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 ABSTRACT 

Culverts are an important part of a stormwater drainage system. When culverts can discharge the 

required flows during flood events, they ensure sufficient drainage from roads, preventing flood risks, 

infrastructure damage, and safety hazards. However, culverts can become insufficient over time due to 

increasing flood peaks caused by climate change and urbanisation. Culvert capacity can be increased by 

retrofitting inlet modifications, which may help with adaptation to higher flows. These modifications 

create a more gradual flow transition at the inlet, reducing the impact of the contraction after the inlet and 

increasing discharge capacity. In many instances, this can negate the need to rebuild an insufficient 

culvert, offering a cost-effective upgrade with minimal traffic disruption. 

This study used physical modelling to evaluate different inlet modifications for box culverts under 

inlet control, and the performance of the best inlet was then theoretically evaluated for an existing culvert 

as a case study. The tested modifications included adjustments to wingwall and headwall angles, as well 

as a rounded inlet edge. For box culverts, a 15º headwall with a 30º wingwall increased flow capacity by 

up to 15% at a headwater depth equal to the culvert height (1D) and up to 34% at a headwater depth equal 

to twice the culvert height (2D). A flow-improvement coefficient, CTG, was used to quantify the increase 

in performance for each inlet configuration. This coefficient can be applied to existing equations for 

standard square-edge inlets to calculate the improved discharge capacity when inlet modifications are 

implemented. 

Inlet modifications are a practical way to enhance culvert performance and reduce flood risks, 

particularly given the increasing hydrological pressures of climate change and urbanisation. Implementing 

such improvements can support the development of more resilient and sustainable drainage infrastructure. 
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1 INTRODUCTION AND BACKGROUND 

Culverts are hydraulic structures that transport water from one side of a road, highway, or railway 

embankment to the other. Their design focuses on identifying the most economical configuration capable 

of conveying the required discharge without allowing upstream water levels to exceed acceptable limits 

(Houghtalen et al., 2010). However, higher peak floods are placing additional stress on stormwater 

drainage systems, which can result in culverts becoming insufficient and headwater levels exceeding 

acceptable limits. Extreme storm events are expected to occur more frequently due to climate change. The 

effect of ongoing urbanisation is evident, as reduced infiltration in urban areas means that heavy rainfall 

can rapidly increase runoff (Agonafir et al., 2023). When drainage capacity is insufficient, the risk of 

infrastructure damage, traffic disruption, and safety hazards increases. 

 

Culverts are designed to convey a specific capacity, but the barrels often do not achieve full-flow 

conditions (Straub et al., 1953). The momentum of water entering a square-edge inlet culvert creates a 

flow contraction, or vena contracta, just after the inlet (West, 1956). At the vena contracta, the cross-
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sectional flow area is at a minimum, which reduces the culvert capacity (Jaeger, 2019). The contraction is 

more pronounced for a square-edge inlet than for a rounded-edge inlet or one with wingwalls, as shown in 

Figure 1. Improving the culvert inlet can either increase its capacity for a specific headwater depth or pass 

the design discharge at a lower headwater depth.  

 
Figure 1: Plan view of flow contraction at a) a square edge inlet, b) a rounded edge inlet, and  

c) wingwalls 

 

Some of the most promising inlet configurations include tapered inlets (Schall et al., 2012), 15º 

headwalls (Ashour et al., 2014), 45º wingwalls (West, 1956), and rounded inlets (at least 0.15D or 0.15B) 

(Jaeger, 2019). Headwalls and wingwalls are already widely used as retaining structures. Limited research 

has examined combinations of different wingwall and headwall angles, typically using the same angle 

when combined or testing wingwalls and headwalls separately. Therefore, different wingwall and 

headwall angles were tested and compared to a rounded-edge inlet. A new coefficient to quantify capacity 

improvements was developed to assist in designing or upgrading culverts, and it was then used to 

theoretically upgrade an existing culvert as a case study using inlet modifications. 

2 METHODOLOGY 

Physical modelling was conducted in a hydraulic flume to evaluate culvert inlet performance under 

inlet-control conditions. Each tested model culvert was positioned in the hydraulic flume, as shown in 

Figure 2. The flume is 450 mm wide, 500 mm high and 10 m long. A depth gauge (①) was placed 4D 

upstream of the model culvert, where D is the culvert height. A measurement ruler (②) was placed 0.75D 

upstream of the culvert inlet, which measured the headwater, H1, and another depth gauge (④) was 

positioned 4D downstream of the culvert outlet. The slope was set to 1%, as recommended by SANRAL 

(2013), as the minimum slope to prevent silt deposition. The steep slope also ensured inlet control 

conditions for all the tests performed. Under inlet control conditions, the inlet geometry has a greater 

influence on the flow through the barrel than under outlet control (West, 1956).  

 
Figure 2: Physical model setup in the hydraulic flume 

 

The physical models consisted of various inlet configurations for a 200 x 200 mm square box 

culvert. 0º, 45º and 90º wingwalls as well as 15º, 30º, 45º and 90º headwalls were combined and tested. 
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The 90º wingwall and 90º headwall represent the standard square edge inlet. The wingwalls and 

headwalls were compared to a 0.25D rounded-edge inlet. The model culvert dimensions and the physical 

model, constructed from acrylic plastic with a 3D-printed inlet sealed in place with silicone, are shown in 

Figure 3. The wingwalls extended 0.4D to the sides of the barrel, and the headwall extended 0.4D upward 

to ensure the enlarged inlet cross-sectional area of 360 x 280 mm was kept the same for all the tests, 

providing a consistent inflow area. 

 
Figure 3: Model culvert dimensions and model culvert installed in the hydraulic flume 

 

Water was pumped into the flume, and different flow rates were achieved by adjusting three control 

valves. Approximately 20 flow rates, ranging from 4 l/s to 82 l/s, were tested for each inlet modification. 

The flow rates were recorded using an ultrasonic flow meter. Furthermore, the flow depths corresponding 

to each flow were measured just upstream (H1) and at 4D upstream and downstream of the culvert. 

3 RESULTS 

3.1 Physical modelling testing 

Figure 4 illustrates the difference in upstream ① and downstream ④ water levels between a) a 

standard square-edge inlet and b) a modified inlet. The flow through the culvert in Figure 4a) and Figure 

4b) is the same. Therefore, as water flows through a square-edged inlet culvert, the cross-sectional area 

decreases ③ while the velocity increases, in accordance with the continuity equation. For the same flow 

rate, inlet improvements allow for a larger cross-sectional area to be utilised inside the culvert barrel ③ 

with a smaller increase in velocity compared to the square edge inlets. This reduces the upstream 

headwater level, (H1) or ②, which lowers the risk of upstream flooding and road overtopping.  

 
Figure 4: Side view of hydraulic flume illustrating the flow through a culvert with a) a square edge 

inlet and b) an angled wingwalls and headwall for the same flow rate 
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During the tests, the water level upstream of the culvert inlet ② was higher than downstream ④, 

indicating a damming effect. Subcritical flow upstream of the culvert went through critical flow after the 

inlet and then to supercritical flow in the barrel due to the steep slope (West, 1956). Figure 5 verifies this 

behaviour for the 90º wingwall and 90º headwall box culvert by plotting the Froude numbers at the three 

depth-measurement locations defined in Figure 4. All other inlet modifications showed similar behaviour. 

 
Figure 5: Water depth and Froude numbers for the 90º wingwall and 90º headwall box culvert at i, 

ii and iv in the hydraulic flume 

 

Figure 6 shows the performance curves for each inlet modification, generated using third-degree 

polynomial fits to the flow versus headwater data. A 1D line marks the point of inlet submergence, and a 

2D line represents the maximum allowable headwater for a given design recurrence interval defined in the 

South African design guideline (SANRAL, 2013). Once submerged, the influence of the modifications 

became significant (>15%). The 30º wingwall with a 15º headwall performed best, increasing flow by 

34% at H1/D = 2. It was followed by a rounded-edge inlet and a 45º wingwall with a 15º headwall.  

 
Figure 6: Headwater to discharge relationship for improved square box culvert inlets tested, ranked 

from most to least effective, after Giliomee et al. (2025) 
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Figure 7 shows the percentage improvement for different wingwall and headwall angle 

combinations at different levels of submergence. When the inlet is unsubmerged, only the wingwalls 

influence the flow, but once submerged, the headwall angle has a much greater effect. At H1/D = 1.5, the 

wingwall and headwall contribute almost equally, while at H1/D = 2 the headwall governs. The 15º 

headwall reduces contraction losses notably, with the 30º wingwall and 15º headwall conveying 28% 

more flow than the same wingwall angle with a 90º headwall. Overall, the optimal wingwall angle lies 

between 0º and 30º, and the optimal headwall angle between 0º and 15º. Among the configurations tested 

from the literature, the 30º wingwall and 15º headwall provided the greatest increase in discharge. 

 
Figure 7: Percentage flow improvement at headwater levels of 0.5D, 1D, 1.5D and 2D 

 

3.2 Flow improvement coefficient 

The capacity improvement results were used in Giliomee et al. (2025) to develop a coefficient for 

flow improvement, CTG, which quantifies the increase in discharge provided by each inlet modification. It 

can be applied as an adjustment factor to the standard square-edge culvert discharge calculated using 

existing guidelines, as shown in Eq. (1). A higher CTG indicates better performance; for example, a CTG of 

1.34 corresponds to a 34% increase in flow at that headwater depth. For any specific headwater level 

larger than H1/D = 0.5, the coefficient was calculated with Eq. (2). 

 

          (1) 

 

    (2) 

 

The flow improvement provided by each inlet modification varies with headwater depth. Therefore, 

CTG coefficients were linked to ranges of H1/D using separate equations for unsubmerged conditions (0.5 

≤ H1/D ≤ 1.2) and submerged conditions (1.2 < H1/D ≤ 2). Table 1 presents the CTG equations for the 30º 

wingwall with a 15º headwall and the 45º wingwall with a 15º headwall, allowing the coefficient to be 

calculated for any headwater depth. Table 1 also lists the percentage flow improvement at H1/D = 1.2 and 

H1/D = 2, along with the standard square-edge inlet equations from SANRAL (2013) as an example of 

existing guidelines to which the CTG values can be applied. 

 

 

 

 

664



 

 

Table 1: Inlet-controlled square box culvert improvement coefficient equations and their percentage 

improvement in discharge capacity after Giliomee et al. (2025) 

SANRAL (2013)  CTG coefficient equations 

For: 0 < H1/D ≤ 1.2 

 

Where:  = 0.9  

Equations only apply for 0.5 ≤ H1/D ≤ 1.2 

30º wingwall and 15º headwall (18% at 1.2D) 

 
45º wingwall and 15º headwall (14% at 1.2D) 

 

For: H1/D > 1.2 

 

Where: = 0.6 

Equations only apply for 1.2 < H1/D ≤ 2 

30º wingwall and 15º headwall (34% at 2D) 

 
45º wingwall and 15º headwall (28% at 2D) 

 

4 CASE STUDY 

The physical modelling results were theoretically applied to an existing culvert as a case study to 

demonstrate how discharge capacity can be increased and flood risks reduced through inlet modifications. 

The culvert is a single-barrel box culvert with a width of 1.2 m and a height of 0.6 m, installed on a 0.069 

m/m slope and a total length of 17.55 m. This culvert functions under inlet control.  

Table 2 shows the culvert analysis comparing the design flood with the culvert capacity, both 

without and with inlet modifications, at different levels of submergence. The South African design criteria 

specifies that inlet submergence should be limited to H1=1.2D for the design flow QT, while for the higher 

flow Q2T, the upstream level should be limited to the minimum of 2D or the shoulder break point (SBP) 

level (SANRAL, 2013). The CTG coefficient for the 30º wingwall with a 15º headwall was used to 

calculate the increased discharge capacity. Before the inlet modifications, the culvert was insufficient for 

its design floods, but calculations show that the improvements now allow the culvert to convey the 1:20 

return-period flood under the South African performance criteria. This is important because it is critical to 

prevent roadway overtopping during high flood conditions. The culvert with inlet modifications would 

not convey the desired flow at 1.2D for the 1:10 design flood, but it would do so at approximately 1.3D, 

which remains acceptable for design purposes. 

Table 2: Case study culvert analysis comparing the design flood to the culvert capacity without and 

with inlet modifications at headwater depths of 1.2D, 2D, and the shoulder breakpoint (SBP) 

Headwater data 
Design return 

period 

Before inlet 

modifications 
After inlet modifications 

H1 

(m) 
H1/D 

QT=Q10 

(m3/s) 

Q 

(m3/s) 

Sufficient 

(Y/N) 

Qimproved 

(m3/s) 

Sufficient 

(Y/N) 

1.2D 0.720 1.20 1.624 1.125 No 1.326 No 

H1 

(m) 
H1/D 

Q2T=Q20 

(m3/s) 

Q 

(m3/s) 

Sufficient 

(Y/N) 

Qimproved 

(m3/s) 

Sufficient 

(Y/N) 

2D 1.200 2.00 2.025 1.754 No 2.356 Yes 

SBP 1.392 2.32 2.025 1.944 Almost 2.605 Yes 

 

Figure 8 presents the performance curve for the current culvert and when a 30º wingwall with a 15º 

headwall is retrofitted. For the 1:20-year flood, a 30% (0.44 m) reduction in headwater is observed, or 

alternatively, a 34% (0.66 m3/s) increase in discharge is observed at a headwater depth equal to the height 

from the invert to the SBP. At a headwater depth up to the road level (SBP), the culvert could convey 

665



 

 

only a 1:15-year return-period flood without an inlet modification, but with the inlet modification, it is 

able to convey a 1:49-year return-period design flood. 

 
Figure 8: Case study box culvert performance curve analysis under inlet control, without, and with 

a modified inlet 

 

Figure 9 indicates the percentage reduction in headwater levels when the inlet modification is 

theoretically applied to the case study culvert under different return-period design floods. Reducing the 

upstream headwater depth lowers the risk of culvert overtopping. This is expected to improve road safety 

and protect infrastructure. 

 
Figure 9: Percentage reduction in headwater levels when the inlet modification is applied to the 

case study culvert, analysed under different return-period design floods 

5 CONCLUSION 

A modified inlet reduces flow contraction at the entrance, lowers headwater levels for a given flow, 

or increases discharge capacity for a similar headwater depth. The results showed that a box culvert’s 

capacity can improve by up to 15% at 1D and up to 34% at 2D when an inlet modification is applied, 

providing a cost-effective alternative to adding barrels or rebuilding an inadequate structure. The 

combination of a 30º wingwall with a 15º headwall performed the best, even better than the rounded-edge 

inlet. Once the inlet was submerged, the headwall had a greater influence on flow than the wingwalls.  

Flow improvements were quantified using the CTG coefficient and theoretically applied to a case 

study culvert. The inlet modification enabled the insufficient case study culvert to convey its required 

design flood, reducing headwater levels enough to prevent road overtopping; for the 1:20-year event, the 

headwater depth decreased by about 30%. The reduction in headwater depth was more pronounced at 
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higher flows, lowering flood risk during extreme events and supporting more sustainable drainage 

infrastructure. 
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