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ABSTRACT 

Estimation of floods remains a significant problem for managers of riverine systems. The 

occurrence of floods is the result of both climatic factors and catchment factors. One of the 

catchment factors that influences floods is the interaction between debris material and cross-

drainage structures like culverts, bridges, etc. As the purpose of design flood estimation is the 

prediction of both flood magnitude and flood likelihood, there is a need to understand how 

blockage of cross-drainage structures influences the predicted flood levels and flows.  

Presented herein are the outcomes from a hydraulic modelling study into the impact of cross-

drainage structure blockage on both the predicted flood level and the predicted flood flow.  

The study presented is based on predictions obtained from a hydraulic model developed 

using TUFLOW. Factors considered in the study were the timing of blockage, the magnitude 

of blockage, the peak flow of the flood hydrograph, and the catchment storage upstream of 

the cross-drainage structure.  These factors were modified in a manner designed to enable a 

sensitivity analysis of cross-drainage blockage on flood predictions when compared to flood 

predictions obtained with no blockage present in the cross-drainage structure. 

Blockage results in a change to the flood profile and downstream discharge. This is 

dependent upon the relationship between the inflow magnitude and upstream storage volume. 

If the storage capacity is exceeded for the unblocked condition, the structure experiences 

overtopping. Therefore, any blockage will increase the upstream water level. A blockage will 

also reduce the time required to fill the storage capacity resulting in an increase in 

downstream discharge. The nature of this relationship is governed by the individuality of 

each structure. This study considers the results produced and highlights the need for further 

research.   
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1.0 INTRODUCTION 

Cross-drainage structures are locations of flow contraction and concentration, increasing the 

likelihood of blockage to occur. Prior to the 17th August 1998 flood event in Wollongong, culvert 

blockage had been acknowledged within the Water Engineering Industry as something to be 

considered but literature scarcely addressed the potential impacts of flooding, nor the application of 

sensitivity analysis for culvert design (Rigby & Silveri, 2001). Furthermore, very little quantitative 

data on culvert blockage affected by debris was available. The 1998 Wollongong, NSW flood event 

resulted in a significant Australian post-flood investigation into cross-drainage structures and through 

visual inspection, photographic evidence or surveyed debris water indicators, attempted to draw 

conclusions of the appropriate hydraulic blockage, with Rigby & Silveri (2001) concluding a 

significant number of cross-drainage structures with a diagonal opening less than 6m were deemed as 

100% hydraulically blocked. Another extreme flood event occurred in June 2007 Newcastle, NSW, 

Australia where further post-flood cross-drainage blockage investigations identified additional 100% 

visual blockage occurrences. 

However, a physical laboratory scale experiment representing a box culvert was conducted by Kramer 

et al. (2016) at the UNSW Water Research Laboratory which investigated the impacts of large urban 

debris blockage and concluded that even under maximum visual blockage, where hydraulic testing 

placed items entirely within the culvert structure, 100% hydraulic blockage did not occur. 

Strengthening the claims of Kramer et al. (2016), French & Jones (2015) concluded “No Wollongong 

or Newcastle inspector gathered sufficient information to quantify any of their alleged blockage 

estimates. Furthermore, …significant hydraulic blockages were both imagined and unmeasured… 

with unfounded assumptions of 100% hydraulic blockages...” Given the significance a blockage of 

cross-drainage structures can produce in relation to flood levels and flows, this paper has conducted a 

hydraulic flood modelling sensitivity analysis of culvert blockage factors and blockage timing to 

assist the water engineering industry in understanding the effects and improve industry best practice 

moving forward. 

2.0 METHODOLOGY 

2.1 Research Problem 

A design flood is the probabilistic or statistical estimation of input parameters to produce an Annual 

Exceedance Probability neutral outcome. However, if the aleatory uncertainty characteristic of 

hydraulic blockage is not acknowledged and addressed within the analysis in a risk-based design 

manner, then the modelling outcome is no longer neutral, but rather assessing blockage in a 

deterministic manner. This paper aims to evaluate the impact of culvert blockage through a number of 

blockage factors and blockage timing to ascertain the sensitivity of flood conditions within an urban 

environment. Debris blockage is a form of aleatory (or inherent) uncertainty which develops through 

natural variability and randomness of nature. This uncertainty is a factor which vary randomly over 

time known as a stochastic variable. Given the limited understanding and data available for hydraulic 

blockage, modelling adopts risk-based design approaches. This uncertainty needs to be clearly 

communicated to ensure there isn’t any misunderstanding of results. 

2.2 Hydraulic Modelling Approach 

2.2.1 Model Structure 

The analysis utilized the software TUFLOW; a 1D/2D hydrodynamic modelling software developed 

by BMT Pty. Ltd. which applies the Shallow Water Equation (SWE) implicitly over the 2D domain 

and links to the 1D network through a program known as ESTRY. ESTRY applies the 1D St Venant 

Equations and the software has been benchmark tested on numerous occasions providing a strong 

foundation for the versatility required for the culvert blockage sensitivity analysis. The model 

structure was adopted for its ability to apply a blockage factor to the culvert structure at different 

times within the inflow hydrograph. This blockage timing characteristic was limited to the software 

available to the author and therefore dictated the decision moving forward. 

 

 



 

 

2.2.2 Modelling the Culvert Blockage - Sluice Gate Operational 

The inability of a hydrological or hydraulic model to apply a culvert blockage arrangement, 

configuration and timing has shaped policy makers in the past and will continue to do so into the 

future however, this is a factor that needs to be understood and considered within our modelling 

approach. In order to evaluate the culvert structure, the model adopted an Operational Control File 

with interactive methodology applied to the 1D network. Upon command, the sluice gate would 

activate the culvert blockage factor at a given time and to a specific blockage factor P[0%, 25%, 50%, 

75%, 100%]. The model enacts the sluice gate from the initial condition identified as open or an 

unblocked condition. Upon command, at the respective simulation time (hours), the blockage factor is 

applied as a pulse or “on” switch, lowering the sluice gate as a top down blockage. This blockage 

configuration reduces the culvert’s capacity to convey flood waters from the top of the culvert down 

to the set blockage percentage. Outside of the factors being addressed within this culvert blockage 

sensitivity analysis including the blockage percentage and blockage timing, all other sluice gate 

operational default values were applied. Figure 2-1 and Figure 2-2 illustrates example sluice gates, 

whereby the gate is lowered to reduce the culvert capacity and restricting the downstream flow 

through the culvert structure. 

  

Figure 2-1: Example of a Sluice Gate in Open 

Position (Archi EXPO, 2019) 

Figure 2-2: Example of a Sluice Gate Top Down 

Blockage Arrangement (KWT Group, n.d.) 

The TUFLOW manual provides the equations utilised to ascertain the flow through the structure 

along with the flow arrangement for the application. The citation provided below describes the 

scenario of free-flowing upstream controlled flow, downstream controlled flow and transitional flow 

between the two calculations. 

“For a free-flowing sluice gate (i.e upstream controlled) Q is calculated using:  

Where; 

 Q = Discharge 

 Cd = Discharge coefficient upstream controlled flow (default = 0.6) 

 W = Width 

 B = Height of gate opening above crest level 

 H1 = Upstream energy level – Crest level 

For downstream controlled flow:  

Where; 

 Cs = Submerged discharge coefficient (default = 0.8) 

 ∆H = Upstream energy level – Downstream level 

Transition between upstream controlled and full submerged downstream flow:  



 

 

The transition between downstream and upstream controlled flow equations is based on the degree of 

submergence calculated as the tailwater depth above the spill crest divided by the upstream energy 

depth. For a ratio below 0.67 upstream controlled flow applies, above 0.8 downstream controlled flow 

and in between the transition equation applies.” BMT (2018) 

Through the use of an operational control file applying sluice gate commands to the culvert structure, 

the blockage variables of this paper were analysed. The data collection, processing and analysis will 

be evaluated further within the following section of this paper. 

2.3 Model Limitations 

For the purposes of this analysis, input data such as the fixed grid dimension, digital terrain model 

(DTM), materials (Manning’s ‘n’ roughness), inflow hydrographs or downstream tailwater conditions 

are part of the theoretical model and are not the focus of this sensitivity analysis. Therefore, these 

factors will not be elaborated upon further within this paper. In addition, this hydraulic model was not 

developed to produce an AEP Neutral result but rather, was built for the purposes of addressing 

sensitivity analysis of culvert blockage timing and blockage factors across numerous magnitudes 

events. The software manual identifies noteworthy restrictions on the applications however, model 

limitations may also extend to include the individual flood modeller’s knowledge and understanding. 

The author acknowledges their own limitations and where information or expertise required to 

develop the hydraulic model was outside the typical scope of works, professional assistance was 

sought via the software support service. 

3.0 ANALYSIS 

3.1 Data Collection & Processing 

The TUFLOW model data collected throughout this paper comprised of water surface elevation 

longitudinal flood profiles and change in downstream flowrate versus time. The flood profiles were 

obtained along the watercourse centreline extracted using GIS software, cross-examining the water 

surface elevation terrain data from the model. This method was chosen as the most appropriate 

technique to assess the flood profile as the water surface data is extracted directly along the centreline. 

A limitation of the time-series outputs, particularly for longitudinal profiles, is that without access to 

the flexible mesh option, the model will lock the profile line along the grid cells producing an 

elongated or zig-zag finish to the section. Secondly, the downstream discharge was extracted from a 

profile line downstream of the cross drainage structure using the flow output files. This method of 

data collection was chosen due to the ease of uniform data extraction across numerous models.  

The data extracted from the hydraulic model has been processed and presented into graphical 

illustrations within this paper. A methodical procedure of data extraction from the data output files 

into separate spreadsheets was completed with numerous checks to ensure the data processing was not 

introducing human errors. This procedure enabled the original output files to remain unaltered for 

further analysis as deemed necessary. This paper endeavours to assess the sensitivity of culvert 

blockage through water surface elevation profile data as well as the change in downstream flowrates. 

3.2 Graphical Representation 

The results presented within this section of the paper depict the current industry practice of applying a 

blockage factor at the start of an event (Time = 0) in contrast with the blockage factor applied at the 

time of the peak inflow. The comparison for longitudinal profiles, the change in water level and 

change in downstream flowrates demonstrates the sensitive nature of blockage factor timing and the 

benefits of adopting a risk-based design for this uncertain hydraulic modelling characteristic. 

3.2.1 Longitudinal Water Level Profiles 

The longitudinal profiles of the water surface elevation with reference to the terrain surface ground 

level (G.L.) illustrates how a range of blockage factors applied at a particular time during the inflow 

hydrograph influence the upstream and downstream water level compared to an unblocked condition. 

The cross-drainage structure within the elevated road crossing is illustrated and depicts how the lower 

magnitude unblocked condition is conveyed without overtopping the weir. The application of a 

blockage factor increases the upstream water level and with a 50% blockage applied at the start of the 

event, the weir elevation is overtopped. However, with the blockage applied at the time of peak 



 

 

inflow, the 50% blockage factor water level is approximately 0.5m below the weir elevation.  

  

Figure 3-1: Lower Magnitude – Long Profiles Figure 3-2: Lower Magnitude – Long Profiles 

 

  

Figure 3-3: Upper Magnitude – Long Profiles Figure 3-4: Upper Magnitude – Long Profiles 

 

In addition, the upper magnitude unblocked condition water level overtops the cross-drainage 

structures weir before a blockage factor is applied. Therefore, the adoption of any blockage factor will 

increase the upstream water level by a smaller margin than the lower magnitude event with the 

downstream water level also experiencing an increase for larger blockage factors. These graphical 

representations are depicted above. 



 

 

3.2.2 Change in Peak Water Level 

The model runs adopting a blockage factor were compared against the unblocked condition to 

determine the change in peak water level. The flood profiles demonstrate the sensitivity of the water 

level to a change in culvert blockage factor and application of blockage timing.  

  

Figure 3-5: Lower Magnitude – Δ Water Level Figure 3-6: Lower Magnitude – Δ Water Level 

 
 

A blockage applied at the start of an event produces a conservative upstream result and 

underestimates the downstream water level. If the blockage is applied at the peak inflow, the rising 

limb of the hydrograph has already passed through the cross drainage structure although the volume 

remaining within the tail still produces an increased upstream water level. However, for a peak inflow 

blockage, the peak downstream water level is relatively the equivalent to an unblocked condition. 

Note that the models have adopted the same road embankment weir elevation for both the Lower and 

Upper Magnitude models. The elevation illustrated in the graph is relative to the unblocked condition 

magnitude water level. Therefore, as the Upper Magnitude Event Unblocked Condition overtops the 

road embankment, the comparative upstream water levels with a blockage applied are also above the 

road embankment.  

In addition, the upper magnitude blockage applied at the start of the event, where the weir is 

overtopped in the unblocked condition, produces an increase in downstream water levels. This 

example highlights where the unblocked condition has marginally exceeded the upstream storage 

capacity can produce a significant change in downstream water levels. Moreover, the blockage 

applied at the peak inflow time shows minimal variation from the unblocked condition.  



 

 

  

Figure 3-7: Upper Magnitude – Δ Water Level Figure 3-8: Upper Magnitude – Δ Water Level 

 

3.2.3 Change in Downstream Flowrate 

The illustrated graphs below demonstrate the sensitivity of the downstream flowrates to a change in 

culvert blockage factor when applied at the start of an event and at the time of peak flow. The 

blockage applied at the start of the event assumes the blockage was present before the inflow 

hydrograph arrives at the cross-drainage structure, which is current industry practice. The application 

of the blockage factor at the time of peak flow utilises a pulse blockage whereby the model is 

unblocked for the start of the event and at time of peak flow, the sluice gate is rapidly lowered into 

position causing a top down blockage to simulate an example of a large debris blockage arriving. 

  
Figure 3-9: Lower Magnitude –  

Downstream Hydrograph 

Figure 3-10: Lower Magnitude –  

Downstream Hydrograph 

 



 

 

  
Figure 3-11: Lower Magnitude –  

Δ Downstream Hydrograph  

Figure 3-12: Lower Magnitude –  

Δ Downstream Hydrograph 

 

  
Figure 3-13: Lower Magnitude –  

Cumulative Downstream Volume  

Figure 3-14: Lower Magnitude –  

Cumulative Downstream Volume 

 

The lower magnitude event for the unblocked condition is conveyed through the cross drainage 

structure and does not overtop the road embankment weir. In this example, a 50% blockage factor is 

required before the weir is overtopped. The blockage applied at the start of the event significantly 

reduces the downstream peak flowrate as the upstream water volume ponding behind the road 

embankment results in slight lag due to this disrupted conveyance. For a blockage applied at the time 

of peak flow, the pulse blockage application is distinctive, reducing the flowrates for the falling limb 

of the hydrograph whilst the peak downstream water level has already occurred.    



 

 

The upper magnitude event for the unblocked condition is conveyed through both the cross drainage 

structure and overtopping the road embankment weir. In this example, a blockage factor applied to the 

cross drainage structure at the start of the event will only exacerbate the downstream condition with 

significant blockage factors exceeding 50% producing an increased peak flowrate compared to the 

unblocked condition. A blockage factor applied at the time of peak flow however, will have already 

passed the rising limb of the inflow hydrograph and therefore a blockage factor will aggravate the 

falling limb but will not produce a variation to the downstream water level. 

 

  
Figure 3-15: Upper Magnitude –  

Downstream Hydrograph 

Figure 3-16: Upper Magnitude –  

Downstream Hydrograph 

 

  
Figure 3-17: Upper Magnitude –  

Δ Downstream Hydrograph  

Figure 3-18: Upper Magnitude –  

Δ Downstream Hydrograph 

 



 

 

  
Figure 3-19: Upper Magnitude –  

Cumulative Downstream Volume  

Figure 3-20: Upper Magnitude –  

Cumulative Downstream Volume 

 

4.0 DISCUSSION 

This sensitivity analysis of culvert blockage was prepared in part due to an identified flaw in industry 

best practise within the water engineering field. The conservative approach of blockage timing 

applied at the start of the event, or at time T=0, has been widely accepted with very little 

understanding or appreciation as to what influence this timing has on the hydraulic analysis results. 

The key findings have been highlighted below and encourage further discussion. 

4.1 Key Findings 

4.1.1 Upstream Water Level 

• The increase in culvert blockage factor corresponds with an increase in upstream water level 

however, this increase is confined by the weir elevation. 

• The upstream water level significantly increases when the culvert blockage factor is applied at 

the start of the event or during the rising limb of the inflow hydrograph. Whilst a blockage 

factor applied at the time of peak inflow or during the hydrograph falling limb has limited 

effect on the peak upstream water level. 

4.1.2 Downstream Water Level 

• The culvert blockage factor relationship with the downstream water level varies across the 

application of blockage timing. Blockage applied at the start of the event, when the unblocked 

condition is conveyed entirely through the culvert, will produce an decreased downstream 

water level however, if the unblocked condition is conveyed through both culvert and weir 

overtopping, the T=0 blockage will increase the downstream water level due to the increased 

overtopping flow. The blockage reduces the culvert conveyance causing an increase in 

upstream ponding water level, overtopping the weir and increasing the combined culvert and 

weir conveyance to exceed the unblocked condition.  

• Alternatively, a blockage factor applied at the time of peak flow or thereafter within the 

falling limb does not alter the peak downstream water level with the water level typically 

aligned with the unblocked flood profile. 

 



 

 

4.1.3 Downstream Discharge 

• The relationship between downstream discharge and culvert blockage timing at the start of the 

event or at the time of peak flow, demonstrates similar characteristics irrespective of the 

lower or upper magnitude inflow. The blockage applied at the start of the event as well as at 

the time of the peak flow reduces the downstream flowrate comparable to the blockage factor 

before producing an increase in discharge during the elongated tail of the falling limb.  

• The downstream discharge is sensitive to the blockage timing across the inflow magnitude 

hydrograph with blockages applied during the rising limb more likely to increase the falling 

limb flowrates downstream, where the combined culvert and weir overflow has exceeded the 

unblocked condition.  

• Blockage applied at during the falling limb will generally reduce the first portion of the 

downstream hydrograph falling limb however, this reduction in flow will reappear within the 

conveyance through an increase in the elongated tail of the hydrograph, exceeding the 

unblocked condition. 

4.2 Implications for the Water Industry 

Based upon a thorough literature review across Australian based publications, national guidelines 

referencing international sources and to the author’s own knowledge, this hydraulic modelling culvert 

blockage sensitivity analysis is an original investigation into the nature of hydraulic blockage timing. 

Previously published literature highlighted the limited availability of blockage datasets and heavily 

relied upon visual blockage information and post-flood event recorded data to inform decision making 

with current policies and guidelines heavily debated amongst the industry.  

This sensitivity analysis has evaluated a total of 168 model combinations of variable hydraulic 

blockage factors, blockage timing, flood magnitude and upstream storage volume to investigate the 

nature and influence these variables produce upon the upstream / downstream water level and 

downstream discharge. The results within this analysis, the outcomes and identifiers referred to within 

the graphs provide an original hydraulic blockage dataset that has been evaluated to inform the water 

engineering industry on the variability of culvert blockage outcomes in comparison to the rudimentary 

and highly conservative approach currently applied within industry guidelines to date. 

Through an increased understanding of the sensitivity of blockage and attributing factors addressed 

within this paper, hydraulic blockage analysis and the relationship between culvert and weir overflow 

may become the key indicator for the application of culvert blockage sensitivity analysis moving 

forward. 

4.3 Is the current Hydraulic Blockage methodology AEP Neutral? 

According to “Australian Rainfall and Runoff 2019; A design flood is a probabilistic or statistical 

estimate, being generally based on some form of probability analysis of flood or rainfall data. An 

Annual Exceedance Probability is attributed to the estimate.” “The design blockage is the blockage 

condition that is most likely to occur during a given design storm and needs to be an “average” of all 

potential blockage conditions to ensure that the calculated design flood levels reflect the defined 

probability.” 

The design flood estimation modelling approach assumes a singular relationship between water level 

and flowrate however, blockage does not correspond with this relationship. A change of hydrological 

loss characteristics influence the hydraulic model as a whole, a change of materials roughness layer is 

geographical in nature but will return a consistent outcome within the model whilst a change in 

blockage factor does not return a linear influence to the model results. The impacts are dependent 

upon the upstream and downstream conditions. There is a disconnect between the change in blockage 

with the influence of water level and downstream discharge that highlights a flaw within the single 

event modelling approach. 

Cross drainage structures can significantly influence the flood behaviour with constrictions of 

waterways and obstructions of the flow conveyance, altering the estimation of the design flood. Given 

industry standards adopt blockage factors applied at the start of an event, does the modelling outcome 

remain AEP Neutral? 



 

 

5.0 CONCLUSION & FUTURE RECOMMENDATIONS 

This sensitivity analysis has evaluated a total of 168 model combinations of variable hydraulic 

blockage factors, blockage timing, flood magnitude and upstream storage volume to investigate the 

nature and influence these variables produce upon the upstream / downstream water level and 

downstream discharge. According to “Australian Rainfall and Runoff 2019; The design blockage is 

the blockage condition that is most likely to occur during a given design storm and needs to be an 

“average” of all potential blockage conditions to ensure that the calculated design flood levels reflect 

the defined probability.” If an AEP rainfall is adopted to an unblocked hydraulic model and the model 

produces an AEP neutral outcome, how can the same model then produce AEP neutrality with a 

blockage factor applied? 

The design flood estimation modelling approach assumes a singular relationship between water level 

and flowrate however, blockage does not correspond with this relationship. A change in blockage 

factor does not return a linear influence on the model results but are dependent upon the upstream and 

downstream conditions. There is a disconnect between the change in blockage with the influence of 

water level and downstream discharge that highlights a flaw within the single event modelling 

approach. Cross drainage structures can significantly influence the flood behaviour with constrictions 

of waterways and obstructions of the flow conveyance, altering the estimation of the design flood. 

Given industry standards adopt blockage factors applied at the start of an event, does the modelling 

outcome remain AEP Neutral?  

Not accounting for probability neutral blockage can lead to significantly increasing the economic 

outcomes of cross drainage structures through the available upstream developable land, floodplain 

safety measures, evacuation routes and even the timing of the peak flow arrival which may lead to 

loss of life. By not appreciating the impact blockage factors and blockage timing have on hydraulic 

models, the appropriate hydraulic outcome is concealed. Therefore, the inclusion of a blockage factor 

within hydraulic analysis in design methodology precludes the use of a single event model. A more 

rigorous and statistical framework is necessary to ascertain the most likely outcome. 

Based on the conclusions drawn within this paper, the author strongly recommends further 

investigation into the relationship between the culvert conveyance capacity and the weir overflow 

relationship through further hydraulic modelling sensitivity analysis into culvert blockage. It would be 

a wise investment to investigate alternative bottom-up or porous plug blockage configurations as well 

as a progressive blockage arrangement over different durations to compare how the sensitivity of 

these different variables relate to the results produced within this paper. 
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