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Abstract: Culvert blockage is a recognized problem known to increase the risk of cross-drainage failure. Presently, the effects of bottom-up
inlet blockage can be estimated using the theoretically derived energy loss method (ELM) and reduced area method (RAM). Both methods
imply that hydraulically efficient inlets are more resilient to blockage effects but have not been verified experimentally for bottom-up block-
ages. In this study, a physical culvert model was used to determine the entrance loss coefficients and head-discharge relationships for com-
monly used pipe culvert inlets under different combinations of bottom-up blockage ratio, shape, and roughness. The experimental results
confirm that hydraulically efficient inlets are more resilient to bottom-up blockage. Under submerged outlet control conditions, it was found
that both blockage ratio and shape significantly influence the entrance loss coefficient and that ELM overestimated the entrance loss co-
efficient by up to 124%. Under inlet control conditions, it was found that only the blockage ratio significantly influenced the head-discharge
relationship and that RAM underestimated the blockage discharge ratio by up to 38%. Comparisons to the experimental results show that
ELM and RAM do not account for the increased efficiency of the unblocked part of the inlet under conditions of bottom-up blockage.
Comparison to embedded inlets shows that they result in significantly lower entrance loss coefficients than partially blocked inlets under
outlet control but yield similar discharge capacity ratios under inlet control. Uncertainties and estimation errors are given for the results,
and validity for use in minimum performance design frameworks is evaluated for the different flow types used in hydraulic culvert design.
DOI: 10.1061/JIDEDH.IRENG-10219. This work is made available under the terms of the Creative Commons Attribution 4.0 International
license, https://creativecommons.org/licenses/by/4.0/.

Practical Applications: The results show the importance of evaluating blockage effects as part of hydraulic culvert design and verify the
general predictions of the energy loss method and reduced area method; that hydraulically efficient inlets are more resilient against blockage
effects. The results are valid for type 1 and 5 (inlet control) and 4, 6, and 7 (outlet control) flows and can be used with existing design methods in
the following ways: (1) informing the choice of inlet design, for both unblocked and blocked conditions; (2) including a blockage ratio in the
design of culverts, based on registered blockage data or risk assessments; (3) evaluating necessary maintenance regimes based on acceptable
blockage ratios; and (4) evaluating the effects of blockage on stream continuity. Given the large variation in in situ inlet blockage conditions, it is
recommended to use the maximum values of entrance loss coefficients (keb) and the minimum discharge ratio (Qb=Q) as a conservative ap-
proach for bottom-up blockage effects. Recommended design blockage ratios given in design manuals should be supplemented with registered
data on blockage history for specific locations. For data registration and monitoring, the blockage ratio (Ab=A) should be recorded.

Author keywords: Culvert; Blockage; Inlet; Entrance loss coefficient; Head-discharge relationship; Physical model.

Introduction

Culverts constrict flow and are therefore prone to blockage by
debris, increasing the risk of cross-drainage failure (Rigby et al.
2002; Cafferata et al. 2004; Bradley et al. 2005; Ho 2010; Schall
et al. 2012; Weeks and Rigby 2016). The causes and effects of cul-
vert blockage have been studied in the field (Rigby et al. 2002;
Cafferata et al. 2004; Ho 2010; Weeks and Rigby 2016) using
physical scale models (Goodridge 2009; Ho 2010; Sorourian et al.
2015; Kramer et al. 2016; Taha et al. 2020) and numerical simu-
lations (Ho 2010; Rowley 2014; Günal et al. 2019). In situ blockage
conditions have been found to depend on many factors, such as the
amount and type of available material, flood magnitude, and inter-
actions between the stream, catchment, mobilized materials, and
the drainage structure (Bradley et al. 2005; Ho 2010; Kramer et al.
2016; Jaeger and Lucke 2016; Iqbal et al. 2021; Miranzadeh et al.
2022). For this reason, methods for estimating the volume of block-
age material and blockage ratios are associated with significant
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uncertainty (Bradley et al. 2005; Ho 2010; Jaeger and Lucke 2016;
Weeks and Rigby 2016). Examples of recommended design block-
age ratios can be found in Weeks and Rigby (2016), and examples
of implementation in hydraulic culvert design are described in
Ollett et al. (2017).

To include blockage effects in hydraulic culvert design, Bradley
et al. (2005) recommend modifying existing hydraulic design meth-
ods, accounting for changes to the inlet geometry, surface rough-
ness, and cross section shape and area. While roughness and cross
section parameters for the culvert barrel can be modified using
existing methods, empirical entrance loss coefficients and head-
discharge relationships for partially blocked culvert inlets are lim-
ited. Inlet blockage conditions can be classified into bottom-up,
top-down, and porous plug blockage conditions (Weeks and Rigby
2016; Ollett et al. 2017). Several studies have determined the
entrance loss coefficients and head-discharge relationships for
gated culverts, representative of top-down blockage of the inlet
(Horowitz and Matys 2015; Zeng et al. 2020; Cantero-Chinchilla
et al. 2023). Kranc et al. (1990) tested the effects of culvert inlet
grate blockage, and Tullis et al. (2008) tested the effects of pipe
culvert embedment using physical model experiments. Empirical
design values accounting for bottom-up blockage effects are pres-
ently not available, but the theoretically derived ELM and RAM
have been proposed for estimating inlet blockage effects and imply
that are more resilient to blockage effects (Weeks et al. 2009;
Witheridge 2009).

Under outlet control conditions, the entrance loss coefficients for
circular inlets are reported to be Reynolds invariant for R ≥ 104

(Idelchik 1986) and scale invariant for pipe diameters over 300 mm
(Tullis et al. 2008). Under submerged inlet control conditions,
the use of vented inlets has been shown to reduce subatmospheric
air pressure in the culvert barrel, thereby ensuring significant scale
invariance for culvert diameters larger than 140 mm (French 1957,
1961). Kolerski and Wielgat (2014) used scale model experiments
to show that the approach flow velocity is significantly unaffected
by the local inlet flow field 3D upstream from the inlet for pipe
culverts.

Research Objectives

As ELM and RAM are theoretically derived, the objective of this
study has been to determine the effects of bottom-up blockage ratio,
shape, and roughness on the entrance loss coefficients and head-
discharge relationships of commonly used pipe culvert inlets, and
to compare these results to ELM, RAM, and experimental results
for embedded culverts. Classification of flow types specific to
bottom-up blockage conditions, sensitivity analysis, and potential
hysteretic effects have not been investigated. The present study is
based on the methods described in Schall et al. (2012).

Culvert Hydraulics

Culvert Flow Classification

Flow through unblocked culverts is commonly classified using the
USGS system, which distinguishes between six or seven flow
types, based on the location of the control section, and the relative
submergence of the inlet and outlet. Descriptions of the flow types
and corresponding design equations can be found in publications
such as Bodhaine (1968), Schall et al. (2012), and Chin (2013).
Flow types 1–3 occur when the inlet is unsubmerged, and types
4–7 occur when the inlet is submerged (Fig. 1). For gated culverts,

additional flow types can occur based on the relative inlet blockage
caused by the gate (Cantero-Chinchilla et al. 2023).

Outlet Control

Under outlet control conditions, energy is lost due to the contrac-
tion and expansion of the flow field near the inlet, and the resulting
entrance head loss (ΔHe) can be calculated as follows (Schall et al.
2012):

ΔHe ¼ keðvÞ
v2

2g
ð1Þ

All variables are defined at the end of the paper. Here, the en-
trance loss coefficient “keðvÞ” is used to indicate that ΔHe is cal-
culated using the average culvert barrel velocity (v). For the
purpose of this study, the hydraulic efficiency of an inlet was de-
fined by keðvÞ, with a low value indicating high efficiency. Values
for keðvÞ are commonly given as a single, constant value for
each inlet configuration (inlet type, cross section shape, and edge
geometry) for type 4, 6, and 7 flow (Schall et al. 2012). keðvÞ is also
known to vary with the approach-to-culvert contraction ratio
(Idelchik 1986; Tullis et al. 2008) and the entrance length (French
1956; White 2016). For type 2 and 3 flow, keðvÞ has been found to
depend on the relative headwater elevation (Smith and Oak 1995;
Tullis et al. 2005, 2008).

For pressure flow in a circular pipe, the friction slope through
the culvert barrel can be estimated using the method of Swamee and
Jain (1976) and the Darcy–Weisbach equation (White 2016):

Swamee and Jain ð1976Þ∶ f ¼ 0.25�
log10

�
ε

3.70D þ 5.74
R0.9

��
2

ð2Þ

Darcy-Weisbach∶ Sf ¼ f
8

π2g
Q2

D5
ð3Þ

For a culvert inlet with a given blockage ratio (Ab=A), the ratio
of the average velocity in the blocked section (vb) to the average

Fig. 1. USGS culvert flow types. (Adapted from Schall et al. 2012.)
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velocity in the full cross section area of the pipe (v) can be found
through continuity

vb
v

¼ 1

ð1-Ab=AÞ
ð4Þ

To indicate entrance loss coefficients for partially blocked inlets,
“keb” is used. It follows from Eqs. (1) and (4) that for the same
energy loss, keb will have different values depending on if v or
vb is used. For reasons of clarity, “kebðvÞ” and “kebðvbÞ” will there-
fore be used to indicate which velocity is used. The relationship
between the two loss coefficients can be found as follows:

kebðvÞ
kebðvbÞ

¼ 1

ð1-Ab=AÞ2
ð5Þ

Eq. (5) allows for comparison of entrance loss coefficients that
use different velocities to determine ΔHe.

ELM accounts for the effects of the inlet blockage ratio (Ab=A)
under outlet control conditions (Weeks et al. 2009; Witheridge
2009)

ELM∶ kebðvÞ ¼
��

1þ keðvÞ1=2
1- Ab

A

�
-1

	
2

ð6Þ

ELM assumes that the inlet is blocked by a thin-walled orifice
plate with a circular opening concentric with the inlet and that
the flow contraction is constant with increasing blockage ratio
(Witheridge 2009). kebðvÞ can be substituted for keðvÞ in Eq. (1)
to determine the entrance loss under blockage conditions. Idelchik
(1986) gives a modified version of ELM where the value of keðvÞ is
given as a function of the edge size relative to the hydraulic diam-
eter of the unblocked part of the inlet.

Inlet Control

For inlet control conditions, the semidimensionless head-discharge
relationship depends on the inlet configuration, inlet cross section
rise, and the barrel slope and can be accurately estimated using a
continuous 5th-degree polynomial equation, covering both unsub-
merged (type 1) and submerged (type 5) inlet control conditions
(Schall et al. 2012)

H’
w

D
¼

Xi¼5

i¼0

�
Ci

�
KuQ
AD0.5

�
i
	

ð7Þ

The effective head (H’
w) is calculated asHw − ðSL’Þ, using L’ ¼

−0.5D for nonmitered inlets, and L’ ¼ 0.7D for the mitered inlet,
consistent with French (1955, 1961) and Schall et al. (2012). For
the purpose of this study, efficiency was defined by the
ðH’

w=DÞ=ðKuQ=AD0.5Þ ratio, with a low ratio indicating high
efficiency.

RAM calculates the ratio of discharge capacities for blocked
(Qb) and unblocked (Q) conditions (Weeks et al. 2009)

RAM∶ Qb

Q
¼

�
1-
Ab

A

�
5=4

ð8Þ

RAM was derived using dimensional analysis and assumes that
the efficiency is constant with increasing blockage ratio (Witheridge
2009). The Qb=Q ratio is mathematically identical to ðKuQb=
AD0.5Þ=ðKuQ=AD0.5Þ for given values of the diameter D and cross
section area A. It should be noted that the Qb=Q ratio is not used
in Eq. (7) or in other commonly used design equations for type 1

and 5 flow, but that RAM can be included in the head-discharge
relationship using the relationship Qb ¼ Qb=Q ×Q.

Uncertainty of Single Sample Measurements

Due to the large number of experiments, the present study mainly
used single sample measurements, and the method of Kline and
McClintock (1953) was therefore used to estimate the uncertainty
of the results. For a model parameter P, dependent on m variables
ðp1;p2; : : : ;pmÞwith corresponding uncertainty u ðu1; u2; : : : ; umÞ,
the method estimates the uncertainty interval of P (uP) as follows:

uP ¼
�Xi¼m

i¼1

�
dP
dpi

ui

�
2
	1=2

ð9Þ

Experimental Setup

A physical culvert model was built in the hydraulic laboratory at the
Norwegian University of Science and Technology (NTNU) (Fig. 2).
Water was supplied through two 300 mm pipes, with built-in
Siemens SITRANS FM MAG 5000 flow meters. The flow entered
the head tank through a plastic mesh diffusion chamber, and the
approach headwater elevation was measured relative to the inlet
section invert using a millimeter scale located 1,125 mm upstream
from the inlet face section where the approach flow was assumed
unaffected by the local flow field near the inlet (Kolerski and
Wielgat 2014). The culvert barrel was constructed from a circular
PVC pipe of internal diameter D ¼ 375 mm and length Δx ¼
7,950 mm. For the outlet control (type 4 flow) conditions, a nomi-
nal zero slope was used for the culvert barrel, and the tailwater level
was controlled using a weir placed at the downstream end of the
tailwater tank to ensure a submerged outlet. For inlet control (type 1
and 5 flow), a nominal slope of 0.03 m=m and a 400 mm vertical
drop downstream from the outlet were used to ensure supercritical
flow conditions in the culvert barrel and a free outlet. To avoid scale
effects related to subatmospheric air pressure in the barrel and ap-
proach flow conditions, a 70 mm PVC pipe was installed into the
inlet crown, 300 mm downstream of the headwall (French 1961).
Seven commonly used pipe culvert inlets were tested and installed
with exposed inlet invert edges (Fig. 3 and Table 1). The culvert
barrel was supported by beams and vertical columns in order to en-
sure a constant barrel slope, and four WIKA S-11 pressure sensors
were mounted along the culvert barrel invert in order to determine
the piezometric grade line through the culvert barrel (Fig. 2).

The different blockage elements used are shown in Fig. 4 and
represent a span of idealized versions of bottom-up blockage con-
ditions observed by the corresponding author during culvert inspec-
tions during and after floods. The blockage elements were made
from plywood and PVC foam, with either untreated foam surfaces
or rocks of d100 ¼ 2 or 8 mm glued to the top and upstream sides.
The rock sizes were chosen so that the blockage shape was not
significantly altered, allowing for evaluation of both shape and
roughness effects. No rocks were used within 18 mm upstream
of the inlet face to ensure that the blockage ratio could be accurately
determined. Photos of the model setup are shown in Figs. 5–7.

Experimental Procedure

For each experiment, a single blockage element was used, and mea-
surements were taken at different headwater elevations on a rising
stage. The headwater was allowed to stabilize before measurements
were taken over 60 s, at 100 Hz. The total head (H) was calculated

© ASCE 04023038-3 J. Irrig. Drain. Eng.
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based on the measured piezometric head (y) and the average
velocity (v). The headwater elevation (Hw) was determined using
the inlet invert as a datum, assuming no friction losses between the
measurement section and the inlet. Three different sets of experi-
ments were conducted for both outlet control (type 4 flow) and inlet
control (type 1 and 5 flow) conditions. First, the unblocked inlets
were tested in order to compare the experimental results to previous

studies (French 1955, 1961; Idelchik 1986) and to determine the
unblocked discharge (Q) used in the Qb=Q ratio. The effect of the
blockage ratio was then tested using 18 mm smooth blockage
plates and varying blockage ratios (Fig. 8). Finally, the effects
of blockage shape and roughness were tested using the blockage
elements shown in Fig. 4 (Fig. 9). Blockage elements of Δzb ¼
0.4 D (Ab=A ¼ 0.374) and Δzb ¼ 0.7 D (Ab=A ¼ 0.748) were

Fig. 3. Inlet geometry–side view.

Fig. 2. Physical culvert model setup (all measurements in mm).
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used to evaluate shape and roughness effects over a span of block-
age ratios. For the nonmitered inlets, blockage elements of width
750 mm (2D) were placed in front of the inlet section. For mitered
inlets of nonconstant cross section areas (such as partial block-
age), the inlet section cannot be uniquely defined (French 1961).
The blockage elements were therefore fitted inside the mitered

part of the inlet and tested both at the upstream mitered edge
(US) and the downstream crown edge (DS) of the inlet (Fig. 10).
Due to the large number of blockage conditions tested, only
smooth blockage surfaces were used for the mitered inlet. In all
cases, the blockage ratio was calculated based on the blockage
and culvert barrel area perpendicular to the culvert barrel axis.

Outlet control conditions were tested using type 4 flow. The pie-
zometric grade line was evaluated to confirm that it was located
above the barrel crown and that the inlet and outlet were submerged
for the lowest discharge for each experiment, indicating pressure
flow conditions. The entrance head loss was calculated as the dif-
ference between the total approach head in the head tank, and the
average total head at the inlet section projected from the location of
the four pressure sensors in the pipe, accounting for friction losses.
The friction slope was determined using Eqs. (2) and (3) and a cul-
vert barrel roughness height of ε¼ 3.3 × 10−6 m (Rocha et al.
2017). The entrance loss coefficient was calculated for 5–7 values
of Hw=D in the range 1.0 < Hw=D ≤ 3.0, and the average entrance
loss coefficient was calculated as the simple average for each ex-
periment. Eq. (5) and regression analysis were used to determine
the relationship between the blockage ratio and the entrance loss
coefficient, and these relationships were then compared to ELM
and the experimental results for embedded culverts given in

Fig. 4. Blockage elements–side view.

Fig. 5. Physical culvert model, showing head tank, barrel, tailwater
tank, and data station. (Image by Elena Pummer.)

Fig. 6. (a) Blockage elements; and (b) different inlets used in the experiments. (Image by Joakim Sellevold.)

Table 1. Pipe culvert inlet designs

Inlet Edge geometry (Fig. 2) Upstream projection length

1. Square edge in headwall Square edge 0
2. Socket edge in headwall 0.05 D (Δr): 0.07 D (Δl) 0
3. 1∶1 bevel in headwall 0.05 D (Δr): 0.05 D (Δl) 0
4. 1∶1.5 bevel in headwall 0.083 D (Δr): 0.125 D (Δl) 0
5. Socket edge projecting 0.05 D (Δr): 0.07 D (Δl) 0.5D
6. Thin-walled projecting t ¼ 0.008 D 0.5D
7. Mitered Miter slope = 1 (vertical): 1.5 (horizontal) 1.6D

© ASCE 04023038-5 J. Irrig. Drain. Eng.
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Tullis et al. (2008). The results are given as the average entrance
loss coefficient for the unblocked and blockage ratio experiments.
Due to the large number of experiments, only the average, maxi-
mum, and minimum entrance loss coefficients were evaluated for
the blockage shape and roughness experiments. Finally, the maxi-
mum kebðvbÞ values were compared to ELM and embedded cul-
verts. The full set of entrance loss coefficients is included in
Table S1.

Inlet control conditions were tested using type 1 and 5 flow. The
Froude number was evaluated to confirm supercritical flow in the
culvert barrel using the piezometric head as the characteristic
length and the average flow velocity as the characteristic velocity.
Inlet submergence was determined based on the semidimensionless
discharge for the unblocked part of the inlet (KuQ=AuD0.5

u ), using
KuQ=AuD0.5

u < 3.5 as the criterion for type 1 flow and KuQ=
AuD0.5

u > 4.0 for type 5 flow (Schall et al. 2012). For each experi-
ment, eight measurements of H’

w and Q were taken in the range
0 < H’

w=D < 3. Different head-discharge equations were tested,
and it was found that Eq. (7) gave the lowest estimation errors.
The head-discharge relationship was determined based on the
full cross section of the barrel for direct comparison between
the unblocked and blocked conditions, and Qb=Q was calculated
for corresponding inlets and values of H’

w=D. The resulting Qb=Q
ratios were compared to RAM and the experimental results for em-
bedded culverts from (Tullis et al. 2008). The results from the un-
blocked inlet control experiments are given as comparisons of
H’

w=D to the results of French (1961) and as Qb=Q ratios for
the blockage ratio experiments. Due to the large number of experi-
ments, only the average, maximum, and minimum Qb=Q ratios

Fig. 7. Experimental setups using (a) square edge in headwall inlet, and 0.4 D triangular, 8 mm roughness blockage element; and (b) thin-walled
projecting inlet with 0.4 D triangular, smooth foam blockage element. (Image by Joakim Sellevold.)

Fig. 8. Setup for blockage ratio experiments.

Fig. 9. Setup for blockage shape and roughness experiments (non-
mitered inlets).

Fig. 10. Setup for blockage shape and location experiments (mitered
inlet).

© ASCE 04023038-6 J. Irrig. Drain. Eng.

 J. Irrig. Drain Eng., 2024, 150(2): 04023038 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

84
.2

12
.1

08
.2

26
 o

n 
01

/0
8/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

http://ascelibrary.org/doi/10.1061/JIDEDH.IRENG-10219#supplMaterial


were evaluated for the blockage shape and roughness experiments.
Finally, the minimum Qb=Q values were compared to RAM and
embedded culverts. The full set of head-discharge equations is
included in Table S2.

To adjust for small differences in blockage height (Δzb) be-
tween experiments, the entrance loss coefficients and head-
discharge relationships for the shape and roughness experiments
were adjusted based on Ab=A, for direct comparison using Ab=A ¼
0.374 and 0.748. For both inlet and outlet control conditions,
repeatability was tested for the 1∶1.5 bevel inlet, which due to the
high efficiency gave the largest relative errors based on differences
between experiments. Due to the large number of experiments,
repeatability was not tested further, but the uncertainty was esti-
mated using Eq. (9) and compared to the estimation errors for the
complete set of entrance loss coefficients and head-discharge
relationships. The accuracy of the measurement equipment and
uncertainty of all model parameters are given in Table 12 in the
Appendix. To evaluate the validity of the results, the Reynolds
number for the culvert barrel was evaluated for the outlet control
(type 4 flow) experiments. The barrel diameter was used as the
characteristic length, and the dynamic viscosity was determined
based on the measured water temperature (White 2016).

Experimental Results for Outlet Control
(Type 4 Flow)

Unblocked Inlets

The entrance loss coefficients for the unblocked inlets were found to
be in agreement with those of both Schall et al. (2012) and Idelchik

(1986) within uncertainty for all inlets, except the 1∶1 bevel edge,
which was in better agreement with Idelchik (1986) (Table 2).
While keðvÞ varied with Hw=D, the average value of keðvÞ could
be determined within the uncertainty of all values for each experi-
ment. The results show repeatability within uncertainty for the
three experiments using the 1∶1.5 bevel inlet (Table 2).

Blockage Ratio Effects

For the blockage ratio experiments, the relationships between
kebðvÞ, kebðvbÞ, and Ab=A for the square edge in headwall and
thin-walled projecting inlets were analyzed, and it was found that
kebðvbÞ could be expressed as a linear function of Ab=A within un-
certainty [Fig. 11(a)]. From Eq. (5), it follows that kebðvÞ is a linear
function of ðAb=AÞ=ð1-Ab=AÞ2 [Fig. 11(b)]. The following results
are in the form of kebðvbÞ, as it is more easily expressed as a func-
tion of the blockage ratio, but values of kebðvÞ used in Eq. (1) can
be calculated using Eq. (5).

Blockage Shape and Roughness Effects

For the blockage shape and roughness experiments, the results
showed a significant variation in kebðvbÞ with blockage shape for
all inlets (Table 3). The maximum difference in kebðvbÞ between
blockage shapes varied between the different inlets; 14%–37%
for Ab=A ¼ 0.374, and 19%–56% for Ab=A ¼ 0.748, indicating
that blockage shape effects increased with the blockage ratio. The
highest values of kebðvbÞ were generally found for the square or
plate blockage elements (blunt bodies), and the lowest loss coeffi-
cients were found for the triangular or curved blockage elements
(streamlined bodies). No significant differences were found between

Table 2. Comparison of entrance loss coefficients

Inlet configuration

Schall et al. (2012) Idelchik (1986) Present study

keðvÞ keðvÞ Avg. keðvÞ Avg. keðvÞ estimation error

Square edge in headwall 0.50 0.50� 0.05 0.50� 0.06 0.02
Socket edge in headwall 0.20 — 0.18� 0.06 0.04
1∶1 bevel in headwall 0.20 0.33� 0.03 0.28� 0.06 0.04
Socket edge projecting 0.20 — 0.19� 0.06 0.02
Thin wall projecting 0.90 0.88� 0.09 0.86� 0.12 0.03
Mitered inlet 0.70 — 0.77� 0.11 0.02
1∶1.5 bevel in headwall
(repeatability)

0.20 0.15� 0.02 0.16� 0.07 0.04
0.17� 0.08 0.04
0.17� 0.10 0.04

Sources: Data from Schall et al. (2012); Idelchik (1986).
Note: Avg. estimation error was calculated as the average absolute error for all keðvÞ values for each experimental setup.

Fig. 11. Relationships between: (a) kebðvbÞ and Ab=A; and (b) kebðvÞ and ðAb=AÞ=ð1-Ab=AÞ2.
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blockage elements of similar shape but different roughness. It
should be noted that the roughness was limited to d100=Δzb ≤ 0.053
and that there were significant differences between the triangular
and stepped blockage elements. The difference varied between the
different inlets; 2%–28% for Ab=A ¼ 0.374 and 9%–43% for
Ab=A ¼ 0.748, indicating significant effects of larger blockage
element surface structures. These findings are in general agreement
with the theory of hydrodynamic drag, where form drag is large
compared to friction drag (White 2016). To the degree that kebðvbÞ
is a function of the drag of the blockage element, the effects can be
expected to vary with the approach flow Reynolds number (White
2016). However, the variation in kebðvbÞ with the Reynolds number
was found to be within the estimated uncertainty for each experi-
ment. For the mitered inlet, kebðvbÞ varied significantly with both
blockage shape and location, indicating a change in the zone of flow
separation from the US to the DS blockage position. As noted, the
blockage ratio was calculated perpendicular to the culvert barrel
axis, giving the same value of Ab=A for the two cases, but this differ-
ence indicates a dependence of kebðvbÞ on the unblocked cross sec-
tion area perpendicular to the mitered section (Fig. 10). However,
determination of the cross section area perpendicular to the culvert
barrel axis is consistent with existing design methods and allowed
for direct comparison of the mitered and nonmitered inlets, and
this effect was therefore not investigated further. It was found that
the average, minimum, and maximum kebðvbÞ values could be ex-
pressed as linear functions of Ab=A for the nonmitered inlets, while
the mitered inlet gave a non-linear relationship with Ab=A

Nonmitered inlets∶ kebðvbÞ ¼ keðvÞ þ β

�
Ab

A

�
ð10Þ

Mitered inlet∶ kebðvbÞ ¼ keðvÞ þ β1

�
Ab

A

�
2

þ β2

�
Ab

A

�
ð11Þ

The blockage regression coefficient β accounts for the differen-
ces between the inlets and blockage shapes. Values of β, β1, and β2

for the average, maximum, and minimum and values of kebðvbÞ are
given in Table 4.

Comparison to ELM and Embedded Culverts

Eqs. (10) and (11) were compared to ELM using the formulations
given in Idelchik (1986) and Witheridge (2009) and the embedded
culverts of Tullis et al. (2008), using βmax as the most conservative
estimate of blockage effects. For the mitered inlet, the DS position
was used for comparison. The results for the different inlets are
plotted in Fig. 12, and estimation errors and uncertainty are given
in Table 5. The results show that ELM significantly overestimates
the experimental kebðvbÞ values for inlets with higher hydraulic
efficiency, indicating that flow contraction is significantly reduced
with increasing blockage ratio. This is in agreement with Idelchik
(1986), where keðvÞ is reported to decrease as the size of the edge
or socket increases relative to the hydraulic diameter. However, us-
ing values of keðvÞ based on the relative inlet edge size yielded
values of kebðvbÞ close to those of ELM, except for the thin-walled
projecting inlet, indicating that bottom-up blockage conditions dif-
fer fundamentally from the concentric blockage assumptions of
ELM (Fig. 12). For embedded culverts, kebðvÞ ¼ kebðvbÞ, as the
barrel and inlet cross sections are identical. For this condition,
kebðvbÞ remained largely constant with increasing blockage ratio,
indicating that kebðvbÞ is dependent on the abrupt expansion of the
flow field downstream of the blocked inlet section for bottom-up
blockage conditions (Fig. 12).

Experimental Results for Inlet Control (Type 1
and 5 Flow)

Unblocked Inlets

The head-discharge relationships for the unblocked inlets were
estimated using Eq. (7), resulting in estimation errors no larger
than 0.5% (Table 6). The experimental H’

w=D values were com-
pared to those of French (1961), and it was found that the results
agreed within uncertainty for Hw=D > 0.7, but gave larger esti-
mation errors for lower relative headwater elevations (Table 7).
This difference was attributed to the differences between the inlet
invert edges in the two studies, which is consistent with French
(1961) where it is reported that flow separation is suppressed in
the region around the inlet invert at higher relative headwater
elevations. The repeatability tests showed that the regression
curves from all three runs using the 1∶1.5 bevel edge inlet were
within the uncertainty of the average regression curve for H’

w=D ≥
0.5 (Fig. 13).

Blockage Ratio Effects

For the blockage ratio experiments, it was found that Qb=Q in-
creased rapidly fromH’

w=D ¼ Δzb=D and converged to an approx-
imately constant value forH’

w=D≳ 1.3 for all inlets, showing a clear
difference between unsubmerged (type 1) and submerged (type 5)
inlet conditions. Analysis of the results showed that the average

Table 3. Average, minimum, and maximum values of kebðvbÞ for all combinations of blockage shape and roughness

Inlet

Avg. kebðvbÞ Max. kebðvbÞ Min. kebðvbÞ
Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748

Sq. edge headwall 1.04� 0.03 1.58� 0.08 1.12� 0.03 1.74� 0.09 0.90� 0.03 1.29� 0.07
Socket edge headwall 0.44� 0.03 0.69� 0.02 0.49� 0.02 0.80� 0.03 0.36� 0.03 0.53� 0.02
1∶1 bevel headwall 0.54� 0.02 0.79� 0.03 0.57� 0.02 0.86� 0.03 0.50� 0.02 0.73� 0.03
1∶1.5 bevel headwall 0.31� 0.02 0.47� 0.02 0.37� 0.02 0.57� 0.02 0.28� 0.02 0.41� 0.01
Socket edge projecting 0.46� 0.02 0.73� 0.02 0.51� 0.02 0.83� 0.03 0.43� 0.02 0.67� 0.02
Thin-walled projecting 1.51� 0.05 2.15� 0.11 1.61� 0.05 2.36� 0.13 1.26� 0.05 1.68� 0.08
Mitered (DS) 0.94� 0.04 1.53� 0.05 1.12� 0.03 1.92� 0.06 0.83� 0.03 1.23� 0.04

Table 4. Regression coefficient β for avg., max., and min. values of
kebðvbÞ
Inlet βavg βmax βmin

Square edge headwall 1.439 1.695 1.062
Socket edge headwall 0.671 0.814 0.455
1∶1 bevel edge headwall 0.688 0.778 0.595
1∶1.5 bevel edge headwall 0.415 0.561 0.331
Socket edge projecting 0.725 0.867 0.643
Thin-walled projecting 1.729 2.011 1.064

Mitered (DS) β1;avg β2;avg β1;max β2;max β1;min β2;min
1.587 0.382 1.330 0.047 1.200−0.266
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Fig. 12. Maximum experimental kebðvbÞ values versus ELM and embedded culverts. (Data from Tullis et al. 2008; Idelchik 1986.)
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submerged (type 5) Qb=Q ratio could be expressed as a linear
function of (1–Ab=A), within uncertainty. The results are shown
in Fig. 14 and Table 8

Qb

Q
¼

�
1-
Ab

A

�
ð12Þ

Blockage Shape and Roughness Effects

For the blockage shape and roughness experiments, it was found
that the more efficient inlets yielded higher Qb=Q ratios for both
the average, minimum, and maximum Qb=Q ratios, but this trend
was only significant for Ab=A ¼ 0.748. Fig. 15 shows the mini-
mum Qb=Q ratio for all inlets and blockage conditions. During
the experiments, it was observed that for the socket and bevel
inlets, the control section moved from the upstream edge for
Ab=A ¼ 0.374 to the downstream inlet edge for Ab=A ¼ 0.748,
consistent with increased efficiency (French 1961). The two con-
ditions are shown in Fig. 16. However, the experimental data are

not sufficient to accurately determine the blockage ratio required
for control edge change. No significant differences were found
between the maximum, minimum, and average Qb=Q ratios for
any of the tested inlets, indicating insignificant shape and rough-
ness effects (Table 9). These findings are in general agreement
with the results of French (1961) where the head-discharge rela-
tionship is reported to be mainly influenced by the orientation
of the control surface relative to the culvert barrel axis, showing
limited variation with upstream factors when using vented inlets.
For the mitered inlet, it was found that the DS blockage position
yielded the lowest efficiency, indicating a dependency on the
location of the blockage element and the cross section area
perpendicular to the mitered face, similar to the results for outlet
control (type 4 flow).

Comparison to RAM and Embedded Culverts

The minimum Qb=Q ratios from Table 9 were compared to RAM
and the embedded culverts of Tullis et al. (2008). For the mitered

Table 6. Estimation error and uncertainty for unblocked inlet control (USGS type 1 and 5 flow) experiments

Inlet

Avg. H’
w=D

estimation error
(%)

Max. H’
w=D

estimation error
(%)

Avg. H’
w=D

uncertainty
(%)

Max. H’
w=D

uncertainty
(%)

Square edge in headwall 0.0 0.1 1.8 4.7
Socket edge in headwall 0.0 0.1 3.4 4.4
1∶1 bevel in headwall 0.1 0.1 3.3 4.3
1∶1.5 bevel in headwall 0.0 0.0 3.7 4.6
Socket edge projecting 0.1 0.3 3.3 4.2
Thin-walled projecting 0.2 0.4 2.7 3.4
Mitered 0.2 0.5 2.7 3.7

Note: Estimation error was calculated as the percentage difference in H’
w=D between experimental measurement and Eq. (7).

Table 7. Comparison of the present study and French (1961)

Inlet

Avg. H’
w=D

estimation error
(%)

Max. H’
w=D

estimation error
(%)

Avg. H’
w=D

uncertainty
(%)

Max. H’
w=D

uncertainty
(%)

Square edge in headwall 0.5 1.7 2.7 4.6
Socket edge in headwall 0.2 4.0 2.7 4.7
1∶1 bevel in headwall 0.1 2.7 2.7 4.6
1∶1.5 bevel in headwall 0.7 5.1 2.6 4.5
Socket edge projecting 0.9 5.7 2.7 4.6
Thin-walled projecting 0.2 1.3 2.8 4.7
Mitered 1.0 9.6 4.9 8.9

Source: Data from French (1961).
Note: Estimation error was calculated as the absolute percentage difference in H’

w=D between experimental measurement and the data from French (1961).

Table 5. Comparison of maximum kebðvbÞ values to ELM and Eqs. (10) and (11)

Inlet Equations

Estimation error
Eqs. (10) and (11)

(%)

Estimation
error ELM

(%)

Uncertainty,
kebðvbÞ
(%)

Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748

Square edge in headwall Eq. (10) 2.7 −1.3 5.2 18.6 2.9 5.3
Socket edge in headwall Eq. (10) 5.6 −2.6 48.1 70.6 4.9 3.2
1∶1 bevel in headwall Eq. (10) 2.3 −1.9 48.3 87.5 4.5 3.3
1∶1.5 bevel in headwall Eq. (10) 2.6 −1.1 70.3 124.4 6.4 3.4
Socket edge projecting Eq. (10) 3.7 −1.9 37.2 63.2 4.7 3.2
Thin-walled projecting Eq. (10) 1.6 −4.1 9.6 20.8 3.1 5.5
Mitered inlet Eq. (11) 0.0 0.0 37.9 35.9 2.4 3.1

Note: Estimation error was calculated as the percentage difference between the estimated and experimental kebðvbÞ values.
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Fig. 13. Comparison of unblocked head-discharge relationships to the results of French (1961).
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inlet, the Qb=Q ratio for the DS position was used. The results
are plotted in Figs. 15 and 17, and uncertainty and estimation
errors are given in Table 10. The comparison shows that RAM
underestimates the experimental Qb=Q ratios, indicating that the
method does not account for the increased efficiency associated

with changes in cross section shape and control edge location
caused by partial blockage (French 1961). The constant value
of Qb=Q for the square edge in the headwall inlet in Table 9 also
supports this finding since this inlet configuration only has one
potential control surface oriented 90° to the culvert barrel axis
(French 1961). Eq. (12) significantly underestimates Qb=Q for
the 1∶1.5 bevel and projecting socket edge inlet and overestimates
Qb=Q for the mitered inlet for Ab=A ¼ 0.748. It should also be
noted that only the blockage plates allowed for a blockage
element control surface perpendicular to the culvert axis, consis-
tent with the higher Qb=Q ratios found for the shape and rough-
ness experiments, compared to the blockage ratio experiments for
Ab=A ¼ 0.748 (Figs. 14 and 17).

The comparisons to embedded culverts show differences from
the relationship of Eq. (12) and are generally closer to RAM
(Fig. 17). Tullis et al. (2008) did not test the unblocked case,
and so the Qb values for embedded culverts were compared to
the Q values from the present study for corresponding inlet con-
figurations. Differences in the experimental setup between the
present study and Tullis et al. (2008), such as small differences
in inlet edge geometry and the use of vented inlets in the present
study are therefore sources of uncertainty. However, it should be

Fig. 14. Qb=Q ratio as a function of blockage ratio.

Table 8. Estimation error of Eq. (12) and uncertainty for blockage ratio experiments

Inlet

Avg. Qb=Q [Eq. (12)]
estimation error

(%)

Max. Qb=Q [Eq. (12)]
estimation error

(%)

Avg. Qb=Q
uncertainty

(%)

Max. Qb=Q
uncertainty

(%)

Square edge headwall 0.5 1.3 6.5 6.6
Socket edge headwall 1.4 5.3 7.9 8.5
1∶1 bevel headwall 0.6 1.4 7.2 8.4
1∶1.5 bevel headwall 2.1 6.2 8.4 9.0
Socket edge projecting 1.7 4.5 7.5 8.2
Thin-walled projecting 1.2 4.0 6.1 6.5
Mitered (DS) 1.8 3.3 4.5 4.8

Note: Estimation error was calculated as the absolute percentage difference between the estimated and experimental Qb=Q ratios.

Fig. 15. Qb=Q ratio for all combinations of inlets, blockage shape, and roughness.
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noted that the differences between inlet blockage and embedment
are small under inlet control (type 1 and 5 flow) compared to under
outlet control (type 4 flow) (Figs. 12 and 17).

Uncertainty, Estimation Error, and Scale Effects

Due to the large number of measurements, a full analysis of the
relationship between the uncertainties used to determine the un-
certainty of the entrance loss coefficients and head-discharge
relationships was not included in this study. However, it was gen-
erally found that for keðvÞ and kebðvbÞ, the absolute uncertainty
decreased with increasing discharge, leading to higher uncer-
tainty for combinations of less efficient inlets, and higher block-
age ratios. For inlet control, it was found that the absolute
uncertainty of Qb=Q decreased with increasing blockage ratio.
Previous studies have generally not included the uncertainty of
the results (French 1955, 1961; Idelchik 1986), and further work
on the application of the method of Kline and McClintock (1953)
or similar methods to the different USGS flow types is therefore
warranted.

The relative estimation error and experimental uncertainty were
compared for the full sets of entrance loss coefficients and the
head-discharge relationships, and it was found that 56 of the 1,272
entrance loss coefficients (4.4%) and 5 of the 1,760 H’

w=D mea-
surements (0.3%) had estimation errors larger than the estimated
uncertainty. The larger errors were generally found for single data-
points in each experiment and at different values of Hw=D and

H’
w=D. It was therefore assumed that these errors were related

to transient flow conditions and/or errors with the measurement
or data registration equipment. These datapoints were therefore re-
moved from the data sets before the analysis. For the reduced data
set, the estimated uncertainty accounted for the observed variations
in entrance loss coefficients and head-discharge relationships
(Table 11). While the unblocked inlet control experiments showed
significant deviation from French (1961) at low headwater eleva-
tions (type 1 flow), only data in the range 1.3 < H’

w=D < 3.0 were
used to determine the Qb=Q ratio. It is therefore argued that the
results of the present study are of similar validity to those that form
the basis for the existing minimum performance methods (French
1955, 1961; Schall et al. 2012).

For the outlet control (type 4 flow) experiments, the minimum
culvert barrel Reynolds number was found to be 6.8 × 104, indi-
cating Reynolds invariance of keðvÞ and kebðvbÞ for all experi-
ments (Idelchik 1986). Other potential scale effects were not
evaluated, but since the average keðvÞ and kebðvbÞ could be deter-
mined within the uncertainty for each measurement for the reduced
data set, it is argued that effects of approach flow conditions, en-
trance length, and scale effects were not significant. For the inlet
control experiments, the use of vented inlets is consistent with pre-
vious experimental setups that form the basis of existing minimum
performance methods (French 1955, 1961; Schall et al. 2012).
While scale effects and effects of the approach-to-culvert contrac-
tion ratio and entrance length cannot be ruled out completely, it is
argued that the results are of similar validity to those used in
existing design frameworks.

Table 9. Average, minimum, and maximum Qb=Q ratios for all combinations of blockage shape and roughness

Inlet

Avg. Qb=Q Max. Qb=Q Min. Qb=Q

Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748

Square edge headwall 0.63� 0.03 0.24� 0.01 0.63� 0.03 0.24� 0.01 0.63� 0.03 0.24� 0.01
Socket edge headwall 0.65� 0.04 0.28� 0.02 0.67� 0.04 0.27� 0.02 0.63� 0.04 0.26� 0.02
1∶1 bevel headwall 0.66� 0.04 0.27� 0.01 0.67� 0.04 0.29� 0.01 0.63� 0.04 0.26� 0.01
1∶1.5 bevel headwall 0.67� 0.04 0.30� 0.02 0.68� 0.04 0.31� 0.02 0.64� 0.04 0.29� 0.02
Socket edge projecting 0.65� 0.03 0.28� 0.01 0.67� 0.03 0.31� 0.02 0.63� 0.03 0.27� 0.01
Thin-walled projecting 0.63� 0.04 0.25� 0.01 0.65� 0.03 0.26� 0.01 0.62� 0.03 0.24� 0.01
Mitered (DS) 0.64� 0.03 0.25� 0.01 0.65� 0.03 0.27� 0.01 0.62� 0.03 0.23� 0.01

Fig. 17. Min. Qb=Q ratios for inlet blockage and embedded culverts.
(Data from Tullis et al. 2008.)Fig. 16. Photos showing different control edges for the projecting

socket edge inlet for (a) Ab=A ¼ 0.374; and (b) Ab=A ¼ 0.748. Images
by Joakim Sellevold.
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Application of Results for Different USGS Flow
Types

Given the variation in in-situ blockage conditions, it is recom-
mended to use the maximum keb values, and minimum Qb=Q val-
ues as a conservative estimate of blockage effects. For outlet control
conditions, the present study has covered outlet control with sub-
merged inlet and outlet (type 4 flow), and the keb values are valid
for pressure flow conditions (type 4, 6, and 7 flow) (Schall et al.
2012). For these flow conditions, bottom-up blockage conditions
can be estimated similarly as for ELM, using values of kebðvbÞ and
Eq. (5). As ke has been shown to vary considerably for Hw=D ≤
1.0, the keb values are not valid for outlet control flow with an
unsubmerged inlet (type 2 and 3 flow) (Smith and Oak 1995;
Tullis et al. 2008), and further study of blockage effects for these
flow types is warranted. For inlet control, the present study has
covered both unsubmerged and submerged conditions (type 1 and
5 flow), and bottom-up blockage effects can be estimated similarly
to RAM.

In this study, the blockage element was treated as part of the
inlet, and it was found that the results could be accurately described
using a constant value for the entrance loss coefficient and 5th-
degree polynomial equations for the head-discharge relationship,
similar to existing design methods for unblocked culverts. The
present study has therefore not investigated the classification of
novel flow types specific to culverts with bottom-up inlet block-
ages, but the large number of flow types identified for gated cul-
verts in Cantero-Chinchilla et al. (2023) indicates that there may
also exist flow types beyond type 1–7 for this condition. In particu-
lar, unsubmerged outlet control (type 2 or 3 flow) for an unblocked
culvert might change to inlet control (type 1 or 5) due to the pres-
ence of bottom-up blockage when the flow depth in the culvert
barrel is lower than the blockage height. Further work on the clas-
sification of flow types for culverts with bottom-up blockage is
therefore warranted.

The blocked entrance loss coefficients and discharge ratios were
determined for comparison to ELM and RAM and affected the
headwater elevation in different ways. Under outlet control con-
ditions, the entrance head loss is one of several head losses that

Table 10. Estimation error for Eq. (12) and RAM for experimental minimum Qb=Q ratios

Inlet

Qb=Q [Eq. (12)]
estimation error

(%)

Qb=Q (RAM)
estimation error

(%)

Qb=Q
uncertainty

(%)

Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748 Ab=A ¼ 0.374 Ab=A ¼ 0.748

Square edge headwall −0.3 3.9 11.2 26.9 4.5 5.2
Socket edge headwall −0.9 −3.1 14.4 35.6 5.5 5.5
1∶1 bevel headwall −0.9 −1.9 11.7 30.6 5.9 5.1
1∶1.5 bevel headwall −2.5 −14.3 13.2 38.0 5.5 5.7
Socket edge projecting −0.7 −8.1 11.5 34.5 5.1 5.2
Thin-walled projecting 0.1 3.9 9.2 26.5 4.4 4.1
Mitered (DS) 0.7 9.1 10.3 22.3 4.1 4.9
Average (all inlets) −0.6 0.8 11.5 30.3 5.0 5.1

Note: Estimation error was calculated as the percentage difference between the estimated and experimental Qb=Q ratios.

Table 11. Error and uncertainty for all entrance loss coefficients and relative headwater elevations

Inlet

Avg. estimation
errora, b

(%)

Max. estimation
errora, b

(%)
Avg. uncertainty

(%)
Max. uncertainty

(%)

Outlet control (type 4 flow) (1,272 measurements)
Square edge in headwall 1.1 6.1 4.3 7.5
Socket edge in headwall 1.7 4.0 6.1 9.3
1∶1 bevel in headwall 2.3 4.4 5.3 6.0
1∶1.5 bevel in headwall 3.1 5.3 7.2 10.4
Socket edge projecting 1.0 3.0 5.6 9.0
Thin-walled projecting 1.8 3.7 6.1 9.5
Mitered 2.5 4.9 5.2 10.1

Inlet control (type 1 and 5 flow) (1,760 measurements)
Square edge in headwall 0.0 0.7 1.9 4.7
Socket edge in headwall 0.1 1.4 2.0 4.4
1∶1 bevel in headwall 0.1 0.9 2.0 4.3
1∶1.5 bevel in headwall 0.1 0.6 2.0 4.6
Socket edge projecting 0.1 1.3 1.9 4.2
Thin-walled projecting 0.1 0.6 1.8 3.3
Mitered 0.2 0.4 1.9 2.5
aFor outlet control (USGS type 4 flow), the estimation error was calculated as the average and maximum percentage difference between all measurements and
the average keðvÞ or kebðvbÞ value for each experiment.
bFor inlet control (USGS type 1 and 5 flow) the estimation error was calculated as the average and maximum percentage difference between the measured
value of H’

w=D and the value estimated using Eq. (7).
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influence the headwater elevation. The effect of kebðvÞ on the head-
water elevation will therefore vary with the culvert design, but
given that kebðvÞ can approach values two to three orders of mag-
nitude higher than keðvÞ for unblocked inlets, it can be expected
that entrance losses will constitute a large fraction of the total head
loss at higher blockage ratios. For inlet control (type 1 and 5 flow),
the Qb=Q ratio modifies the head-discharge relationship directly,
resulting in significantly higher headwater elevations for a given
discharge.

Conclusion

This study provides empirical data for comparison to ELM and
RAM and accounts for blockage ratio and shape effects for
bottom-up inlet blockage conditions. Based on the results, the fol-
lowing conclusions are made:

Outlet Control (Type 4 Flow)

1. Hydraulically efficient inlets retain lower entrance loss coeffi-
cients with increasing degree of blockage, and the blockage
shape has a significant effect on the entrance head loss. No sig-
nificant blockage roughness effects were found.

2. ELM does not account for observed increases in efficiency with
increasing blockage ratio and overestimates the experimental
entrance loss coefficients by up to 124%. The differences are
larger for efficient inlets and increase with the blockage ratio.

3. Embedded culverts yield significantly lower entrance loss coef-
ficients than partially blocked inlets for similar inlet configura-
tions and blockage ratios.

4. The entrance loss coefficients varied with the approach flow con-
ditions, but it was found that the average value could generally be
determined within the estimated uncertainty of all measurements.
It was therefore concluded that the average loss coefficients were
not significantly influenced by the approach-to-culvert contrac-
tion ratio, entrance length, or scale effects.

Inlet Control (Type 1 and 5 Flow)

1. TheQb=Q ratio is largely similar for the tested inlets, but highly
efficient inlets yield somewhat more efficient performance at
higher blockage ratios. No significant blockage shape or rough-
ness effects were found.

2. RAM does not account for observed increases in efficiency with
increasing blockage ratio, and underestimates the experimental
Qb=Q ratios by up to 38% under type 5 flow conditions. The
increase in efficiency is larger for hydraulically efficient inlets
and increases with increasing blockage ratio.

3. Under type 5 flow conditions, embedded culverts exhibit hy-
draulic performance largely similar to partially blocked culvert
inlets.

4. The use of exposed invert edges in the unblocked experiments
resulted in higher H’

w=D values than in previous studies
that used embedded invert edges for type 1 flow, but this effect
did not significantly affect flow under partially blocked
conditions.
The main finding of this study is the general verification of the

ELM and RAM; that hydraulically efficient inlets are less affected
by blockage, illustrating the importance of the inlet configuration
and the evaluation of potential blockage effects in hydraulic cul-
vert design. However, ELM and RAM do not account for observed
increases in hydraulic efficiency with increased blockage ratio and
are conservative for the range of idealized bottom-up blockage
conditions used in this study. Due to the large variation in in situ
blockage conditions, it is recommended to use the maximum es-
timates for kebðvbÞ and the minimum estimates for Qb=Q as a
conservative approach. Application of the results of this study,
as well as ELM, RAM, and top-down blockage effects estimated
based on gated culverts depend on the ability to estimate the
blockage ratio for a given design flood discharge. The results in-
dicate that the blockage ratio is the most important blockage fac-
tor, and further research into the relationship between blockage
ratio, catchment conditions, and flood magnitude is warranted.
Further study into type 2 and 3 flow and flow classification for
bottom-up blocked inlets, the uncertainty of the different USGS
flow types, and the effects of porous plug blockage is also
warranted.

Appendix. Uncertainty Intervals of Physical Model
Parameters

The accuracy of the measuring equipment and uncertainty intervals
for the model parameters used to calculate uncertainty for the en-
trance loss coefficients and head-discharge relationships are given
in Table 12. Accuracies given as percentages indicate the percent-
age of the measured value, which varied between measurements.

Table 12. Measuring equipment and uncertainty intervals for the physical culvert model

Parameter Equipment Location Accuracy

Flow rate Siemens SITRANS FM MAG 5000 Water supply pipes �0.5%a

Headwater elevation Millimeter scale 1.125 m upstream from the inlet face �2 mmb

Piezometric head in the
culvert barrel

WIKA S-11 pressure gauge 2.55, 3.30, 4.05, and 4.80 m downstream
from the inlet face

�0.5%a

Pressure gauge vertical
location

OnLine 3D G laser level and
measuring tape

Culvert barrel �2 mm

Pressure gauge horizontal
location

OnLine 3D G laser level and
measuring tape

Culvert barrel �2 mm

Pipe diameter Tape measurement Inlet �1 mm
Assumed Pressure gauge sections �1 mm

Head tank width Tape measurement 1.125 m upstream from the inlet face �2 mm
Blockage height Tape measurement Inlet section �0.5 mm
Pipe roughness height — — �3.3 × 10−3 mm
Water temperature Thermometer Head tank �1°C
aThe accuracy of the measurement equipment is given as the percentage of the measured values for each measurement.
bThe headwater elevation was measured using the inlet invert as a datum.
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termine the entrance loss coefficients and head-discharge relation-
ships of this study.
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Notation

The following symbols are used in this paper:
A = cross section area (m2);
Au = cross section area of the unblocked part of the inlet (m2);

b = subscript indicating blocked condition;
Ci = inlet control regression coefficient;
D = culvert rise/diameter (m);
Du = culvert rise for the unblocked part of the inlet (m);
d100 = blockage element rock size (m);
F = Froude number;
f = Darcy friction factor;
g = gravitational acceleration (9.81m=s2);
H = total head (m);

Hw = headwater elevation relative to the inlet section invert (m);
H’

w = effective headwater elevation relative to the inlet section
invert (m);

Ku = unit conversion coefficient (1.811ft0.5=m0.5);
ke = entrance loss coefficient;
L = culvert length (m);
L’ = downstream distance from inlet section to critical

section (m);
n =Manning’s roughness coefficient (s=m1=3);
P = dependent model parameter;
p = independent model parameter;
Q = discharge (m3=s);
R = Reynolds number;
S = culvert barrel slope (m=m);

Tw = tailwater elevation (m);

t = culvert wall thickness (m);
u = uncertainty interval;
v = average flow velocity (m=s);
y = piezometric head (m);
yc = critical flow depth (m);
β = blockage regression coefficient;

ΔHe = entrance head loss (m);
Δx = horizontal distance (m);
Δz = vertical distance (m);
Δr = radial inlet edge width (m);
Δl = longitudinal inlet edge length (m); and
ε = culvert barrel roughness height (m).
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There are Supplemental Materials associated with this paper online
in the ASCE Library (www.ascelibrary.org).
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