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Abstract: The study conducts a comparative parametric and illustrative analysis of three bridge abutment scour 
models: Froehlich, HIRE, and NCHRP 24-20, to assess their model responses and design implications under var-
ied contraction intensities. Using a systematic parametric analysis framework, we examined the evolution of the 
relative scour ratio ysp /ya as a function of the contraction ratio L/ya, explicitly focusing on the influence of median 
sediment size D50 and approach flow Froude number Fr. The results indicate a significant divergence in model 
trajectories: legacy empirical models (Froehlich and HIRE) maintain a continuous power-law increase regardless 
of sediment properties, whereas the physically based NCHRP 24-20 model provides a physically interpretable 
response related to flow redistribution and sediment-mobility conditions. A critical finding is the identification of 
a bounded model response, with the relative scour ratio approaching approximately 3.36 under live-bed condi-
tions. Furthermore, the sensitivity analysis indicates that for coarser sediments, the NCHRP 24-20 model predicts 
lower scour depths under the adopted clear-water condition (V < Vc), reflecting the influence of sediment mobility 
on the computed scour response. Additionally, a dynamic transition zone was identified at L/ya ≈ 35-45, within the 
investigated Froude-number range, where the NCHRP 24-20 model’s predictions may surpass the traditionally 
conservative Froehlich envelope, highlighting a potential under-design risk for deep floodplain encroachments. 
These findings provide a design-oriented, screening-level interpretation for determining foundation depths and 
designing scour countermeasures in complex compound channels, subject to site-specific hydraulic, sediment, 
geometric, and geotechnical verification.
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1. INTRODUCTION
The structural integrity of bridge infrastructure is fun-
damentally dependent on the stability of its foundations 
against hydraulic hazards. Among these, abutment scour – 
the localized erosion of riverbed material around bridge 
supports and approach embankments – remains a prima-
ry cause of catastrophic bridge failures worldwide [1-3]. 
Statistical evidence suggests that more than 60% of bridge 
collapses are attributed to scour and hydraulic-related is-
sues, with abutment failure often leading to more sudden 
and severe structural consequences than pier scour due to 
the larger volume of earthwork involved in the approach 
ramps [4-6]. Furthermore, the increasing frequency of ex-
treme flood events driven by climate change has further 
exacerbated the vulnerability of bridge assets [7].
In the context of Vietnam, bridge infrastructure is particu-
larly vulnerable due to a dense river network and the high 
frequency of extreme weather events. Recent observations 
in provinces like Quang Binh demonstrate that intense 
flooding can lead to rapid embankment breaching and 
foundational instability. As illustrated in Fig. 1, the failure 
at Bridge Con Cung in 2024 serves as a critical example 
where flood-induced abutment scour caused the complete 
collapse of the approach protection, directly threatening 
the bridge’s structural lifeline. These recurring incidents 
underscore that the increasing frequency of extreme flood 
events, driven by climate change, has further exacerbated 
the vulnerability of national bridge assets [7].

a  floodplain, it forces the approach flow to narrow and 
accelerate through the bridge opening [10]. This contrac-
tion generates intense macroturbulence structures, includ-
ing eddies and various vortices shed from the contraction 
boundary [11-12]. As depicted in the conceptual diagram 
in Fig. 2, flow separation zones and high-turbulence re-
gions significantly amplify the erosive capacity near the 
abutment toe, especially within the contracted flow re-
gion where unit discharge is maximized [13-14]. More 
generally, these processes are closely related to the funda-
mental principles of fluvial hydrodynamics, sediment mo-
bility, turbulence generation, and local bed deformation. 
Recent syntheses of these topics provide useful physical 
background for interpreting scour mechanisms at bridge 
waterways and for understanding why different abutment 
scour prediction methods may respond differently as flow 
contraction becomes more severe [15].

Fig. 1. Abutment erosion at Bridge Con Cung resulting 
from flooding, Quang Binh province, Vietnam 2024 [8]

The mechanism of abutment scour is a complex three-di-
mensional phenomenon driven by the interaction of 
flow obstruction, macro-turbulence, and sediment trans-
port [9]. When an approach embankment encroaches upon 

Predicting the maximum depth of this scour is a  criti-
cal task for hydraulic engineers; underestimation poses 
a  direct threat to structural safety, while overestimation 
leads to excessive foundation costs [5],  [14]. In current 
engineering practices in Vietnam, the absence of localized 
technical standards presents a significant challenge, forc-
ing design engineers to rely on international guidelines, 
most notably the U.S. Federal Highway Administration’s 
(FHWA) HEC-18 [5]. However, the evolution of HEC-18 
has introduced diverse methodologies – ranging from the 
traditional “pier-like” models of Froehlich [17] and the 
HIRE model [5] to the modern “amplified contraction” 
approach described in NCHRP Report 24-20 [5], [18-19]. 
In addition to the U.S. practice represented by HEC-18 
and NCHRP 24-20 [5], [18-19], guidance from the United 
Kingdom also provides an important practical reference 
for scour assessment at bridges and hydraulic struc-
tures. The CIRIA manual on scour at bridges and other 
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Fig. 2. Conceptual diagram of hydraulic flow patterns, 
streamlines, and vortex systems around a bridge abutment [16]
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hydraulic structures, second edition, emphasizes scour 
risk assessment, inspection, monitoring, management, 
and mitigation for both new and existing structures [20]. 
Its practice-oriented perspective is useful for placing for-
mula-based abutment scour predictions within a  broad-
er framework of asset management and engineering 
decision-making.
Previous studies have reported considerable scatter among 
abutment scour prediction methods, particularly when 
empirical equations and procedure-based approaches are 
applied to the same bridge-waterway condition [21-22]. 
However, many practical comparisons focus mainly on 
differences in computed scour depths, while less attention 
is given to how the underlying model assumptions con-
trol the response of each method as contraction becomes 
more severe. The present study therefore does not aim to 
develop a new scour equation. Instead, it provides a de-
sign-oriented parametric comparison of the Froehlich, 
HIRE, and NCHRP 24-20 methods under a common com-
pound-channel framework. By examining how the rela-
tive scour ratio evolves with increasing contraction, the 
study highlights the transition from empirical local-scour 
responses toward contraction-dominated behavior and 
clarifies the conditions under which different model as-
sumptions may lead to different design interpretations.

2. METHODOLOGY
2.1. SCOUR PREDICTION EQUATION 
SYSTEMS
The present study adopts a systematic parametric analy-
sis framework based on three deterministic models rec-
ommended in the HEC-18 manual for predicting bridge 
abutment scour depth [5]. Rather than relying solely on 
the direct application of empirical formulations, the meth-
odology emphasizes sensitivity analysis of key hydraulic 
and geometric parameters through a structured simulation 
algorithm. This approach enables a more rigorous evalu-
ation of model behavior under varying flow contraction 
and sediment conditions.
The selected models represent distinct physical inter-
pretations of scour processes, encompassing both labo-
ratory-derived empirical relationships and formulations 
informed by large-scale field observations. In addition, 
the analytical framework incorporates relevant geotech-
nical considerations, including slope stability constraints, 
to provide a  more comprehensive representation of the 

mechanisms governing scour development [9], [23-24]. 
In practical bridge scour assessment, engineers often have 
to choose among empirical equations and more proce-
dure-based methods that were developed from different 
data sources and assumptions. The Froehlich, HIRE, and 
NCHRP 24-20 methods are therefore considered in this 
study because they represent three commonly used but 
conceptually different approaches to abutment scour pre-
diction. The Froehlich equation provides a  convention-
al local-scour estimate derived mainly from laboratory 
observations [17], while the HIRE equation is generally 
associated with long abutments and severe flow encroach-
ment conditions [5]. The NCHRP 24-20 method, on the 
other hand, interprets abutment scour as an amplified con-
traction-scour problem, with explicit consideration of flow 
redistribution and sediment-mobility conditions [18-19]. 
Placing these methods within the same parametric frame- 
work allows their different responses to increasing con-
traction to be compared in a consistent and design-orient-
ed manner.

The prediction of local scour at bridge abutments is com-
monly based on empirical relationships derived from 
laboratory and field investigations. The three models con-
sidered in this study are outlined below:

a)	Froehlich’s Model (1989)
Developed from 170 experimental measurements, this 
model treats the bridge abutment as a “pier-like” struc-
ture, emphasizing the interaction between abutment 
geometry and flow characteristics [17]. The local scour 
depth ysp is expressed as follows eq. 1:
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where: ysp is the predicted abutment scour depth, ya is 
the main channel or floodplain flow depth (depending 
on whether the abutment is in the main channel or on 
the floodplain), K1 is the abutment shape coefficient, 
K2 is the flow-alignment coefficient, Fr is the approach 
flow Froude number, L is the physical length of the 
abutment or approach embankment encroaching into 
the floodplain, L' is the projected length normal to the 
approach flow. In the present analysis, the approach 
flow is assumed to be normal to the bridge opening; 
therefore, L' = L.
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2.2. COMPUTATIONAL FRAMEWORK AND 
RESEARCH SCENARIOS
2.2.1. Baseline parameters and scenarios
The simulation is established based on a set of standard-
ized hydraulic and geotechnical parameters, allowing the 
isolation of key controlling variables, namely abutment 
geometry and embankment length. The research considers 
a typical compound channel consisting of a main channel 
and two symmetric floodplains. The bed material is as-
sumed to be non-cohesive sediment (coarse sand), with 
a median grain size D50 of 1 mm. This parameter plays 
a critical role in defining the transition to clear-water scour 
conditions within the NCHRP 24-20 framework [18-19].
The geometric and hydraulic relationship shown in Fig. 3 
illustrates the floodplain width Bf, the main channel width 
Bm, and the flow depths (ya, ym). The compound channel 
used in the analysis consists of a deeper main channel and 
two shallower floodplain zones. The abutment is assumed 
to encroach into the floodplain, thereby reducing the ef-
fective bridge-opening width and increasing the contrac-
tion ratio L/ya. In the baseline configuration, the main 
channel depth and floodplain depth are kept fixed so that 
the effect of increasing abutment length can be isolated. 
Two abutment configurations are considered through the 
shape coefficient K1: a  spill-through abutment K1 = 0.50 
and a vertical-wall abutment K1 = 1.00 [5]. These two cas-
es represent different levels of geometric bluntness and al-
low the influence of abutment shape on the predicted scour 
response to be examined. All technical specifications for 
the simulation scenarios are summarized in Table 1.

b)	HIRE Model (2001)
The HIRE model was developed based on field data 
from spur dikes on the Mississippi River, making it 
particularly effective for predicting scour at very long 
abutments that project deep into the main channel [5]. 
Eq. 2 is applicable when the relative contraction ratio 
exceeds 25 (L/ya > 25):
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where all variables are as previously defined in eq. 1.

c)	National Cooperative Highway Research Program 
(NCHRP 24-20) Model (2010)
Diverging significantly from the “pier-like” approach, 
the NCHRP 24-20 model considers the maximum scour 
depth as an “amplified contraction scour” [18-19]. This 
model is physically limited by the geotechnical stabil-
ity of the approach embankment [25]. The calculation 
procedure follows the system of eq. 3 through eq. 6:

ymax = αyc ,	 (3)

ysp = ymax − yo ,	 (4)

yc = ycLB = y1(q2/q1)
6/7 ,	 (5)
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where: ymax is maximum flow depth resulting from abut-
ment scour, α is the amplification factor for live-bed/
clear-water conditions, yc is the flow depth including 
live-bed or clear-water contraction scour, y0 is the pre-
scour approach flow depth, y1 is the upstream flow depth 
used in the live-bed contraction scour calculation, ycLB 
is the flow depth including live bed contraction scour, 
ycCW is flow depth including clear water contraction 
scour, q1 is the upstream unit discharge, q2 is the unit 
discharge in the constricted opening, D50 is the median 
grain size, Ku is the unit coefficient. In this study, ya 
is used as the reference approach flow depth for nor-
malizing the predicted scour depth, whereas y0 and y1 
are retained in the NCHRP 24-20 equations to remain 
consistent with the original notation of the procedure.

Category Parameter Symbol Value / Range

Hydraulic 
constants

Approach flow depth ya 2.0 m
Froude number Fr 0.17

Upstream unit discharge q1 1.51 m²/s
Floodplain width Bf 100.0 m

Main channel flow depth ym 5.0 m
Alignment factor K2 1.0

Geotechnical 
data

Sediment type – Non-cohesive
Median particle size D50 1.0 mm

Geometric 
scenarios

Case 1: Spill-through K1(C1) 0.50
Case 2: Vertical-wall K1(C2) 1.00

Investigated 
parameter 

range

Abutment length L 0.1 m to 90.0 m

Contraction ratio L/ya 0.05 to 45.0

Table 1. Summary of simulation parameters and research 
scenarios



Roads and Bridges – Drogi i Mosty  25  (2026)  155 – 166 159

eliminate discretization errors typical of manual look-
ups, the algorithm performs a  linear interpolation be-
tween the discrete points (ranging from 1.1 to 1.7) as 
a function of the unit discharge ratio q2/q1.

•	 Physical threshold capping: consistent with the prin-
ciples of flow redistribution in bridge openings, the 
unit discharge ratio in the NCHRP 24-20 calculations 
is capped at a maximum of 5.0. This cap reflects the 
bounded-response logic of the NCHRP 24-20 imple-
mentation where the scour hole reaches a  limit gov-
erned by geotechnical stability rather than an infinite 
increase in contraction [12], [18], [25].

3. RESULTS AND DISCUSSION
3.1. INFLUENCE OF ABUTMENT 
GEOMETRY ON SCOUR INTENSITY
The present analysis focuses on the relative scour ratio 
ysp/ya, which serves as a scale-independent indicator of hy-
draulic hazard severity. By evaluating this ratio against 
the contraction ratio L/ya, the study elucidates the complex 
interplay between hydrodynamic forces, structural geom-
etry, and geotechnical constraints.
The simulation results reveal a significant divergence in 
scour trajectories based on the abutment shape coefficient 
K1, highlighting the sensitivity of traditional models to 
structural bluntness [5], [17]:

2.2.2. Computational procedure
The calculation procedure evaluates the relative contrac-
tion ratio (L/ya) over the investigated range. Several im-
plementation steps were applied to maintain consistency 
among the compared methods and to ensure that the re-
sults remain physically interpretable:
•	 Geometric adaptation: for the Froehlich and HIRE 

models, the shape coefficient K1 is treated as a primary 
linear multiplier. This allows for a direct assessment of 
how blunt obstructions (Case 2) amplify scour com-
pared to streamlined profiles (Case 1).

•	 Dynamic alpha integration: to implement the NCHRP 
24-20 (2010) methodology, the amplification factor α 
is derived from official reference tables [5], [18]. To 
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Fig. 3. Definition sketch of the compound channel geometry 
and bridge abutment encroachment parameters 

used in the simulation
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Fig. 4. Comparative plot of relative scour ratio ysp/ya versus contraction ratio L/ya for spill-through and vertical-wall abutments
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rather than local turbulence structures. Under this bound-
ed-response condition, the bridge effectively creates 
a substantial backwater effect, and the bed shear from the 
contracted flow becomes the dominant erosive force.
Geotechnical stability constraints: As illustrated in Fig. 5, 
the maximum scour depth is also physically constrained 
by slope failure and bank collapse near the toe. These 
geotechnical failures increase the flow’s cross-sectional 
area, which in turn reduces flow velocities and prevents 
the scour from deepening indefinitely.

•	 Geometric sensitivity in empirical models: As illustrat-
ed in Fig. 4, our analysis demonstrates that for Froehlich 
and HIRE models, the abutment shape acts as a prima-
ry linear scaling factor. In Case 2 (Vertical-wall), the 
predicted relative scour is consistently higher than in 
Case 1 (Spill-through). We interpret this as a clear rep-
resentation of the classical hydrodynamic view, where 
vertical obstructions amplify macro-turbulence and 
vortex strength at the toe [1], [12].

•	 Discovery of convergent behavior: A  notable finding 
in our study is the nuanced response of the NCHRP 
24-20 model. While geometry influences the initial 
stages, our data shows a clear trend toward a unified 
“amplified contraction” state as L/ya increases. This 
suggests that under extreme contraction, global flow 
redistribution becomes the dominant driver, effectively 
overshadowing localized shape effects – a phenomenon 
that aligns with the theoretical expectations of NCHRP 
24-20 logic [18], [25].

3.2. BOUNDED RESPONSE OF THE 
NCHRP 24-20
A  notable feature of the NCHRP  24-20 results is the 
bounded response of the computed relative scour ratio as 
the contraction ratio increases. In the present implementa-
tion, the live-bed response approaches ysp/ya ≈ 3.36 under 
the adopted baseline conditions. This value should not 
be interpreted as a universal physical limit of abutment 
scour. Rather, it results from the specific implementation 
of the NCHRP 24-20 procedure used in this study, includ-
ing the imposed upper limit on the unit-discharge ratio 
q2/q1 ≤ 5.0, the asymptotic behavior of the amplification 
factor, and the live-bed contraction-scour formulation.
This bounded response remains physically meaningful 
for design interpretation because it reflects the logic of 
the amplified contraction-scour framework, in which in-
creasing contraction does not necessarily lead to an un-
limited increase in computed scour depth. Nevertheless, 
the numerical value of this asymptotic response is con-
ditional on the adopted hydraulic, sediment, geometric, 
and implementation assumptions, and should therefore be 
checked against site-specific conditions before being used 
in design.
Dominance of flow contraction: According to Ettema’s 
findings, at large values of flow contraction q2/q1, the 
scour depth is governed primarily by flow contraction 
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Fig. 5. Conceptual mechanism of abutment scour showing 
geotechnical instabilities, including slope failure and bank 

collapse near the toe of the abutment [16].

3.3. PRACTICAL IMPLICATIONS FOR 
SCOUR PROTECTION DESIGN
Based on our identified transition thresholds, this study 
proposes a  strategic framework for engineering deci-
sion-making, particularly for regions like Vietnam that 
lack localized standards:
•	 Transition zone (L/ya ≈ 38).

The crossover region where NCHRP 24-20 predictions 
may exceed the Froehlich envelope should be inter-
preted as a design-relevant transition range rather than 
a  fixed universal threshold. For abutments with low 
to moderate floodplain encroachment, the Froehlich 
model may provide a conservative empirical reference. 
However, for deep encroachments, the NCHRP 24-20 
predictions should be examined carefully because flow 
redistribution and contraction-scour effects become in-
creasingly important.

•	 Implications for scour protection.
In the present parametric analysis, the NCHRP 24-20 
response approaches ysp/ya ≈ 3.36 under the adopt-
ed live-bed baseline conditions and implementation 
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conducted by varying the median sediment size D50 and the 
approach flow Froude number Fr. This analysis is intended 
to support the interpretation of the model behavior under 
the adopted baseline configuration, rather than to provide 
a comprehensive assessment of the full parameter space.
The results in Fig. 6 demonstrate a strong dependence of 
the NCHRP 24-20 formulation on the sediment mobili-
ty condition, characterized by the velocity ratio V/Vc. For 
finer sediments D50 = 0.5 mm and 1.0 mm, the flow oper-
ates under live-bed conditions V > Vc, where continuous 
sediment transport occurs. Under these conditions, the 
predicted relative scour ratio converges toward a bound-
ed value of approximately  3.36, largely independent of 
the specific D50 value. This behavior indicates that, under 
the adopted live-bed implementation, the NCHRP 24-20 
response tends toward a bounded relative scour ratio. This 
bounded response should be interpreted within the as-
sumptions of the selected baseline configuration. In con-
trast, when the sediment size increases to D50 = 2.0 mm, 
the flow transitions to clear-water conditions (V < Vc). 
In this regime, the higher critical shear resistance of the 
coarser particles suppresses sediment entrainment, re-
sulting in a pronounced reduction in the computed scour 
depth. This trend is consistent with the fundamental me-
chanics of flow-sediment interaction, where bed stability 
increases with particle size.

procedure. This value is not intended to represent 
a  universal physical limit. Rather, it indicates the 
bounded response produced by the adopted NCHRP 
24-20 framework when the contraction becomes se-
vere. From an engineering perspective, this result can 
be useful as a screening-level indicator for identifying 
cases that may require more detailed hydraulic and 
geotechnical assessment, especially in regions where 
site-specific scour guidance is not yet available. Once 
such critical cases are identified, detailed scour-protec-
tion and countermeasure design should still be carried 
out using established design guidance and site-specific 
assessment procedures [26-27].

•	 Integration with monitoring.
The above interpretation can also be linked with mon-
itoring-based bridge management. When combined 
with riverbed monitoring systems near bridge supports, 
such as the Polish national system for riverbed scour 
monitoring, model-based indicators of severe contrac-
tion may help identify situations that require closer in-
spection or more detailed site-specific assessment [28].

3.4. ILLUSTRATIVE SENSITIVITY ANALYSIS
3.4.1. Sensitivity to sediment size D50 
and scour regime
To examine how selected input parameters influence the 
model responses, an illustrative sensitivity analysis was 

NCHRP (D50 = 0.5 mm) – Live-bed
NCHRP (D50 = 1.0 mm) – Live-bed
NCHRP (D50 = 2.0 mm) – Clear-water
Live-bed asymptotic limit ~3.36

0
Contraction ratio L/ya

R
el

at
iv

e 
sc

ou
r r

at
io

 y
sp

/y
a

0

1

2

3

4

5

5 10 15 25 30 3520 40 45

Fig. 6. Sensitivity analysis of relative scour ratio ysp/ya under varying sediment sizes D50
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relative scour ratio remains nearly constant for each se-
lected Fr. The increasing divergence among the three 
methods indicates that flow redistribution and contrac-
tion-scour effects become increasingly important in se-
vere floodplain-encroachment cases.
Under such conditions, the NCHRP 24-20 formulation 
activates an inherent limiting mechanism through the 
constraint q2/q1 ≤ 5.0, which effectively represents flow 
redistribution and potential mass instability at the abut-
ment toe. This mechanism constrains further scour de-
velopment and yields a physically bounded prediction. In 
contrast, the Froehlich model continues to predict increas-
ing scour depth with increasing Fr, leading to substantial 
divergence between the two approaches under high-con-
traction conditions.
Fig. 8 provides a design-oriented infographic to improve 
the practical interpretation of the model responses under 
increasing contraction. It does not introduce a new design 
rule, but summarizes the main engineering implications of 
the parametric analysis through three interpretation zones. 
The figure highlights when model assumptions should be 
compared carefully and when severe-contraction cases 
require site-specific hydraulic, sediment, geometric, and 
geotechnical assessment.

By comparison, traditional empirical formulations such 
as Froehlich and HIRE do not explicitly incorporate sed-
iment size D50 or critical velocity Vc, effectively assuming 
fully erodible conditions. As a result, these approaches 
tend to produce overly conservative scour estimates for 
coarse-bed scenarios, which may lead to unnecessary con-
servatism and increased construction costs in foundation 
design.

3.4.2. Sensitivity to the approach flow 
Froude number Fr
The Froude number Fr is a governing hydraulic param-
eter directly embedded in both the Froehlich and HIRE 
formulations. The results in Fig. 7 indicate that as Fr in-
creases from 0.12 to 0.22, the predicted scour response of 
the Froehlich model exhibits a pronounced upward shift.
This behavior indicates that the intersection between the 
Froehlich and NCHRP 24-20 predictions should not be 
interpreted as a single fixed contraction ratio. Instead, it 
shifts with the approach flow Froude number and occurs 
within an approximate transition range of L/ya ≈ 35-45 
under the adopted baseline configuration. The HIRE re-
sponses provide a long-abutment reference in this range; 
because the HIRE formulation is applicable mainly for 
L/ya > 25 and does not explicitly vary with L/ya, its predicted 

NCHRP (Baseline) HIRE (Fr = 0.12)
Froehlich (Fr = 0.12) HIRE (Fr = 0.17) – Baseline
Froehlich (Fr = 0.17) – Baseline HIRE (Fr = 0.22)
Froehlich (Fr = 0.22) Transition zone (L/ya ≈ 35-45)
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Fig. 7. Sensitivity analysis of relative scour ratio ysp/ya under varying Froude numbers Fr
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1.	Bounded response of the NCHRP 24-20 model.
Under the adopted compound-channel configuration 
and live-bed implementation, the relative scour ratio 
ysp/ya approaches approximately 3.36 as contraction 
increases. This value represents a bounded model re-
sponse under the adopted assumptions, rather than 
a universal physical limit.

2.	Sediment sensitivity and flow regime transition.
The NCHRP 24-20 formulation reflects the transition 
from live-bed to clear-water conditions as sediment 
size increases (e.g., D50 = 2.0 mm), leading to a marked 
reduction in predicted scour depth. In contrast, the 
Froehlich and HIRE models do not explicitly include 
the influence of median grain size D50 and critical ve-
locity Vc, which may result in conservative estimates 
under coarse-bed conditions.

3.	Transition range.
Discrepancies among model predictions are primarily 
governed by a dynamic transition zone, characterized 
by contraction ratios L/ya in the range of 35-45. With-
in this interval, the intersection between the Froehlich 
and NCHRP 24-20 response curves shifts as a function 
of the Froude number Fr, delineating the threshold at 
which large-scale flow redistribution supersedes local-
ized turbulence as the dominant scour mechanism.

4.	Model response by contraction range.
For low to moderate contraction, particularly when 
L/ya < 25, empirical local-scour estimates may provide 
a useful preliminary reference. As the contraction ra-
tio increases toward L/ya = 25-35, differences among 

3.5. APPLICABILITY AND LIMITATIONS 
OF THE PARAMETRIC FINDINGS
The results of this study should be interpreted within the 
adopted baseline assumptions and the investigated con-
traction interval. The analysis was designed to examine 
the responses of the Froehlich, HIRE, and NCHRP 24-20 
methods under a  controlled compound-channel config-
uration. Therefore, the observed model hierarchy, the 
transition ranges summarized in Fig.  8, and the bound-
ed NCHRP 24-20 response are conditional on the select-
ed hydraulic, sediment, geometric, and implementation 
assumptions.
The baseline approach flow Froude number was Fr = 0.17, 
and the illustrative sensitivity analysis considered a sub-
critical range of Fr = 0.12-0.22. This range represents 
low-velocity approach-flow conditions in the floodplain 
portion of the adopted compound-channel configuration 
and should not be considered comprehensive for all flood-
stage conditions.
Accordingly, the thresholds identified in this study should 
be used as design-oriented, screening-level guidance rath-
er than universal physical limits. Further verification is 
needed for other flood stages, higher approach Froude 
numbers, sediment gradations, floodplain geometries, 
abutment types, and geotechnical conditions.

4. CONCLUSIONS
Based on the parametric assessment and sensitivity anal-
ysis of the Froehlich, HIRE, and NCHRP 24-20 formula-
tions, several key findings can be established:

Increasing contraction ratio L/ya

* �Based on the investigated range L/ya = 0.05-45; screening-level guidance only

Zone I: Low to moderate 
contraction, L/ya < 25

Zone II: Long-abutment / increasing 
contraction range L/ya ≈ 25-35

Zone III: Severe contraction / 
critical transition range, 

L/ya ≈ 35-45*

•	 Preliminary design stage
•	 Froehlich model may be used 

as an initial empirical reference
•	 Standard hydraulic checks are 

generally appropriate.

•	 Compare Froehlich, HIRE, 
and NCHRP 24-20 results

•	 Check sensitivity to hydraulic 
and sediment conditions

•	 Avoid relying on a single 
equation as model divergence 
increases.

•	 Examine flow redistribution 
and contraction-scour effects

•	 Carry out site-specific hydraulic 
and geotechnical assessment

•	 Design scour protection 
and countermeasures using 
established guidance.

Fig. 8. Design-oriented infographic for interpreting abutment scour model responses under increasing contraction
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6.	Design recommendation.

The three-zone interpretation summarized in Fig. 8 pro-
vides a screening-level framework for using the mod-
el results in engineering practice. Under the adopted 
compound-channel configuration and NCHRP 24-20 
implementation, the computed value ysp/ya ≈ 3.36 may 
be interpreted as a design-oriented indicator for severe 
contraction cases. It helps illustrate the range in which 
the NCHRP 24-20 method tends toward a bounded re-
sponse, rather than a  continuously increasing predic-
tion with L/ya. This value should therefore be used with 
caution and should be checked against site-specific hy-
draulic, sediment, geometric, and geotechnical condi-
tions before being adopted in design.

the Froehlich, HIRE, and NCHRP 24-20 predictions 
become more pronounced, and reliance on a  single 
equation becomes less appropriate. In the severe-con-
traction range investigated in this study, approximately 
L/ya = 35-45, the NCHRP 24-20 response should be ex-
amined carefully because flow redistribution and con-
traction-scour effects become more influential.

5.	Role of implementation constraints.
The imposed upper limit on the unit-discharge ratio 
q2/q1 ≤ 5 in the NCHRP 24-20 procedure contributes to 
the bounded response observed in this study. This im-
plementation constraint is consistent with the broader 
physical interpretation that scour development may be 
limited by flow redistribution and geotechnical insta-
bility near the abutment toe.
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Ocena modeli rozmywania przyczółków mostowych 
dla różnych wartości współczynnika zwężenia przepływu

Słowa kluczowe: �geometria przyczółku, rozmywanie przyczółkowe, współczynnik zwężenia, stabilność geo- 
techniczna, amplifikacja hydrauliczna, NCHRP 24-20.

Streszczenie: W artykule przedstawiono porównawczą analizę parametryczną i ilustracyjną trzech modeli 
rozmycia przyczółków mostowych: Froehlicha, HIRE oraz NCHRP 24-20, w celu oceny ich odpowiedzi mo-
delowych oraz implikacji projektowych w  warunkach zróżnicowanej intensywności zwężenia przepływu. 
W ramach systematycznej analizy parametrycznej rozpatrzono zmienność względnego wskaźnika rozmycia 
ysp /ya jako funkcji współczynnika zwężenia L/ya, uwzględniając wpływ medianowej średnicy ziaren rumowi-
ska D50 oraz liczby Froude’a przepływu dopływowego Fr. Wyniki wskazują na istotne różnice w charakterze 
odpowiedzi analizowanych modeli. Modele empiryczne (Froehlich i HIRE) wykazują monotoniczny wzrost 
zgodny z prawem potęgowym, niezależnie od właściwości rumowiska. Natomiast model NCHRP 24-20, op-
arty na podejściu fizycznym, dostarcza odpowiedzi interpretowalnej w kategoriach redystrybucji przepływu 
oraz warunków ruchliwości rumowiska. Kluczowym wynikiem analizy jest identyfikacja ograniczonej odpo-
wiedzi modelu, w której względny wskaźnik rozmycia dąży do wartości około 3,36 w warunkach rozmycia 
przy aktywnym transporcie rumowiska (ang. live-bed). Analiza wrażliwości wykazała, że w przypadku grub-
szych osadów model NCHRP 24-20 prognozuje mniejsze głębokości rozmycia w warunkach przepływu bez 
transportu rumowiska (ang. clear-water), tj. gdy V < Vc, co wskazuje na istotny wpływ ruchliwości rumowiska 
na odpowiedź modelu. Ponadto zidentyfikowano strefę przejściową dla współczynnika zwężenia przepływu 
L/ya ≈ 35–45, w analizowanym zakresie liczb Froude’a, w której wyniki modelu NCHRP 24-20 mogą prze-
kraczać zachowawczą (konserwatywną) obwiednię modelu Froehlicha. Wskazuje to na potencjalne ryzyko 
niedowymiarowania fundamentów w przypadku intensywnych ingerencji w obszary zalewowe. Uzyskane 
wyniki stanowią podstawę do wstępnej oceny projektowej (screeningowej) i mogą wspomagać określanie 
głębokości posadowienia fundamentów oraz projektowanie zabezpieczeń przeciwrozmyciowych w złożo-
nych korytach wielonurtowych. Zastosowanie przedstawionych zależności wymaga więc każdorazowej 
weryfikacji z uwzględnieniem lokalnych warunków hydraulicznych, sedymentologicznych, geometrycznych 
i geotechnicznych.


