length in between 1 and 1.5 times the average of distance A to
B and C to D (Figure 1.4). From this range,1 is chosen and multiplied to 426 to get 426 ft as the
minimum contraction length and 1.5 is chosen and multiplied to 426 to get 639 as the maximum
contraction length. WSPRO method in HEC-RAS was used for gathering the hydraulic parameters.
There was a change in discharge value both upstream and at the contraction section with a change
in the scour depth value when minimum expansion length as recommended by HEC-RAS is used.
The absolute difference in discharge upstream (Qr) at LOB, CH, and ROB were 314.1 cfs, 321.9
cfs, and 7.8 cfs, respectively, whereas the absolute difference in discharge at the contraction
section (Qz) were 43.06 cfs, 95.53 cfs, and 52.47 cfs respectively. The scour depth obtained using
expansion and contraction length at 160 ft and 138 ftis 1.5, 1.5,and 1.4 times larger than the scour
depth obtained using expansion and contraction length 426 ft and 426 ft at LOB, Channel and ROB,
respectively.
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Table 5.8 Change in scour depth with the change in minimum expansion and
contraction length using HEC-RAS model.

Hydraulic Expansign length = 160 ft, Expansipn length = 426 ft, Ratio"
parameters contraction length = 138 ft contraction length = 426 ft
LOB CH ROB LOB CH ROB LOB | CH ROB
Y1 (ft) 3.53 14.16 5.37 2.52 13.13 4.52 1.4 1.1 1.2
V1 (ft/s) 0.69 3.04 0.96 0.69 3.67 1.06 1.0 0.8 0.9
Yo (ft/s) 3.19 14.61 4.45 2.68 13.87 4.02 1.19 | 1.0 1.1
Q2 (cfs) 202.13 | 3204.69 413.18 159.07 3300.22 | 360.71 1.3 1.0 1.1
Wa (ft) 41.56 25.72 47.72 46.07 29 50.46 0.9 0.9 0.9
Dso (mm) 0.03 0.047 0.055 0.03 0.047 0.055 - - -
Qi (cfs) |1414.20 | 1365.17 | 1040.63 | 1100.14 | 1687.06 | 1032.81 1.3 0.8 1
Wi (ft) 581.42 31.72 202.11 635.76 35 214.69 0.9 0.9 0.9
Scour (ys, ft) 3.14 19.39 4.61 2.04 12.70 3.39 1.5 1.5 1.4

Note: '- Ratio is calculated as 3.53/2.52=1.4

When the expansion and contraction lengths were changed from 426 and 426 ft to 639 and
426 ft, there was a change in discharge at contraction section (Qz) (Table 5.8 and Table 5.9). The

absolute difference in Q2 is 31.3 cfs, 69.8 cfs in LOB and Channel, respectively. Due to the
decrease in Qzvalue at channel, the scour depth decreases from 12.7 to 10.69 ft. This indicates
that scour depth is affected by the change in the expansion and contraction lengths in the same
model. Also, when the expansion and contraction lengths are changed to 852 and 639 ft from 639
and 426 ft, there is an increase in the discharge at contraction section in overbanks areas and
decrease in main channel that makes the scour depth at overbanks areas to increase and decrease
in main channel. The scour depth obtained from using WSPRO expansion and contraction lengths
(160 and 138 ft) is 1.19, 2.28, and 1.25 times larger than the scour depth obtained from using
maximum expansion and contraction length (852 and 639 ft) recommended by HEC-RAS. This
indicates that using different expansion and contraction lengths could change the hydraulic
parameters that eventually change the scour depth.

Table 5.9 Change in scour depth with the change in maximum expansion and
contraction length using HEC-RAS model.

Hydraulic Expansipn length = 639 ft, Expansipn length = 852 ft, Ratio
parameters contraction length = 426 ft contraction length = 639 ft

LOB CH ROB LOB CH ROB LOB CH ROB
Y1 (ft) 2.36 12.96 4.38 2.17 12.77 4.22 1.1 1.0 1.0

V1 (ft/s) 0.70 3.85 1.10 0.71 4.02 1.15 1 1 1
Yo (ft/s) 3.08 14.32 4.39 3.50 14.81 4.78 0.9 1.0 0.9
Q2 (cfs) 190.35 3230.41 399.24 22417 | 3155.81 | 440.02 0.8 1.0 0.9

Wa (ft) 46.94 29 51.49 47.88 29 52.63 1 1 1

Dso (mm) 0.03 0.047 0.055 0.03 0.047 0.055 - - -
Q1 (cfs) 1042.67 | 1745.29 | 1032.05 | 972.12 | 1817.42 | 1030.46 1.1 1.0 1.0
Wi (ft) 634.85 35 213.38 633.78 35 211.85 1.0 1.0 1.0
Scour (ys, ft) 2.34 10.69 3.35 2.63 8.52 3.69 0.9 1.3 0.9

The HEC-RAS model for all above cases was configured without including the ineffective
flow area. The HEC-RAS model was run using the ineffective flow areas as discussed in section
5.2 using WSPRO method with contraction and expansion coefficients as 0.0 and 0.5 (Table
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5.10).The ratio of the selected hydraulic parameters (Equation (5.1)) for LOB and ROB were close
to 1 for both. The scour depth ratio for a LOB and ROB were also close to 1. The scour depth ratio
at channel was 0.95 (Table 5.10). That means the scour depth obtained without ineffective flow
area is 0.95 times smaller than scour depth obtained with ineffective flow area at channel section.

When scour depths at LOB, CH, and ROB from HEC-RAS with ineffective areas are
compared corresponding scour depths from WSPRO, one can see that the differences become
larger at LOB and ROB but smaller in the main channel. It means ineffective areas reduce effective
flow velocity in the overbank areas and channel that result in smaller scour depths. The ineffective
flow areas were set for the sections immediately upstream and downstream of the bridge crossing
in HEC-RAS.

Table 5.10 Change in scour depth with and without including ineffective flow area
using HEC-RAS model with WSPRO method.

WSPRO (without WSPRO Ratio
Ratio ineffective flow) (with ineffective flow)
LOB CH ROB LOB CH ROB LOB CH ROB
21\ 3/7
Q_2> 3.87 - 6.6 3.98 - 6.69 0.97 - 0.99
W,*
Q\*7
(Q_l) 0.6 — 2.4 - - 2.44 - - 1.0 -
()
W,
de;ﬁ‘(’;rﬂ) 314 | 1939 | 461 | 321 | 2032 | 465 | 098 | 095 | 0.99

Note: '- Ratio is calculated as WSPRO without ineffective flow divided by WSPRO with the
ineffective flow.

The water surface elevations from both the models were also compared and tabulated in
Table 5.11. Both models compute the water surface profiles within the tolerance. There was not
much difference in the values obtained from both the models. The variation of the water surface
elevations (WSEs) at any cross section for four bridge cases was in the order of 0.02 to 1.15 feet.
Alamuchee Creek has the variation of the WSE in the range of 0.34 to 0.37 ft . The average absolute
error for Alamuchee Creek is 0.36 ft. In case of Spear Creek at the approach section the WSE
computed by HEC-RAS and WSPRO differs by 1.28 ft, which is the largest difference in WSE for
all the bridge cases. The difference ranges from 0.34 to 1.15 with a average of 0.65 ft for the Pinatall
Creek. The WSE computed for Spear Creek by WSPRO and HEC-RAS varies within a range of
0.21 to 1.2 ft with a average of 0.41 ft. For the case of Valley Creek the WSE computed by WSPRO
and HEC-RAS varies within a range of 0.02 to 0.08 ft with an average of 0.054. Due to the
unavalability of the observed WSE for all the bridge cases, these study could not accuartely point
out the best method to compute the water surface elevation. In the report published by the US Army
Corps of Engineers (Brunner and Hunt 1995) seventeen flood events were analyzed at 13 different
bridge sites and the observed WSE was compared to the calculated WSE from HEC-RAS and
WSPRO. There was a variation of 0.1 to 0.3 ft. In this case the variation is large at approach section
of Pintalla Creek and Spear Creek. Other WSEs vary within a range of 0.02 to 0.46 ft, which are
somewhat close to the variation in the different bridge site provided in the report.Therefore, it is
believed that any of these models could be used to compute the water surface profiles at bridge
location.

63



Table 5.11 Comparison of simulated water surface elevations between WSPRO and
HEC-RAS models

Cross HEC-RAS WSPRO WSE Absolute error
Sections WSE (ft) (ft) (ft)
Alamuchee Exit 181.42 181.79 0.37
Creek Full Valley 181.56 181.95 0.39
Approach 183.66 183.32 0.34
Average 0.36
Exit 163.97 163.63 0.34
. Full Valley 164.19 163.73 0.46
Pintalla Creek =0 oach 165.58 164.43 115
Average 0.65
Exit 115.92 115.90 0.02
Full Valley 116.26 116.25 0.01
Spear Creek = oach 118.09 116.81 1.28
Average 0.44
Exit 101.67 101.69 0.02
Full Valley 101.85 101.91 0.06
Valley Creek =1 roach 102.52 102.44 0.08
Average 0.05
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Chapter 6 SUMMARY AND CONCLUSIONS

6.1 SUMMARY

Scour is crucial in bridge designing. Bridge designing should be done with accuracy to
minimize the future disasters. The ability to determine the hydraulic parameters and eventually
scour depth is imperative to designing safe, economic, and efficient bridge foundations. Different
types of soils either cohesive or non-cohesive soils are present in the Earth surface. Scour behavior
for the non-cohesive soil is well understood. However, much research has been performed in an
effort to understand scour behavior in cohesive soils. The cohesive soils act differently than the
non-cohesive soils, which erode particle by particle. In the USA, currently, scour depths are
calculated using HEC-18, which is used by many DOTs to calculate the scour depth around the
bridge. HEC-18 provides different sets of equations to calculate the different types of scour depth,
which are contraction scour, pier scour, and abutment scour. The HEC-18 equations are derived
based on the lab experiments on non-cohesive soils. These equations are also used to calculate
the scour depth in cohesive soils. Different sets of hydraulic parameters like discharge, width, and
depth at different sections are needed by HEC-18 equations to calculate the different-type scour
depths. The hydraulic parameters can be obtained from either WSPRO or HEC-RAS or other flow
simulation programs. The HEC-RAS is the newest software package from HEC. This study was
done to figure out and illustrate some uncertainties in HEC-18 equations that are being used for
calculating the scour depth in cohesive soils. Different models that are used to obtain the hydraulic
parameters were compared and the effect of the change in the hydraulic parameters to the scour
depth were discussed.

Four bridge cases in which the scour depths were calculated using HEC-18 equations were
provided by the ALDOT. These bridge cases were used to evaluate, understand, and illustrate the
uncertainty in bridge scour calculation. The critical velocities and shear stresses of the six cohesive
soils that were obtained from the EFA from the published report “Evaluation of cohesive soils-phase
2” were used to analyze the uncertainties of the HEC-18 equations. There are possible different
types of soils in different layers (depths) with different Dso values.

Current DOTSs typically use HEC-18 and the average Dso removing outliers to calculate the
scour depth. The effect of using average Dso value and layer-by-layer Dso values was analyzed and
discussed. Also, the effect of averaging Dso removing the outliers and without removing the outliers
on scour depth was evaluated and discussed.

The HEC-18 equations for contraction scour (clear-water and live-bed) use several
hydraulic parameters for the scour depth calculations. These hydraulic parameters were calculated
in this study from two models: WSPRO and HEC-RAS. Both models were setup and different
simulations using different model parameters/options were done using the same channel
geometrical and flow data to obtain the hydraulic parameters. The differences in the hydraulic
parameters obtained from WSPRO and HEC-RAS were analyzed and discussed. In addition, the
scour depths resulting from respective hydraulic parameters were compared and analyzed.

There were various difficulties in past to obtain the soil samples to test the erosion rate in
Alabama. The soil samples obtained were unusable for performing the soil erosion test due to
cracks and fractures. A part of the initial plan for this study was to develop soil samples with different
percentage of sand, clay, and silt using a pugger mixer and do the erosion testing on the EFA.
However, due to the problem in the motor of the EFA, which is used to push the soil sample out of
the Shelby tube, the EFA test could not be performed for more than two soil samples. The
procedure of running the pugger mixer was figured out (Pokharel 2017). Two soil samples with
different soil percentage were developed and tested in EFA using old methods (not using the
ultrasonic sensor). The critical shear stress and the critical velocity from EFA and HEC-18 were
compared and analyzed for two soil samples with different percentage of sand, clay, and silt.

6.2 CONCLUSIONS

It was concluded that certain uncertainties exist in HEC-18 equations and it is best and
more suitable to be used to calculate the scour depth of non-cohesive soil as the equations were



derived based on lab experiment on non-cohesive soils. The uncertainty of predicting and
estimating the scour depth comes from various sources such as soil properties (Dso, critical velocity
and scour rate) and hydraulic parameters. HEC-18 use only Dso value to calculate the critical
velocity. Although, having same Dso value the percentage of cohesiveness could be different which
would affect scour depth. For cohesive soils (e.g., clay) with small particle sizes (i.e., Dso), the HEC-
18 method calculates smaller critical velocities and then make the scour occur earlier than it is
supposed to occur. Calculated critical velocities and modeled velocity at the upstream approach
section decide which equation to be used either as live-bed or clear-water scour. The critical shear
stress obtained from EFA (t.1) was compared to the critical shear stress obtained from the HEC-18
(te2) using Dso as input. The ratio of 1.1/, ranges from 3.2 to 115 with an average of 31.8 and
standard deviation of 37.9; therefore, it means for these clay soils (Dso < 0.09 mm) the critical shear
stress from HEC-18 is significantly smaller than the critical shear stress determined using EFA
tests.

The critical velocity calculated from HEC-18 (Vc1) and the critical velocity using z. from EFA
and Dso (Vc2) were compared when the upstream water depth (y) is taken as 1.5 or 4 m for
calculations. The ratio of Vc2/Ver ranges from 1.7 to 10.4 with an average of 4.8 and standard
deviation of 2.7. That means the HCE-18 predicts the scour earlier than it happens, which would
overestimate the scour depth. For the main channel, V. obtained from HEC-18 Equation 3.5 is less
than V7 (Table 3.4 for Spear Creek) which would make it a live-bed scour. Table 3.4 shows the
scour depth of 7.74 ft calculated using default method from HEC-18, which allows HEC-18 to
determine whether or not the clear-water or live-bed scour would occur. HEC-18 results show the
live-bed scour would occur. However, V. obtained from Equation 3.6 is greater than V7 for same
channel section which would make it as a clear-water scour. The particle size Dso has a direct
impact on calculating the clear-water scour depth after the scour (Equation 1.3), i.e., proportion to
1/Ds0?7. The scour depth calculated using the clear-water scour would result in 47.76 ft of scour in
the main channel. This is a huge difference in calculated scour depth that explains the uncertainty
in HEC-18 equation. Therefore, it was concluded that using HEC-18 with average Dso for cohesive
soil has certain uncertainties and could overestimates the scour depth. Therefore, the USGS
envelope curves developed for ALDOT (Lee and Hedgecock 2008) are used at the bridge sites
where the scour depth predicted using HEC-18 is not reasonable. Two main variables influencing
the clear-water scour were velocity index and channel contraction ratio. These two variables were
used as independent variables to develop two envelope curves. The envelope curves developed
for ALDOT can only be used to bridge sites that fall on the Black Prairie Belt. If the scour depth
calculated from HEC-18 of any bridge site that falls on the Black Prairie Belt seems not reasonable
then engineers are suggested to use those envelope curves to calculate the scour depth. Many
DOTs do not have the envelope curves developed from observed scour depths as USGS did for
ALDOT. DOTs may not have other additional tools to help designers estimate/predict the scour
depth more accurately.

From the study of the multilayer method, it was concluded that using only average Dso value
does not accurately predict the scour depth. The Dso value of all layers should be considered while
calculating the scour depth. Using the layer-by-layer Dso values to calculate the scour depth from
HEC-18 and summing up all the feasible scour depths in each layer could give more accurate scour
depth rather than using only average Dso value. When recommending the multilayer method for
predicting the scour depth, it is desired to have Dso for many layers up to deep depth; otherwise,
limited data may affect the accuracy of the multilayer method. For obtaining better accuracy in the
multilayer method, one can use the weighted average Dso with layer thickness or just take an
average of Dso up to the layer where soil is eroded.

There is uncertainty to accurately determine representative Dso in the field in different depth
layers and specify Dso for some depth layers where Dso was not determined. The variations of Dso
could affect the scour depth calculation, for example, for the bridge site in Valley Creek, Dso is 0.15
mm in the first 10 ft and 0.075 mm in the next 10 ft, and using hydraulic parameters from HEC-
RAS, HEC-18 predicts 9.0 ft and 12.5 ft of clear-water scour in the left overbank area. In above
case, the particle size in deeper depth is half of Dso in the surface layers but the scour depth is
about 39% more. For Spear Creek, Dso in the main channel ranged from 0.006 to 0.106 mm but it
has no effect on the scour depth of the live-bed, and only hydraulic parameters dominantly control
the scour depth calculation. The scour depth from all the Dso value of the layers was 17.5 ft. Since
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the water depth after live-bed scour is linked with Dso through an exponent K7 in Equation (1.2), K
has three values (0.59, 0.64, and 0.69) as the ratio of shear velocity and fall velocity (depends on
the Dso value of the bed material) falls into three ranges (<0.5, 0.5 but £2.0, and >2.0).

WSPRO and HEC-RAS models using the same geometry and flow input data output or
predict similar but not exactly same magnitude of hydraulic parameters (e.g., discharges, width,
and depths at the approach and contraction sections), although both use the standard step method
to solve the one-dimensional energy equation. WSPRO model distributes more flow in the overbank
areas than HEC-RAS does but HEC-RAS distributes more flow in the main channel for this case
study. Therefore, HEC-RAS predicts much more scour in the main channel than WSPRO does.
For example, HEC-RAS predicts 17.9 ft and WSPRO predicts 7.7 ft of live-bed scour in the main
channel of Spear Creek under 100-year flood (the percent difference is 79.3%), but HEC-RAS
predicts 6.6 and 8.6 ft and WSPRO predicts 10.3 and 12.0 ft of clear-water scour in overbank areas
(the percent differences of 43.3% and 32.8%). Hydraulic parameters in Equations (1.2) and (1.3)
play an important role in calculating the scour depth. Scour depths are typically calculated for
overbank areas and main channel separately, and the clear-water scour is determined for heavily
vegetated overbank areas. The effects of these hydraulic parameters on the scour depth were
studied in Spear Creek as case study (Table 5.3). It is evident that predicted scour depth could be
different according to the 1-D hydraulic model used for obtaining the hydraulic parameters. Results
show there is not much change in the hydraulic parameters by changing the expansion and
contraction lengths and the contraction and expansion coefficients for energy losses; therefore,
they have not much impact on the scour depth also. However, in other studies (Brunner and Hunt
1995) these lengths and coefficients could play a much greater role in predicting the energy losses
and water surface elevations near the bridge. This study also suggests considering the ineffective
flow area while doing the simulation using HEC-RAS. Using ineffective flow areas could change
the hydraulic parameters that will eventually change the scour depth. Given that a limited number
of data sets were used in this study and due to the unavailability of observed data of hydraulic
parameters, this study could not accurately point out which one-dimensional model to be the best
one to calculate the hydraulic parameters for calculating scour depth.

The soil samples collected from the field when they were unusable for EFA tests could be
made usable by using the pugger mixer. Different soil components that could be in or near the
bridge site and are difficult to obtain can be engineered in the lab using the pugger mixture. The
EFA test can be run with the soil samples developed by using pugger mixer. It would be easier and
most reliable to use pugger mixer when the soil sample obtained from the site is not usable in EFA.

6.3 FUTURE STUDIES

The hydraulic parameters could be calculated from different models and using those
hydraulic parameters to calculate scour depth could give different scour depths. A study can be
carried out to figure out the best model for obtaining the hydraulic parameters by comparing them
to the observed data, and this will lead to a more accurate scour depth prediction. Some of
hydraulic parameters are also difficult to measure in the field, especially during the flood event;
therefore, two- or three-dimensional computational fluid dynamics (CFD) models and laboratory
experiments could be used/performed to determine how much flow should go to the main channel
and overbank areas and which one-dimensional model is more accurate. Through the study it was
still difficult to figure out the percentage effect of a change in the hydraulic parameters to scour
depth. The more in-depth study could be carried out to create a relationship/trend of change in
hydraulic parameters to scour depth.

EFA test is used to determine the critical velocity and the scour rate for both cohesive and
non-cohesive soil. EFA test results should be used in the calculation and specifying the critical
velocity and the erosion rate of cohesive soils for determining the scour depth. The soil samples
with different percentage of soil components developed from the pugger mixer can be used in EFA
to see difference in critical velocity and scour rate. The percentage of sand for the soil samples 1
and 2 that Pokharel developed for his study (Pokharel 2017) were relatively high, and
corresponding Dso of the samples were 0.20 and 0.27 mm. For the future study, soil samples with
high percentage of clay and silt than sand should be prepared to make it more cohesive. Soil
samples with different moisture content can be made from the pugger mixer. The critical velocity
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and the scour rate for same soil samples with different soil moisture contents could be performed
and analyzed in future so that the effect of moisture content in scour could be known. Another
method called the scour rate in cohesive soil (SRICOS-EFA) (Briaud et al. 2005) could be used to
calculate the scour depth of a fine-grained soil more accurately. SRICOS-EFA uses the data
obtained from the EFA. The program needs the shear stress and scour rate in different layers for
the calculation of the scour. SRICOS-EFA performs a site-specific scour calculation using soil
properties (Briaud et al. 2005) and long-term discharge time-series data because it uses site
specific soil samples and EFA to determine critical velocity and scour rate. Also, it includes the
effect of a long-term hydrograph resulted from different rainfall events unlike using a peak flow rate
of 100- or 500-year return flow rate as in HEC-18. In addition to that, the SRICOS-EFA method can
handled layered soil system that could be much more beneficial in a site where there are different
soil types or properties in different layers.
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